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EXECUTIVE SUMMARY 

Currently, the Georgia Department of Transportation (GDOT) uses the 1972 American 

Association of State Highway and Transportation Officials (AASHTO), including the 1981 

Revisions, empirical pavement design procedure for the structural design of highways. The layer 

coefficients currently used by GDOT were empirically derived from pavement mixes more than 

50 years ago. Since that time, asphalt mixtures and vehicle loads have seen significant changes. 

Based on the increased use of modern asphalt binders/mixtures, such as reclaimed asphalt 

pavement (RAP), ground tire rubber (GTR), and stone matrix asphalt (SMA), as well as newer 

manufacturing and construction techniques, such as cold in-place recycling, there is a need to 

update the layer coefficients to account for these recent developments in the design and 

construction of Georgia (GA) pavements. 

In this project, a number of road segments with varying condition were identified in different 

GDOT districts across Georgia. Falling weight deflectometer (FWD) testing was conducted along 

the selected sites. At some of the FWD testing stations, pavement cores were also extracted and 

tested in an asphalt mixture performance tester (AMPT) to determine accurate dynamic modulus 

(|E*|) curves for the locations.  

The |E*| curves obtained from AMPT testing were used to calculate updated layer coefficient 

values for flexible GA pavements. To process the FWD data, a state-of-the-art dynamic 

backcalculation software, UGA-PAVE, was developed. The software was validated by comparing 

the |E*| curves backcalculated for the core locations with those measured via AMPT testing. A few 

issues were observed during the validation; consequently, ground-penetrating radar (GPR) testing 

was performed along some of the sites where the FWD testing was conducted. From the GPR 
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testing, high variations in subgrade density were observed in most of the problematic sites tested, 

highlighting the importance of accurate knowledge of material properties for the foundation layers 

beneath the asphalt. 

UPDATED LAYER COEFFICIENTS 

Key findings from the updated layer coefficients study include the following: 

• Three types of layer coefficients are calculated: 

o The first two coefficients reflect current GDOT practice and represent the strength 

of the portion of the asphalt: (1) above 4.5 inches of depth, and (2) below 4.5 inches 

of depth.  

o The third coefficient represents the entire pavement layer, which is helpful for 

comparing to the convention of other state DOTs. 

• For the first coefficient (i.e., top 4.5 inches of asphalt): 

o An average value of 0.50 was observed, with standard deviation of 0.03. 

o From statistical analysis of the samples, a coefficient of 0.44 can be used with 

97.8 percent reliability (unchanged from current GDOT practice). 

• For the second coefficient (i.e., asphalt below 4.5 inches): 

o An average value of 0.51 was recorded, with standard deviation of 0.06. 

o From statistical analysis, a coefficient of 0.39 can be used with 97.8 percent 

reliability (up from 0.33 in current GDOT practice). 

• For the third coefficient (i.e., full asphalt layer): 

o An average value of 0.51 was determined, with standard deviation of 0.04. 
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o From statistical analysis, a coefficient of 0.43 can be used with 97.8 percent 

reliability. 

• Higher layer coefficient values associated with lower reliabilities (i.e., 50 and 84.2 percent) 

are also provided for all three coefficients in the event less conservative designs are desired.  

FWD BACKCALCULATION SOFTWARE 

Key findings from the FWD backcalculation study include the following: 

• A new dynamic FWD backcalculation software, UGA-PAVE, has been developed and 

made available to GDOT as a deliverable for this project. 

• A novel optimization algorithm was developed for UGA-PAVE, designed specifically for 

FWD backcalculation. Additionally, the software employs a state-of-the-art pavement 

modeling algorithm, ViscoWave. 

• Issues were encountered in the backcalculations of some of the pavement sections during 

validation. As a result, GPR testing was conducted, and it was observed that accurate 

knowledge of material properties (e.g., density, Poisson’s ratio, modulus) for the 

foundation layers below the asphalt is crucial for accurate backcalculation of the dynamic 

modulus. 

• Future studies are recommended pertaining to the relationship between FWD-

backcalculated dynamic modulus and foundation layer properties, such as the subgrade 

modulus. Furthermore, GPR testing can serve as an invaluable tool alongside FWD testing 

to quickly determine many pertinent properties, such as the foundation layer thicknesses 

and densities. 

  



 

4 

CHAPTER 1. INTRODUCTION 

The Georgia Department of Transportation (GDOT) uses the 1972 American Association of State 

Highway and Transportation Officials (AASHTO), including the 1981 revisions, empirical 

pavement design procedure for its structural design of asphalt concrete (AC) pavements. [1]  In the 

involved procedure, each pavement layer is associated with a layer coefficient value, which is then 

used for thickness design of the pavement structure. The current layer coefficients used by GDOT 

are those proposed by AASHTO in the 1960s; however, asphalt mixtures and vehicle loads have 

changed substantially since that time. Furthermore, with the increased use of newer asphalt binders 

and mixtures, such as reclaimed asphalt pavement (RAP), ground tire rubber (GTR), and stone 

matrix asphalt (SMA), as well as newer manufacturing and construction techniques (e.g., cold in-

place recycling), there is a need to update the layer coefficients for these recently developed 

materials that are currently being used for design and construction of Georgia (GA) pavements.  

The primary objective of this research project is to evaluate the layer coefficients of asphalt 

concrete layers currently used by GDOT and provide updated values that more appropriately 

reflect the characteristics of modern materials. Since the early 2000s, other state DOTs have 

conducted similar studies, and thus far all have found that the coefficients determined by AASHTO 

lead to significant overdesigning of flexible pavements when using modern materials, which 

translates into higher construction costs than necessary. In this study, new layer coefficients are 

determined and recommended for GDOT to use in its flexible pavement designs. Although further 

studies are warranted, it is anticipated that the outcomes of this study can be used to improve 

GDOT’s current flexible pavement design process (via the updated layer coefficients), in addition 

to GDOT’s future design process as it transitions to the Mechanistic–Empirical Pavement Design 

Guide (MEPDG) and AASHTOWare Pavement ME Design (PMED) Software. 
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Current practice to determine |E*| of a flexible pavement involves extracting cylindrical samples, 

or cores, from the pavement section and conducting expensive and time-consuming lab tests. As 

one part of this study, a state-of-the-art dynamic modulus backcalculation tool, UGA-PAVE, has 

been developed for in situ estimation of dynamic modulus (|E*|) via falling weight deflectometer 

(FWD) backcalculation, which is significantly faster than core extraction and testing. Furthermore, 

FWD backcalculation is a nondestructive testing (NDT) method, meaning the pavement is virtually 

unharmed in the process; conversely, core testing damages the pavement, where the hole left in 

the pavement after core extraction must be filled in. Given proper inputs for the geometry of the 

pavement structure, the backcalculation software analyzes FWD force and deflection data and then 

estimates the in situ dynamic modulus curve. As part of this study, the software was validated with 

lab-measured |E*| from asphalt cores. The tool was used to backcalculate the dynamic modulus 

master curves from pavement sections selected from 10 Georgia roads of varying health, and the 

updated layer coefficients were computed using those backcalculated |E*| curves. 

It should be noted that the original layer coefficients were determined based on loss of pavement 

serviceability (or more specifically, the present serviceability index [PSI]), which is an indicator 

of the overall pavement performance, including cracking, rutting, and ride quality. Therefore, the 

layer coefficient used in the empirical AASHTO design represents the “overall quality” of a given 

material that contributes to the overall pavement performance, rather than a physical parameter 

with scientific units. Since the layer coefficient is not a physical parameter, it usually involves 

large-scale, long-term pavement experiments and/or calibration for determining the coefficients 

for different pavement layers. Nonetheless, the scope of this study is limited to evaluating the layer 

coefficient of GDOT’s AC mixtures based on a physical parameter, namely the dynamic modulus.   
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CHAPTER 2. LITERATURE REVIEW 

LAYER COEFFICIENTS 

The earliest significant techniques for calculating the structural number (SN) via FWD testing 

were established in the AASHTO 1986 Guide for Design of Pavement Structures, wherein two 

methods are given. [2] In the first procedure, the layer moduli are estimated using FWD 

backcalculation, after which the moduli are converted to layer coefficients (used to calculate SN) 

via the steps outlined in Volume 2 of the guide. The second procedure involves using the FWD 

deflection sensor measurements to estimate the SN of the pavement as a whole. However, both 

methods have notable disadvantages, with the first being time-consuming and requiring accurate 

backcalculation results, and the second being based upon Burmister’s two-layer model, whereby 

the subgrade is assumed to be a halfspace with infinite thickness, which is not always a viable 

approximation for pavements in practice when the subgrade is shallow. 

In 1992, the New Hampshire DOT (NHDOT) found that two pavement sections assumed to have 

approximately the same SN exhibited notably different deflections under equivalent loading. As a 

result, Janoo determined updated layer coefficients for base course materials using a novel 

technique based on FWD measurements, and the updated values were shown to have acceptable 

agreement with experimental Clegg Hammer (i.e., Clegg Impact Soil Tester) and dynamic cone 

penetrometer results.  [3] In 1994, Rohde proposed new guidelines for calculating the SN from FWD 

tests, and developed a new approach based on the “deflection bowl,” which can be determined 

from FWD measurements. [4] The approach was validated using data from 62 in situ pavement 

sections and was shown to have good agreement with the first procedure outlined in the 1986 

AASHTO Design Guide. However, the equation Rohde developed was not entirely robust, as it 
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only required pavement thickness and FWD measurement data as inputs and assumed purely 

elastic materials for the pavement layers. [5] 

Kim et al. later improved Rohde’s approach by modifying it to consider depth to a rigid layer, as 

well as by enlarging the database’s range of pavement structures and responses used to generate 

the equation. [6] In the study, they showed that Rohde’s equation tends to underestimate the 

effective structural number; as a result, they determined new coefficients for Rohde’s equation and 

showed their modified equation offers improved SN estimation. Because their modified approach 

only involves changing the coefficient values of the equation, it uses the same inputs as Rohde’s—

FWD deflections and pavement thickness—and therefore is no more difficult to implement in 

practice. 

Bahia et al. conducted a study for the Wisconsin DOT (WisDOT) to generate layer coefficients for 

different asphalt mix types. [7] Using the traditional AASHTO technique based on resilient 

modulus, they compared backcalculated resilient modulus from nondestructive testing with lab-

measured samples for pavements of varying levels of distress. Results from the study led to 

recommended layer coefficients ranging from 0.17 to 0.23 for asphaltic materials used in 

Wisconsin. Afterward, a new technique for determining layer coefficients was proposed, but its 

validity was not explored in the study. Peters-Davis and Timm updated asphalt layer coefficients 

for the Alabama DOT (ALDOT) in 2009. [8] They found that structural number, traffic loading, 

and resilient modulus were the most pertinent factors for good accuracy when using the 1993 

AASHTO Design Guide, and their study targeted updating the SN values due to traffic loading 

and resilient modulus, which are typically given for a design problem. To calculate new 

coefficients, they tested eight pavement sections from the National Center for Asphalt Technology 

(NCAT) Pavement Test Track at Auburn University within two periods: 2003–2006 and 
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2006–2009. The sections were selected to have notably different thicknesses so as to promote a 

wide variety of pavement distresses over the testing periods. Their results suggested that the 

average layer coefficient for hot mix asphalt (HMA) sections at least 5 inches thick is 0.54 (with 

a standard deviation of 0.08 among the 14 pavement sections tested) rather than the traditional 

0.44 determined by AASHTO in the 1960s, and this was estimated to lead to an HMA layer-

thickness reduction of 18 percent. A 2019 Florida DOT (FDOT) study conducted by Taylor also 

concluded that the layer coefficient for high polymer (HP) asphalt concrete mixes should be 

0.54. [9] The updated value was calculated using experimental methods and verified across a wide 

array of distress modes, such as rutting and reflective cracking. Results from the study suggested 

that using HP asphalt mixes with a structural number of 0.54 would lead to a 23 percent reduction 

in asphalt layer thickness over using polymer-modified asphalt (PMA) mixes under similar 

environments and loadings. [3]  

Recently, Virginia DOT (VDOT) funded a research effort comparing the SNs estimated from 

FWD and traffic speed deflectometer (TSD) measurements for use in network-level 

applications. [10] The study found that TSD testing was as effective as the more common FWD 

testing at identifying pavement sections that require rehabilitation at the network level. The 

identification process used was to first calculate effective SNs from the FWD and TSD 

measurements; then pavement sections whose SN’s fell within the lower 30th percentile were 

identified as “structurally weak.” The main conclusion of the study was that using one set of FWD 

data along with one set of TSD data was observed to have better agreement in general (i.e., more 

likely to identify the same amount of structurally weak pavement sections) compared to using two 

different sets of FWD data. A few important issues concerning the results/conclusions should be 

addressed. First, the analysis was only performed for interstate roads, as VDOT did not have 
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enough data for network-level analysis on primary roads for comparison with TSD. Second, the 

analyses performed did not consider whether the same pavement sections were identified as 

structurally weak; only the number of pavement sections below the 30th percentile were considered 

in regard to the quality of agreement. Finally, there were large gaps in time between the data 

collections of the first FWD, second FWD, and TSD data collections. The first set of FWD data 

was collected between years 2006 and 2008 and the second set was obtained in 2011, whereas the 

corresponding TSD testing was performed in 2015. In other words, the results from the study are 

inconclusive regarding whether conducting TSD and FWD testing at the same time is more 

effective than solely conducting FWD testing. 

The most recent study involving updated layer coefficients for use with structural number was 

conducted for NHDOT by Nemati et al. [11] For their approach, they measured the international 

roughness index (IRI) for 17 pavements of varying conditions. Using those measurements, they 

backcalculated the change in PSI for each section. Then, inputting corresponding traffic data and 

typical design values, they used the 1993 AASHTO design equation to calculate the in situ 

structural number of the entire pavement section. Finally, they used the estimated SN to estimate 

layer coefficients for each site’s AC layer. In their results, they proposed a layer coefficient of 0.41 

for HMA, up from NHDOT’s typically used values ranging between 0.34 and 0.38. 

FWD BACKCALCULATION 

Pavement backcalculation methods are used to monitor the structural health of asphalt concrete 

pavements by inversely calculating the modulus parameters. The most popular approach involves 

using a falling weight deflectometer, which is a type of nondestructive testing equipment that 

rapidly impacts the pavement and measures the displacement response along the surface. [12] The 
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deflection sensors are arranged in a line extending from the point of loading to measure the 

displacement wave as it propagates through the pavement. FWD backcalculation methods 

comprise two essential parts: an optimization scheme and a computational model of the pavement 

structure. In short, the optimization scheme uses the pavement model to identify a set of layer 

moduli that most closely reproduces the experimentally measured deflection response. Thus, the 

literature review presented here will be separated into two sections—one pertaining to the 

development of robust numerical pavement models, and one to the optimization methodology. 

Numerical Pavement Models 

Despite the load imparted by the deflectometer being transient, the traditional FWD 

backcalculation methods are static in nature. In such methods [13] [14] [15], the deflections from each 

sensor are considered only for a single time point in the numerical model, which greatly reduces 

computational expense; however, static backcalculation methods are prone to inaccuracies due to 

the viscoelastic nature of flexible pavements. [16] [17] Asphalt concrete is well known to be a 

viscoelastic material, which means its modulus varies with both temperature and the loading rate; 

thus, consideration of multiple time points is required to properly simulate the problem. 

Over time, dynamic FWD backcalculation techniques have emerged, offering increases in 

accuracy via numerical models that consider multiple time points in the deflection 

responses. [17] [18] [19] [20] [21] [22] [23] The pavement models are most commonly constructed using the 

finite element method (FEM) [13] [14] [16]; however, when modeling dynamic pavement responses, 

significant errors can arise due to the reflection of waves at the edges of the model. Traditionally, 

the solution to this issue has been to increase the size of the model until the reflections do not occur 

within the time frame of interest. Often, the required size leads to an impractical, computationally 
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expensive model. [15] Recent efforts have made considerable progress in regard to the wave 

reflection issue using methods such as perfectly matched layer [24] [25] [26], enriched FEM [27] [28], and 

the layer transfer matrix method. [29] [30] [31] However, each of these techniques are notably 

computationally expensive, and are therefore not desirable for use in inverse methods such as FWD 

backcalculation. 

An alternative numerical modeling approach is the spectral element method (SEM) originally 

devised by Rizzi and Doyle [32] [33], which is essentially a derivative of the finite element method. 

Rather than using traditional finite elements built from polynomial shape functions, modern SEMs 

employ semi-infinite spectral elements (see: Al-Khoury et al. [34] [35] [36]) constructed from 

harmonic functions that are more efficient for simulating wave propagation. The method uses the 

discrete Fourier transform (DFT) to convert from the time domain and compute the solution in the 

frequency domain. Furthermore, spectral element models require dramatically less computational 

resources than comparable finite element models, because each layer of the pavement structure 

can be sufficiently modeled via a single spectral element. Furthermore, finite layer methods 

(FLMs) have been developed, which are similar to SEM in that they use the DFT to solve the 

system of equations in the frequency domain. [19] [37] [38]  

A notable drawback associated with SEM and FLM is using the DFT to convert between the time 

and frequency domains. Time histories collected from FWDs are transient, nonperiodic signals 

and are prone to measurement errors (e.g., noise). Furthermore, due to their viscoelastic nature, a 

large number of harmonics are required to effectively model flexible pavements in the frequency 

domain, and it has been shown that the DFT is not ideal for converting signals with such 

characteristics. [19] [38] [39] [40] [41] Lee has recently developed ViscoWave, an FLM that avoids the 

use of the DFT by instead employing a combination of the Laplace and Hankel 
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transformations. [42] [43] These transforms led ViscoWave to become a unique FLM, based on 

impulse load and responses that are more suitable for transient, nonperiodic FWD signals. 

Therefore, the ViscoWave algorithm was chosen for pavement modeling in UGA-PAVE. 

Optimization Routines 

Despite the improvements in forward modeling of flexible pavement systems discussed 

previously, dynamic backcalculation remains challenging due to various difficulties in 

optimization. [17] The most troublesome issues with the optimization arise from the inverse nature 

of the problem. When the pavement is modeled with high accuracy, the backcalculation becomes 

distinctly “ill-posed.” [44] This is primarily because the optimization is carried out with fewer input 

variables (i.e., pavement layer moduli) than output variables (i.e., displacement sensor time 

histories), thereby creating the possibility of non-unique solutions. [17] [45] In an FWD 

backcalculation analysis, the ill-posedness manifests as multiple sets of dynamic moduli for which 

the model generates near-identical deflection time histories. The optimization is further challenged 

due to the numerical model having different levels of sensitivity for different layer moduli. 

Additionally, inherent noise within the FWD measurements [19] and other uncertainties (e.g., layer 

thickness) further complicate the analysis. 

A popular choice for optimizing the FWD backcalculation is nonlinear least-squares, which seeks 

to minimize the squared norm of the error between the measured and predicted dynamic 

deflections. [12] [15] [46] [47] Such problems are usually solved via Newton’s method; however, the 

classical Newton’s method has a tendency to converge locally and exhibits poor performance when 

the initial guess is far from the global minimum. [48] Trust-region (TR) methods were developed to 

refine the convergence properties of Newton’s method and have improved nonlinear least-squares 
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optimization in a wide range of applications. [49] [50] [51] [52] [53] A popular Newton-based method is 

the subspace trust-region interior reflective (STIR) algorithm for its efficiency and reliability. [54] 

The most notable aspect of the STIR method involves its subspace implementation. Original trust-

region methods calculate the Newton step within the full-size Hilbert space (i.e., with dimensions 

equal to the number of updating variables). The STIR algorithm’s subspace modification limits 

the number of dimensions during computation to just two, thereby reducing computational expense 

for little cost to accuracy. 

Perhaps the most notable alternative to Newton-based trust-region methods is the Levenberg–

Marquardt algorithm (LMA), which is essentially a Tikhonov-regularized Gauss–Newton 

algorithm (GNA) that operates similarly to a trust-region method. Because the objective function 

in the optimization is a sum of squares, it has unique properties that allow Newton’s method to be 

re-posed in a manner such that computation of second-order derivatives can be avoided. This is 

advantageous for problems consisting of many variables (e.g., 100 or more) or with 

computationally expensive second derivatives. The latter advantage is useful in particular for FWD 

backcalculation because their second-order derivatives must be calculated using finite-difference 

approximations, which involve numerous costly function evaluations. Recently, Bellavia and 

Riccietti developed an LMA specifically tailored for solving ill-posed nonlinear least-squares 

problems by modifying the Gauss–Newton algorithm to resemble the structure of Newton-based 

trust-region methods. [55] 

To improve the performance of the ill-posed optimization in dynamic FWD backcalculation, a 

tandem trust-region (TTR) algorithm has been developed, which combines both the STIR and 

LMA techniques into a hybrid scheme. The STIR and LMA methods have been observed to 

outperform each other in different situations that commonly arise in a given backcalculation 
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problem; by using them simultaneously, the strengths of one can be used to cover the other’s 

weaknesses. 
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CHAPTER 3. SITE SELECTION 

A number of pavement sections across Georgia were selected for FWD and ground-penetrating 

radar (GPR) testing, as well as for asphalt core collection. The FWD data are intended to be used 

with UGA-PAVE to backcalculate the in situ |E*| curves (ultimately leading to the updated layer 

coefficients). The GPR testing is intended to estimate the layer thicknesses and densities of the 

involved pavement sections. Finally, the asphalt cores were obtained for use in validating the 

UGA-PAVE software.  

To assist the research team with the site selection, GDOT provided the project-level Pavement 

Condition Evaluation System (PACES) ratings for all the state-maintained highways. To identify 

the location information as well as the highway functional types (e.g., interstate, primary, etc.), the 

research team downloaded the geographic information system (GIS) data for the roadway 

inventory from GDOT’s website. [56] The rating data were then merged with the GIS data, and the 

pavement sections with ratings greater than or equal to 75 were mapped out for initial evaluation. 

Figure 1 shows the statewide segment rating mapped to GDOT’s GIS data. 
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Figure 1. Map. Statewide map of GDOT segment ratings ≥ 75. 

For a closer evaluation of the mapped segment ratings, the map in figure 1 was broken down into 

each GDOT district. To avoid the high amount of traffic in the Atlanta area, District 7 was removed 

from the district-level analysis. Figure 2 through figure 7 show the district-level rating maps for 

the remaining GDOT districts that were carefully evaluated for the preliminary site selection. 
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Figure 2. Map. GDOT District 1 mapped for segment ratings ≥ 75. 

 

 

Figure 3. Map. GDOT District 2 mapped for segment ratings ≥ 75. 
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Figure 4. Map. GDOT District 3 mapped for segment ratings ≥ 75. 

 

Figure 5. Map. GDOT District 4 mapped for segment ratings ≥ 75. 
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Figure 6. Map. GDOT District 5 mapped for segment ratings ≥ 75. 

 

Figure 7. Map. GDOT District 6 mapped for segment ratings ≥ 75. 
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The maps in figure 2 through figure 7 were evaluated to select three pavement sections within each 

district: one section with a high rating value (close to 100), one section with a medium rating value 

(between 80 and 90), and one section with a low rating value (below 80). Furthermore, the research 

team looked for pavement sections with relatively uniform rating values for at least a length of 

5.0 miles, while excluding the interstate routes in an attempt to avoid busy (i.e., high-traffic) 

highways. Nine sites were selected in total, as listed in table 1. 

Table 1. Final selection of GA state routes for FWD, GPR, and core testing. 

District Route ID Route No. County Starting MP Ending MP Avg. Rating 

1 

1000100008200INC SR 82 Jackson 6.00 21.54 100.0 

1000100001000INC SR 10 Walton 0.00 13.60 86.3 

1000100001100INC SR 11 Walton 2.70 9.00 78.2 

2 

1000100002200INC SR 22 Hancock 0.00 12.00 99.2 

1000100005700INC SR 57 Johnson 13.00 25.89 89.1 

1000100005700INC SR 57 Emanuel 0.00 8.53 77.0 

5 

1000100007300INC SR 73 Evans 6.75 14.86 100.0 

1000100012900INC SR 129 Candler 0.00 8.00 91.4 

1000100002600INC SR 26 Bulloch 34.00 42.64 79.0 

 

  



 

21 

CHAPTER 4. UGA-PAVE DEVELOPMENT 

DESCRIPTION OF METHODS 

UGA-PAVE is a dynamic FWD backcalculation technique and comprises state-of-the-art 

computational methods for the forward model (which simulates the FWD displacement response) 

and optimization routine (which calculates the pavement layer moduli). For the forward model, 

UGA-PAVE employs the ViscoWave algorithm; for the optimization routine, it uses the tandem 

trust-region technique, which was developed as part of GDOT Research Project (RP) 18-05 and 

combines both the STIR and LMA techniques into a hybrid scheme.  

Numerical Pavement Model 

In this section, Lee’s ViscoWave algorithm developed for dynamic FWD backcalculation of 

flexible pavements is detailed. The method is extremely complex and, thus, a slightly abbreviated 

discussion of the major aspects is provided here. The method’s full formulation is detailed 

extensively in other literature. [42] [43] 

Equations of Motion 

First, the pavement section is modeled in cylindrical coordinates and assumed to be axisymmetric 

around the z-axis (i.e., perpendicular to the pavement surface). Following this assumption, the 

displacements can be derived as: 

 𝑢 =
𝜕𝜑

𝜕𝑟
+
𝜕2𝛾

𝜕𝑟𝜕𝑧
  

(1) 
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 𝑤 =
𝜕𝜑

𝜕𝑧
−
𝜕2𝛾

𝜕𝑟2
−
1

𝑟

𝜕𝛾

𝜕𝑟
  

(2) 

where, u is displacement in the radial direction r, w is the displacement in the vertical direction z, 

and 𝜑 and 𝛾 are scalar potentials for the translational and rotational components of motion, 

respectively. Substituting equations (1) and (2) into the balance of linear momentum yields the 

compression and shear wave equations for the medium: 

 
𝜕2𝜑

𝜕𝑟2
+
1

𝑟

𝜕𝜑

𝜕𝑟
+
𝜕2𝜑

𝜕𝑧2
=
1

𝑐𝑝2

̈
�̈�  

(3) 

 
𝜕2𝛾

𝜕𝑟2
+
1

𝑟

𝜕𝛾

𝜕𝑟
+
𝜕2𝛾

𝜕𝑧2
=
1

𝑐𝑠2

̈
�̈�  

(4) 

where, the notation ∘̈ denotes the second partial derivative with respect to time. The constants 𝑐𝑝 

and 𝑐𝑠 are the speeds of sound of the compression (p) and shear (s) waves propagating through the 

medium, and are defined as: 

 𝑐𝑝 = √
𝜆 + 2𝜇

𝜌
  

(5) 

 𝑐𝑠 = √
𝜇
𝜌⁄   

(6) 

where, 𝜆 and 𝜇 are the Lamé constants for the medium, and 𝜌 is its density. 

Solutions to equations (3) and (4) can be obtained by first applying the Laplace transform, given 

by: 

 ℒ[𝑓(𝑡)] = 𝑓(𝑠) = ∫ 𝑓(𝑡)𝑒−𝑠𝑡𝑑𝑡 
∞

0

 

(7) 
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and subsequently the Hankel transform of a 𝜈𝑡ℎ-order Bessel function 𝐽𝜈, given by: 

 ℋ𝜈[𝑓(𝑟)] = 𝑓�̅�(𝑘) = ∫ 𝑟𝑓(𝑟)𝐽𝜈(𝑘𝑟)𝑑𝑟 
∞

0

 

(8) 

Applying these two transforms to equations (3) and (4) yields the wave equations for the 

axisymmetric in the Laplace–Hankel domain: 

 
𝜕2�̅�

𝜕𝑧2
− (𝑘2 +

𝑠

�̂�𝑝
2
) �̅� = 0  

(9) 

 
𝜕2�̅�

𝜕𝑧2
− (𝑘2 +

𝑠

�̂�𝑠2
) �̅� = 0  

(10) 

where, s is the complex Laplace variable representing frequency/decay, and k is the Hankel 

variable pertaining to Bessel function scaling. Additionally, the speed of sound constants from 

equations (5) and (6) have become: 

 �̂�𝑝 = √
�̂� + 2�̂�

𝜌
  

(11) 

 �̂�𝑠 = √�̂� 𝜌⁄   

(12) 

Finally, solving equations (9) and (10) yields expressions for the waves traveling in the r and z 

directions: 

 
�̅� = 𝐴1𝑒

−�̅�𝑧  
(13) 

 
�̅� = 𝐵1𝑒

−�̅�𝑧  
(14) 

where, 𝐴1 and 𝐵1 are arbitrary constants determined from the boundary conditions, and:  
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 �̅� = √𝑘2 +
𝑠

�̂�𝑝2
  

(15) 

 �̅� = √𝑘2 +
𝑠

�̂�𝑠2
  

(16) 

It should be noted that for linearly elastic materials, the speeds of sound in the Laplace domain 

(�̂�𝑝, �̂�𝑠) are equal to those in the time domain (𝑐𝑝, 𝑐𝑠) because 𝜆 and 𝜇 are directly related to a 

constant elastic modulus, E. However, the definitions in equations (11) and (12) are necessary 

when modeling viscoelastic materials such as asphalt, because the elastic modulus is no longer 

constant and is instead a function of time, 𝐸(𝑡), often referred to as the relaxation modulus. 

Stress and Displacement 

To make use of the solutions given in equations (13) and (14), the displacements and stresses must 

be determined and likewise transformed into the Laplace–Hankel domain. The axisymmetric 

stresses in the radial and vertical directions due to a vertical loading can be derived in cylindrical 

coordinates from continuum mechanics as: 

 𝜎𝑧𝑟 = 𝜇 (
𝜕𝑢

𝜕𝑧
+
𝜕𝑤

𝜕𝑟
)  

(17) 

 𝜎𝑧𝑧 = 𝜆 (
𝜕𝑢

𝜕𝑟
+
𝜕𝑤

𝜕𝑧
+
𝑢

𝑟
) + 2𝜇

𝜕𝑤

𝜕𝑧
  

(18) 

Substituting equation (17) into equation (1) and equation (18) into equation (2) produces 

expressions for the stresses in relation to the scalar potentials as: 



 

25 

 
𝜎𝑧𝑟 = 𝜇

𝜕

𝜕𝑟
(2
𝜕𝜑

𝜕𝑧
−
𝜕2𝛾

𝜕𝑟2
−
1

𝑟

𝜕𝛾

𝜕𝑟
+
𝜕2𝛾

𝜕𝑧2
)  

(19) 

 
𝜎𝑧𝑧 = 𝜆 (

𝜕2𝜑

𝜕𝑟2
+
𝜕2𝜑

𝜕𝑧2
+
1

𝑟

𝜕𝜑

𝜕𝑟
) + 2𝜇

𝜕

𝜕𝑧
(
𝜕𝜑

𝜕𝑧
−
𝜕2𝛾

𝜕𝑟2
−
1

𝑟

𝜕𝛾

𝜕𝑟
)  

(20) 

Before applying the Laplace and Hankel transforms to the stresses and displacements, it is useful 

to make note of two Hankel identities. The first, 𝓗𝝂 [
𝒅𝟐�̂�

𝒅𝒓𝟐
+
𝟏

𝒓

𝒅�̂�

𝒅𝒓
−
𝝂𝟐

𝒓𝟐
�̂� ] = −𝒌𝟐�̅�𝝂(𝒌), is relevant 

for transforming differential equations that include their first and second radial derivatives. The 

second, 𝓗𝟏 [
𝒅�̂�

𝒅𝒓
] = −𝒌𝓗𝟎[�̂�(𝒓)] = −𝒌�̅�𝝂(𝒌), is useful for relating a function’s zeroth-order 

Hankel transform to the first-order transform of its radial derivative. With these identities, the 

Laplace–Hankel transformed stresses can be modified to: 

 𝜎𝑧𝑟 = −𝑠𝑘�̂� [2
𝜕�̅�

𝜕𝑧
+ (𝑘2 + �̅�2)�̅�]  

(21) 

 𝜎𝑧𝑧 = 𝑠�̂�(𝑘
2 + �̅�2)�̅� + 2𝑠𝑘2�̂�

𝜕�̅�

𝜕𝑧
  

(22) 

Similarly, applying the Laplace and Hankel transforms to the displacements in equations (1) and 

(2) yields:  

 �̅� = −𝑘�̅� − 𝑘
𝜕�̅�

𝜕𝑧
  

(23) 

 �̅� =
𝜕�̅�

𝜕𝑧
+ 𝑘2�̅�  

(24) 

It should be noted that Hankel transforms of orders one and zero were used to convert the radial 

and vertical displacements, respectively, due to the nature of the loading. For FWD 
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backcalculation, the displacements are used to calculate the impulse response of the pavement; 

that is, a vertical impulse loading is applied instantaneously at time 𝑡 = 0 and at location 𝑟 = 0, 

after which the system is unloaded for 𝑡 > 0. This means that 𝑤(𝑡 = 0) ≠ 0, whereas 

𝑢(𝑡 = 0) = 0. Similarly, the first-order Bessel function, 𝐽1, begins at a nonzero value, whereas the 

zeroth-order Bessel function, 𝐽0, begins at zero. 

Derivation of Stiffness Matrices 

A typical pavement section comprises several layers of different materials, and the equations for 

stress and displacement presented hitherto are only valid for one homogeneous layer. Therefore, 

they need to be applied in a manner suitable for a medium of multiple distinct layers. The approach 

discussed here was originally developed by Al-Khoury et al. [34] [35] [36], which extends Doyle’s [33] 

two-dimensional (2D) spectral element method to axisymmetric-layered media. The technique 

operates much the same as the finite element method; however, the stiffness matrices are 

constructed using spectral element theory as opposed to a traditional finite element formulation. 

Compared to finite elements, spectral elements are highly computationally efficient for modeling 

wave propagation in layered structures, because only one element is needed to model each layer 

of material. 

The stiffness matrices for two types of spectral elements are derived here: one for an element with 

finite thickness, and one with the form of a semi-infinite half-space. Once obtained, the stiffness 

matrices of each element can be connected to form the global stiffness matrix for the entire system 

in the same manner as performed in the finite element method. 
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Finite-Layer Element 

An axisymmetric finite-layer element with a finite thickness can be imagined as a cylinder with 

infinite radius. It consists of two nodes—one on its top surface and one on its bottom surface—

with each having one radial and one vertical degree of freedom (DOF). These vertical DOFs are 

defined with their positive directions oriented downward. The response at any location inside the 

element can be calculated by a superposition of the incident waves (introduced by the load) and 

reflected waves (induced by the top/bottom element boundaries) traveling through the element. 

This response can be dissected into a compression wave traveling at speed 𝑐𝑝 and a shear wave 

with speed 𝑐𝑠.  

To account for the vertical waves reflecting from the bottom boundary, additional terms are added 

to equations (13) and (14), yielding: 

 
�̅� = 𝐴1𝑒

−�̅�𝑧 + 𝐴2𝑒
−�̅�(ℎ−𝑧)  

(25) 

 
�̅� = 𝐵1𝑒

−�̅�𝑧 + 𝐵2𝑒
−�̅�(ℎ−𝑧)  

(26) 

where, ℎ is the vertical thickness of the layer, and 𝐴2 and 𝐵2 are additional arbitrary constants. 

Inserting equation (25) into equation (23) and equation (26) into equation (24) then gives the 

displacement within the finite-layer element as: 

 
�̅� = −𝑘𝐴1𝑒

−�̅�𝑧 − 𝑘𝐴2𝑒
−�̅�(ℎ−𝑧) + 𝑘�̅�𝐵1𝑒

−�̅�𝑧 − 𝑘�̅�𝐵2𝑒
−�̅�(ℎ−𝑧)  

(27) 

 
�̅� = −�̅�𝐴1𝑒

−�̅�𝑧 + �̅�𝐴2𝑒
−�̅�(ℎ−𝑧) + 𝑘2𝐵1𝑒

−�̅�𝑧 + 𝑘2𝐵2𝑒
−�̅�(ℎ−𝑧)  

(28) 
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Similarly, substituting the Laplace–Hankel transformed potentials into equations (21) and (22) 

gives: 

 

𝜎𝑧𝑟 = 2𝑠𝑘�̅��̂�𝐴1𝑒
−�̅�𝑧 − 2𝑠𝑘�̅��̂�𝐴2𝑒

−�̅�(ℎ−𝑧) − 𝑠𝑘(𝑘2 + �̅�2)�̂�𝐵1𝑒
−�̅�𝑧

− 𝑠𝑘(𝑘2 + �̅�2)�̂�𝐵2𝑒
−�̅�(ℎ−𝑧)  

(29) 

 

𝜎𝑧𝑧 = 𝑠�̂�(𝑘2 + �̅�2)𝐴1𝑒
−�̅�𝑧 + 𝑠�̂�(𝑘2 + �̅�2)𝐴2𝑒

−�̅�(ℎ−𝑧) − 2𝑠𝑘2�̅��̂�𝐵1𝑒
−�̅�𝑧

+ 2𝑠𝑘2�̅��̂�𝐵2𝑒
−�̅�(ℎ−𝑧)  

(30) 

Equations (29) and (30) can be arranged into two sets of matrix systems (i.e., one for displacement, 

one for stress) with a common vector containing the arbitrary constants. For both systems, the two 

nodes of the finite-layer element must be considered. The stresses and displacements of the top 

node, represented by subscript 1, are obtained by inserting 𝑧 = 0 into the equations. Likewise, 

those of the bottom node, represented by subscript 2, are found by setting 𝑧 = ℎ. Using this 

approach, the sets of equations take the form: 

{

�̅�1
�̅�1
�̅�2
�̅�2

} =

[
 
 
 
 
−𝑘 −𝑘𝑒−�̅�ℎ 𝑘�̅� −𝑘�̅�𝑒−�̅�ℎ

−�̅� �̅�𝑒−�̅�ℎ 𝑘2 𝑘2𝑒−�̅�ℎ

−𝑘𝑒−�̅�ℎ −𝑘 𝑘�̅�𝑒−�̅�ℎ −𝑘�̅�

−�̅�𝑒−�̅�ℎ �̅� 𝑘2𝑒−�̅�ℎ 𝑘2 ]
 
 
 
 

{

𝐴1
𝐴2
𝐵1
𝐵2

}  

 �̅� ≡ 𝑸𝒅 𝑨 
(31) 
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{

𝜎𝑧𝑟,1 

𝜎𝑧𝑧,1
𝜎𝑧𝑟,2
𝜎𝑧𝑧,2

}  = 𝑠�̂�

[
 
 
 
 

2𝑘�̅� −𝑘�̅�𝑒−�̅�ℎ −𝑘(𝑘2 + �̅�2) −𝑘(𝑘2 + �̅�2)𝑒−�̅�ℎ

(𝑘2 + �̅�2) (𝑘2 + �̅�2)𝑒−�̅�ℎ −2𝑘2�̅� 2𝑘2�̅�𝑒−�̅�ℎ

2𝑘�̅�𝑒−�̅�ℎ −2𝑘�̅� −𝑘(𝑘2 + �̅�2)𝑒−�̅�ℎ −𝑘(𝑘2 + �̅�2)

(𝑘2 + �̅�2)𝑒−�̅�ℎ (𝑘2 + �̅�2) −2𝑘2�̅�𝑒−�̅�ℎ 2𝑘2�̅� ]
 
 
 
 

{

𝐴1
𝐴2
𝐵1
𝐵2

}  

 �̅� ≡ 𝑠�̂� 𝑸𝒔 𝑨 
(32) 

From the finite element, the stiffness matrix of an element, 𝑲, is the relationship between the 

displacements and surface tractions, defined as: 

 
�̅� = 𝑲 �̅�  

(33) 

where, �̅� is the vector of surface tractions. This traction vector comes from the Cauchy stress 

theorem and is obtained by multiplying the unit vector normal to each boundary of the element 

with the stress vector at that boundary. For an axisymmetric element of finite thickness with 

positive 𝑧-direction oriented downward, the tractions are defined as: 

{
 
 

 
 
�̅�𝑟,1
�̅�𝑧,1
�̅�𝑟,2
�̅�𝑧,2}

 
 

 
 

= [

−1 0 0 0
0 −1 0 0
0 0 1 0
0 0 0 1

]{

𝜎𝑧𝑟,1
𝜎𝑧𝑧,1
𝜎𝑧𝑟,2
𝜎𝑧𝑧,2

}  

 �̅� ≡ 𝑵𝒇 �̅�  
(34) 

Finally, the stiffness matrix for the finite-thickness spectral element, 𝑲𝒇, is determined by 

combining equations (31), (32), and (34) into equation (33), canceling 𝑨 on both sides, and post-

multiplying by 𝑸𝒅
−𝟏, yielding: 
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𝐾𝑓 = 𝑠�̂�𝑵𝒇𝑸𝒔𝑸𝒅

−𝟏  

(35) 

Semi-Infinite Element 

Similar to the previous element type, a radially symmetric element with a semi-infinite thickness 

takes the form of a half-space cylinder spanning infinite distance in the radial direction and extends 

semi-infinitely in the 𝑧-direction. Implementation of this element is useful for avoiding the issue 

of wave reflections that occur at the bottom surface of the model, as the only horizontal boundary 

is the top surface. As a result, the element has only one node, located on its top surface, and its 

response can be treated much the same as the finite-thickness variant. 

Because wave reflections need not be considered, equations (9) and (10) are sufficient for 

describing wave propagation within the element, which can be verified by setting ℎ = ∞ in the 

corresponding equations for the previous element type. The displacements for the semi-infinite 

element can therefore be obtained by substituting those equations into equations (23) and (24) to 

obtain: 

 
�̅� = −𝑘𝐴1𝑒

−�̅�𝑧 + 𝑘�̅�𝐵1𝑒
−�̅�𝑧 

(36) 

 
�̅� = −�̅�𝐴1𝑒

−�̅�𝑧 + 𝑘2𝐵1𝑒
−�̅�𝑧 

(37) 

Likewise, inserting them into equations (21) and (22) yields the stresses for the half-space element 

in the Laplace–Hankel domain as: 

 
𝜎𝑧𝑟 = 2𝑠𝑘�̅��̂�𝐴1𝑒

−�̅�𝑧 − 𝑠𝑘(𝑘2 + �̅�2)�̂�𝐵1𝑒
−�̅�𝑧 

(38) 
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𝜎𝑧𝑧 = 𝑠(𝑘2 + �̅�2)�̂�𝐴1𝑒

−�̅�𝑧 − 2𝑠𝑘2�̅��̂�𝐵1𝑒
−�̅�𝑧 

(39) 

When arranging the semi-infinite element’s displacements and stresses into matrix form, only the 

node at the top surface (𝑧 = 0) needs to be considered. Employing the same strategy as used for 

the previous element yields: 

{
�̅�1
�̅�1
} = [

−𝑘 𝑘�̅�

−�̅� 𝑘2
] {
𝐴1
𝐵1
}  

 
�̅� ≡ 𝑸𝒅 𝑨  

(40) 

{
𝜎𝑧𝑟,1
𝜎𝑧𝑧,1

} = 𝑠�̂� [
2𝑘�̅� −𝑘(𝑘2 + �̅�2)

(𝑘2 + �̅�2) −2𝑘2�̅�
] {
𝐴1
𝐵1
}  

 
�̅� ≡ 𝑠�̂� 𝑸𝒔 𝑨 

(41) 

To determine the stiffness matrix, the Cauchy stress theorem is once again applied to define the 

surface tractions. For the axisymmetric semi-infinite thickness spectral element with positive 

𝑧-direction defined downward, the boundary tractions are related to the stresses by: 

{
�̅�𝑟,1
�̅�𝑧,1

} = [
−1 0
  0 1

 ] {
𝜎𝑧𝑟,1
𝜎𝑧𝑧,1

}  

 
�̅� ≡  −�̅� 

(42) 

By inserting equations (40)–(42) into equation (33) and rearranging as for the finite-thickness 

element, the stiffness matrix for the semi-infinite spectral element, 𝑲𝒔, is then: 
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𝑲𝒔 = −𝑠�̂�𝑸𝒔𝑸𝒅

−𝟏 

(43) 

Numerical Laplace–Hankel Inversion 

After the system response due to the FWD impulse load is calculated in the Hankel–Laplace 

domain, the result must be converted to the time domain. This is accomplished by using the inverse 

Hankel transform followed by the inverse Laplace transform. For the purposes of FWD 

backcalculation, only the vertical displacements at the very surface of the model are of interest; 

thus, the inverse Hankel transform of order zero will be used. The analytical form of this transform 

is: 

 �̂�𝑗(𝑟) = ∫ 𝑘�̅�𝑗(𝑘)𝐽0(𝑘𝑟) 𝑑𝑘
∞

0

 

(44) 

where, 𝑊𝑗 is the vertical deflection of the model at the 𝑗𝑡ℎ surface location. Although the upper 

limit of the integrand in the inverse Hankel transform is infinity, it has been shown that the solution 

converges well when integrating over only the first five roots of the derivative of the Bessel 

function used in the transform. [42] [57] [58] Because 𝐽0 is used in equation (44) to transform the 

vertical displacements from equation (24), the roots of its derivative, 𝐽1, are used to subdivide the 

integration, replacing it with a finite series of integrals as: 

 

�̂�𝑗(𝑟) = ∫ 𝑘�̅�𝑗(𝑘)𝐽0(𝑘𝑟) 𝑑𝑘
𝑏1

𝑏0

+ ∫ 𝑘�̅�𝑗(𝑘)𝐽0(𝑘𝑟) 𝑑𝑘 
𝑏2

𝑏1

 

+⋯+∫ 𝑘�̅�𝑗(𝑘)𝐽0(𝑘𝑟) 𝑑𝑘
𝑏5

𝑏4

 

(45) 
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where, 𝑏𝑛 is the 𝑛𝑡ℎ root of 𝐽1, and 𝑏0 = 0. Each sub-integration can then be numerically computed 

using 6-point Gaussian quadrature via: 

 ∫ 𝑘�̅�𝑗(𝑘)𝐽0(𝑘𝑟) 𝑑𝑘 =
𝑏𝑛 − 𝑏𝑛−1

2
∑𝑤𝑝𝛽𝑝�̅�𝑗𝐽0(𝛽𝑝)

6

𝑝=1

𝑏𝑛

𝑏𝑛−1

 

(46) 

With, 

 
𝛽𝑝 = (

𝑏𝑛 − 𝑏𝑛−1
2

) 𝑥𝑝 + (
𝑏𝑛 + 𝑏𝑛−1

2
) 

(47) 

where, 𝑤𝑝 is the weight of the 𝑝𝑡ℎ node, 𝑥𝑝, in the quadrature rule. 

Next, the closed form of the inverse Laplace transform is given by: 

 
𝑊𝑗(𝑡) =

1

2𝜋𝑖
∫�̂�𝑗(𝑠)𝑒

𝑠𝑡 𝑑𝑠
𝐵

 

(48) 

where, 𝑖 = √−1. The fixed Talbot algorithm (FTA) by Abate and Valko [59] In the FTA, the 

contour path, 𝐵, is defined as: 

 
𝑠(𝜃) = 𝛼𝜃(cot(𝜃) + 𝑖) ,           − 𝜋 < 𝜃 < 𝜋 

(49) 

where, 

 𝛼 =
2𝑀

5𝑡
 

(50) 

Parameter 𝛼 is introduced to control the precision of the numerical integration. This is 

accomplished by specifying the number of subdivisions of the contour path, 𝑀, which is equal to 
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the number of precision decimal places. By inserting equation (49) into equation (48), the 

analytical form of the inverse Laplace transform becomes: 

 
𝑊𝑗(𝑡) =

𝛼

𝜋
∫ ℜ[�̂�𝑗(𝑠(𝜃))𝑒

𝑠(𝜃)𝑡(1 + 𝑖𝜉(𝜃))] 𝑑𝜃
𝜋

0

 

(51) 

where, ℜ[∘] takes the real part of complex quantity ∘, and: 

 
𝜉(𝜃) = 𝜃 − cot(𝜃) + 𝜃 cot2(𝜃) 

(52) 

Finally, using the trapezoidal rule, equation (51) can be numerically approximated as: 

 𝑊𝑗(𝑡) =
𝛼

𝑀
(
1

2
�̂�𝑗(𝛼)𝑒

𝛼𝑡 + ∑ ℜ[�̂�𝑗 (𝑠(𝜃𝑞)) 𝑒
𝑠(𝜃𝑞)𝑡 (1 + 𝑖𝜉(𝜃𝑞))]

𝑀−1

𝑞=1

) 

(53) 

where,  

 
𝜃𝑞 =

𝑞𝜋

𝑀
 

(54) 

Optimization Routine 

The optimization for FWD backcalculation analyses is most commonly posed as a constrained 

nonlinear least-squares curve-fitting problem, which has the form: 

 
𝐦𝐢𝐧
𝐱
 𝒇(𝒙) = ‖𝑭(𝒙) − 𝒚‖𝟐 ≡ 𝝐(𝒙)𝑻𝝐(𝒙),   𝒃𝑳 ≤ 𝒙 ≤ 𝒃𝑼 

(55) 

where, x is the vector of n input variables, y is the set of m experimentally measured data points, 

F(x) is a vector function of the input variables (here, it is the deflections produced from 
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ViscoWave), 𝝐(𝒙) = 𝑭(𝒙) − 𝒚 is the residual error function, 𝑓(𝒙) is the sum of errors squared, 

and ‖∘‖2 is the Euclidean norm operator. The vectors 𝒃𝑳 and 𝒃𝑼are the lower and upper bounds 

used to constrain the input variables. 

The values of x are adjusted such that the value of 𝑓(𝒙) decreases relative to the previous iteration; 

this procedure of repetitively varying x is called the step calculation, and it is written 

mathematically as: 

 
𝒙𝒌+𝟏 = 𝒙𝒌 + 𝒑𝒌 

(56) 

where, 𝒙𝒌 is the set of values at the current iteration k, 𝒙𝒌+𝟏 is the subsequent iterate, and 𝒑𝒌 is the 

step vector. A new step is computed every iteration until the differences between the measured 

and predicted data (i.e., 𝑓(𝒙)) are minimized; the final, or optimal, parameters are denoted 𝒙∗. 

As discussed in Error! Reference source not found., the most popular class of optimization 

techniques used to solve nonlinear least-squares optimization problems is those of the trust-region 

variety. TR methods determine solutions to equation (55) by conducting a secondary optimization 

of the step vector from equation (56) during each iteration of the primary optimization. Traditional 

TR methods define the objective of this step vector optimization via a constrained second-order 

Taylor series approximation of 𝑓(𝑥𝑘 + 𝑝𝑘) about 𝑝𝑘. Thus, the secondary, step optimization 

problem has the form: 

 
𝐦𝐢𝐧
𝒑𝒌

𝝓(𝒑𝒌) = 𝒇(𝒙𝒌) + 𝒈𝒌
𝑻𝒑𝒌 +

𝟏

𝟐
𝒑𝒌
𝑻𝑯𝒌𝒑𝒌,   ‖𝒑𝒌‖ ≤ 𝚫𝒌 

(57) 

where, 𝑔𝑘 and 𝐻𝑘 are the gradient and Hessian of 𝑓(𝑥𝑘), and 𝜙(𝑝𝑘) is the value of the Taylor 

series approximation of 𝑓(𝑥𝑘 + 𝑝𝑘). The constraint, ‖𝑝𝑘‖ ≤ Δ𝑘, is an n-dimensional sphere of 
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radius Δ𝑘, and this hypersphere is called the trust-region. The inequality constraint (i.e., ≤) restricts 

the step vector, 𝑝𝑘, to exist on or within the region. 

In least-squares minimization problems, the gradient is computed as: 

 
𝒈𝒌 = 𝟐𝑱𝒌𝝐𝒌 

(58) 

where, 𝜖𝑘 is shorthand for 𝜖(𝑥𝑘), and 𝐽𝑘 = [
𝛿𝜖𝑘

𝛿𝑥1
,
𝛿𝜖𝑘

𝛿𝑥2
, … ,

𝛿𝜖𝑘

𝛿𝑥𝑛
] is the Jacobian of 𝜖𝑘. Additionally, 

the Hessian is calculated by: 

 
𝑯𝒌 = 𝟐𝑱𝒌

𝑻𝑱𝒌 + 𝟐𝝐𝒌
𝑻𝛁𝟐𝝐𝒌 

(59) 

where, ∇2 denotes the vector Laplacian operator. The residuals become progressively smaller as 

the optimization is conducted, so the second term in equation (59) is often dropped to yield the 

approximate Hessian calculation: 

 
𝑯𝒌 ≈ 𝟐𝑱𝒌

𝑻𝑱𝒌 

(60) 

The above formulation considerably reduces the computational expense of each iteration at the 

cost of higher error early in the optimization when values of 𝜖𝑘 are relatively high. The calculations 

for 𝑔𝑘 and 𝐻𝑘 depend on computing the partial derivatives of 𝜖𝑘 with respect to 𝑥𝑘. However, 

these derivatives are not formulated analytically for FWD backcalculation models. Thus, forward 

finite difference approximations are used instead to approximate the partial derivatives, which are 

computed as: 
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𝝏𝝐𝒌
𝝏𝒙𝒋

≈
𝑭(𝒙𝒌 + 𝒅𝒌) − 𝑭(𝒙𝒌)

𝜹𝒋
 

(61) 

where, 𝑥𝑗 is the 𝑗𝑡ℎ variable in 𝑥𝑘, 𝛿𝑗 is the finite difference step size, and the 𝑖𝑡ℎ element of 𝑑𝑘 is 

determined by: 

 
𝒅𝒌,𝒊 = {

𝜹𝒋,   𝒊 = 𝒋

𝟎,   𝒊 ≠ 𝒋
 

(62) 

The tandem trust-region method uses two optimization techniques simultaneously: subspace trust-

region interior reflective and a modified Levenberg–Marquardt algorithm. The STIR method was 

originally developed by Branch et al. [54] and makes use of a so-called affine-scaling 

transformation, which rearranges equation (57) as: 

 
𝐦𝐢𝐧
�̅�𝒌

�̅�(�̅�𝒌) = 𝒇(𝒙𝒌) + �̅�𝒌
𝑻�̅�𝒌 +

𝟏

𝟐
 �̅�𝒌
𝑻�̅�𝒌�̅�𝒌, ‖�̅�𝒌‖ ≤  𝚫𝒌  

(63) 

where, �̅�𝑘 = 𝐷𝑘𝑔𝑘, �̅�𝑘 = 𝐷𝑘(𝐻𝑘 + 𝐶𝑘)𝐷𝑘, and �̅�𝑘 = 𝐷𝑘
−1𝑝𝑘. The quantities 𝐷𝑘 and 𝐶𝑘 are known 

as the affine-scaling matrices. The first affine-scaling matrix, 𝐷𝑘, applies weights to each variable 

in 𝑥𝑘 based on how far it is from its upper/lower bound (closer to bound → lower weight). The 

basis for this weight is first determined from the boundary-distance vector, 𝜎(𝑥𝑘), with its 𝑖𝑡ℎ 

element computed according to: 

 
𝝈𝒊 =

{
 
 

 
 𝒙𝒊 − 𝒃𝒊

𝑳,   𝒈𝒊 ≥ 𝟎 & 𝒃𝒊
𝑳 > −∞

     𝟏,         𝒈𝒊 ≥ 𝟎 & 𝒃𝒊
𝑳 = −∞

𝒃𝒊
𝑼 − 𝒙𝒊,   𝒈𝒊 < 𝟎 & 𝒃𝒊

𝑼 < ∞    

−𝟏,         𝒈𝒊 < 𝟎 & 𝒃𝒊
𝑼 = ∞  

 

(64) 

Afterward, the first matrix is calculated as: 
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𝑫𝒌 = 𝐝𝐢𝐚𝐠 (|𝝈𝒌|

−
𝟏
𝟐) 

(65) 

where, diag(∘) converts an input vector to a diagonal matrix. The second affine-scaling matrix, 

𝐶𝑘, adjusts the diagonal elements of the Hessian based on the same principle as 𝐷𝑘, defined by: 

 
𝑪𝒌 = 𝑫𝒌(𝐝𝐢𝐚𝐠(𝒈𝒌)𝑱𝒌

𝝈)𝑫𝒌 

(66) 

where, 𝐽𝑘
𝜎 is the Jacobian of 𝜎𝑘 with respect to 𝑥𝑘 that is a diagonal matrix with values ±1 and 0. 

Levenberg–Marquardt optimization approaches are a popular alternative to trust-region–based 

methods. Although not formally defined as a trust-region, LMAs operate similarly to TR 

techniques. The Levenberg–Marquardt formulations of the secondary, step-optimization problem 

takes a slightly different approach than the traditional TR variety; because both the gradient and 

(approximated) Hessian are defined relative to 𝐽𝑘, the objective function can be posed as a first-

order Taylor series approximation of 𝜖(𝑥𝑘 + 𝑝𝑘) with respect to 𝑝𝑘, giving: 

 
𝐦𝐢𝐧
𝒑𝒌

𝝍(𝒑𝒌) = ‖𝝐𝒌 + 𝑱𝒌𝒑𝒌‖
𝟐,   ‖𝒑𝒌‖ ≤  𝚫𝒌 

(67) 

In the above formulation, 𝜓(𝑝𝑘) serves as an alternative approximation to equation (63)’s 𝜙(𝑝𝑘) 

for estimating 𝑓(𝑥𝑘 + 𝑝𝑘). The specific Levenberg–Marquardt approach employed by TTR uses 

the variation devised by Bellavia and Riccietti [55], which has the form: 

 
𝐦𝐢𝐧𝝍(𝒑𝒌) = ‖𝝐𝒌 + 𝑩𝒌

𝟏 𝟐⁄ 𝒑𝒌‖
𝟐
,   ‖𝑩𝒌

−𝟏 𝟐⁄ 𝒑𝒌‖ ≤  𝚫𝒌 

(68) 
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Here, 𝐵𝑘 is called the effective Hessian and is analogous to 𝐻𝑘 in equation (60); however, it is 

instead calculated via singular value decomposition (SVD) of 𝐽𝑘, which is detailed below. 

Similarly, 𝐵𝑘
1 2⁄

 is the effective Jacobian, because 𝐽𝑘
𝑇𝐽𝑘 ≡ 𝐵𝑘

1 2⁄ ,𝑇𝐵𝑘
1 2⁄ ≡ 𝐵𝑘

1 2⁄ 𝐵𝑘
1 2⁄

. The tandem 

trust-region technique applies one further modification to Bellavia and Riccietti’s formulation: a 

variable weighting scheme from Conn et al. (section 6.7.3). [60] The form of the LMA objective 

function then becomes: 

 
𝐦𝐢𝐧 �̃�(�̃�𝒌) = ‖𝝐𝒌 + �̃�𝒌

𝟏 𝟐⁄ �̃�𝒌‖
𝟐
,   ‖�̃�𝒌

−𝟏 𝟐⁄ �̃�𝒌‖ ≤  𝚫𝒌 

(69) 

where, �̃�𝑘
1 2⁄ = 𝑊𝑘𝐵𝑘

1 2⁄
, �̃�𝑘

−1 2⁄ = 𝑊𝑘
−1𝐵𝑘

−1 2⁄
, 𝑝𝑘 = 𝑊𝑘

−1𝑝𝑘, and 𝑊𝑘 = diag(log10|𝑥𝑘|) is the 

weighting matrix. When solving for the LMA step in equation (69), �̃�𝑘 and its cohorts are 

computed directly from the weighted Jacobian, 𝐽𝑘 = 𝐽𝑘𝑊𝑘, instead of using the relationships 

defined in the previous sentence. First, the SVD of the weighted Jacobian is computed according 

to: 

 
𝑼𝒌𝚺𝒌𝑽𝒌

𝑻 = �̃�𝒌 

(70) 

where, 𝑈𝑘 and 𝑉𝑘 are the m-by-m and n-by-n unitary matrices, respectively, and Σ𝑘 is the m-by-n 

diagonal matrix of singular values corresponding to 𝐽𝑘. From this decomposition, the weighted 

effective Jacobian, weighted gradient, and weighted effective Hessian are, respectively, 

 
�̃�𝒌
𝟏 𝟐⁄ = 𝑽𝒌(𝚺𝒌

𝑻𝚺𝒌)
𝟏 𝟐⁄
𝑽𝒌
𝑻 

(71) 

 
�̃�𝒌 = 𝑽𝒌𝚺𝒌

𝑻𝚺𝒌𝝐𝒌 

(72) 



 

40 

 
�̃�𝒌 = 𝑽𝒌(𝚺𝒌

𝑻𝚺𝒌)𝑽𝒌
𝑻 

(73) 

Finally, Bellavia and Riccietti’s technique calls for a reparameterizing �̃� with respect to �̃�𝑘 =

�̃�𝑘
−1 2⁄  �̃�𝑘 so that the constraint takes a similar form as in equation (57), yielding: 

 
𝐦𝐢𝐧
�̃�𝒌

�̃�(�̃�𝒌) = 𝒇(𝒙𝒌) + 𝟐(�̃�𝒌
𝟏 𝟐⁄ �̃�𝒌)

𝑻
�̃�𝒌 + �̃�𝒌

𝑻(�̃�𝒌
𝑻�̃�𝒌)�̃�,   ‖�̃�𝒌‖ ≤  𝚫𝒌 

(74) 

where, the solution is related to the full-space LMA step by 𝑝𝑘 = 𝑊𝑘�̃�𝑘
1 2⁄ �̃�𝑘. 

SOFTWARE SUMMARY 

The primary deliverable of UGA-PAVE is to estimate the dynamic modulus (|E*|) master curve 

of the AC layers using the FWD data. The dynamic modulus master curve can be considered as 

“Level 1.5” inputs with regard to the MEPDG input hierarchy. The |E*| curves generated by UGA-

PAVE resemble (but are not actually) Level 1 inputs. Obtaining true Level 1 inputs for a dynamic 

modulus master curve requires site-specific data tested at different temperatures; however, FWD 

testing can only feasibly be conducted at a single temperature in situ. To counteract this, a general 

time–temperature superposition (TTS) model for HMA is developed using results from GDOT 

Research Project (RP) 16-19, yielding: 

 
𝜷(𝐓) = 𝜶𝟏𝑻

𝟐 + 𝜶𝟐𝑻 + 𝜶𝟑 

(75) 

where, T is the desired temperature to shift to, 𝛼𝑖 is the ith TTS model coefficient, and β is the 

time–temperature superposition factor used to construct the |E*| master curve. The general TTS 
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coefficients determined from RP 16-19 are 𝛼1 = 0.0012, 𝛼2 = −0.1773, and 𝛼3 = 3.2262. Using 

the above model, the time–temperature superposition shifting is performed according to: 

 
𝒍𝒐𝒈𝟏𝟎𝒇𝑹 = 𝒍𝒐𝒈𝟏𝟎𝒇 − 𝒍𝒐𝒈𝟏𝟎𝜷(𝑻) 

(76) 

where, f is the frequency of the pre-shift |E*| curve, and 𝑓𝑅 is its corresponding reduced frequency 

for the master curve. In summary, using the above procedure allows UGA-PAVE to estimate full 

Level 1 |E*| inputs (dynamic modulus master curve) from an incomplete set of Level 1 |E*| data 

(i.e., FWD testing conducted at a single temperature) and Level 2 data (i.e., the HMA time–

temperature superposition model derived from RP 16-19).  

The first input page of the software is the Data Import Wizard, shown in figure 8. Additionally, a 

viewing pane that shows the current selections has been added for ease of viewing for large data 

sets. The second page is for Material Properties management, shown in figure 9. Here, the 

geometry and guesses for the layer moduli are entered into the software. Little has changed since 

the last reporting period, except that the values that are being optimized by the backcalculation 

software have been highlighted in magenta. 
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Figure 8. Screen. UGA-PAVE Data Import Wizard page. 

 

Figure 9. Screen. UGA-PAVE Material Properties input page. 
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The third pertinent page is shown in figure 10 and is used to run and observe the FWD 

backcalculation. A notable feature has been implemented: an optional “2-Step BC” checkbox that 

is placed above the BACKCALCULATE button. Essentially, the first of the two steps performs 

the backcalculation by assuming all the asphalt lifts are equivalent; for example, if three lifts are 

specified on the material properties input page, all three are aggregated into one layer. Then, the 

second step segments the asphalt layer into the number of lifts specified on the Material Properties 

input page and conducts the backcalculation as intended, and the starting values for the dynamic 

moduli are set as the result obtained in the first step for the aggregate asphalt layer. This method 

increases the time each backcalculation takes but can potentially improve the accuracy of the 

backcalculation. 

 

Figure 10. Screen. UGA-PAVE FWD Backcalculation runtime page. 

The following pages are for the software outputs. The first is the Dynamic Modulus Mastercurve 

results page in figure 11. The interface allows the user to view the entire backcalculated result for 
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a selected station. For each station, there are five input fields for temperatures. In the primary input 

field “Station Temp:”, the user should input the temperature of the pavement when the FWD test 

was performed. The other four temperature inputs correspond to the shifting temperatures used to 

construct the master curve, and they are already preset to AASHTOWare Pavement ME Design 

(PMED) software specifications.  

Below the temperature inputs are a number of time–temperature superposition factors. These allow 

the user to control the characteristics of the shifting used to construct the master curve; however, 

this is quite an arduous process and predetermined values are provided by default. The values are 

valid for a large range of HMA mixes and were determined by averaging the lab results from 

asphalt cores tested in RP 16-19. 

Finally, at the bottom right is a table of |E*| values that are taken from the master curve, which are 

automatically set to the arrangement used by PMED, and an Export button that will output the 

values directly to the .xml file format used by PMED to be as user-friendly as possible. Each 

asphalt lift will have its own master curve generated, and a dropdown box is used to view and 

export the tabulated result.  

It should be noted that the master curves generated are currently referred to by the UGA research 

team as “Pseudo-Level 1” inputs. This name is adopted because the data at each temperature were 

not directly obtained through FWD testing at the temperatures. In other words, to have true Level 1 

inputs, an FWD test would have to be performed at four different temperatures. However, for 

Pseudo-Level 1 inputs, an FWD test is only performed at one temperature, and the time–

temperature superposition factors obtained from a database are used to extrapolate what the FWD 

test results would be at all the other temperatures. One of the validation efforts conducted later in 
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this study determined how accuracy between Pseudo-Level 1 inputs compares to traditional 

Level 1 inputs. 

 

Figure 11. Screen. UGA-PAVE Pseudo-Level 1 Dynamic Modulus 

Mastercurve results page. 

The next-to-last page provides the Creep Compliance Curve. As shown in figure 12, this page 

shares many similarities with the Dynamic Modulus Mastercurve page. The primary difference is 

that the result on this page is only of Level 2 input for the MEPDG. An interconversion technique 

developed by S.W. Park and Y.R. Kim is used to create the D(t) curves corresponding to the 

backcalculated |E*| data. An internal study was performed by the research team to determine these 

inputs drastically improve PMED’s predictions for the terminal IRI and AC thermal cracking 

performance criteria compared to using regional-averaged Level 3 inputs. 

Finally, figure 13 shows the last results page: Moduli Variation. This page plots the moduli 

resulting from the backcalculation at all road stations to identify the locations of the weakest and 
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strongest points of the pavement section. Values used to plot the variation of |E*| curves are taken 

using the dynamic modulus estimated at a loading frequency of 1 Hz. 

 

Figure 12. Screen. UGA-PAVE Level 2 Creep Compliance Curve results page. 

 

Figure 13. Screen. UGA-PAVE Moduli Variation results page.  
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CHAPTER 5. UPDATED LAYER COEFFICIENTS 

PROCEDURE 

Road sections for collecting field data were identified in three regions of Georgia; they are located 

in GDOT districts 1, 2, and 5. The identified sections span a wide range of characteristics (e.g., 

soil support values, degree of anticipated deterioration) and were expected to be good candidates 

for determining new layer coefficients.  

Layer coefficients are used to determine a pavement section’s structural number, which is a 

technique for quantifying its strength. In the technique, the SN is calculated by:  

 𝑆𝑁 =  ∑𝑎𝑖𝐷𝑖  

𝑛

𝑖=1

 

(77) 

where, 𝒂𝒊 and 𝑫𝒊 are the layer coefficient and thickness of the ith layer, respectively, and n is the 

number of pavement layers above the subgrade. 

Currently, GDOT uses 0.44 as the value for HMA. However, this number is based on the AASHTO 

1972 Pavement Design Guide, which derived this value using statistical fitting of empirical data 

taken in the 1960s. The quality and composition of AC mixes has changed significantly in the last 

50 years, and as a result, modern flexible pavements designed using the 1972 AASHTO guide tend 

to be overdesigned for their intended life cycles. 

Out of the literature pertaining to using FWD data for updating layer coefficient values, two 

techniques were identified as the leading candidates. The first technique is taken from the 1993 

AASHTO Pavement Design Guide, which provided an empirically derived relationship between 

dynamic modulus and the AC layer coefficients as: 
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𝑎𝐴𝐶 = 0.171 · ln|𝐸∗| − 1.784 

(78) 

where, |𝐸∗| is the value of the dynamic modulus at a given loading frequency. This technique was 

recently recommended for use in updating layer coefficients by Lanotte and Kutay. [61] They 

demonstrated that using a layer coefficient of 0.44 for HMA tends to underestimate its material 

strength, and showed that using the 1993 AASHTO equation yields higher values for the layer 

coefficients that are in the range of what has been observed from studies in other U.S. states that 

updated their values through means other than FWD data. 

The second candidate was proposed by Abd El-Raof et al. [62] Rather than determining the layer 

coefficient via the dynamic modulus curve backcalculated from the FWD data, this technique 

directly uses the experimentally measured FWD deflections. The equation was derived using a 

statistical regression and takes the form: 

 𝑎𝐴𝐶 =
4.056 · 𝑆𝐼𝑃−0.407 · 𝐻𝑝

0.546 + 0.006 · 𝐴2
2.443

0.203 · 𝐷1
  

(79) 

where, 𝑆𝐼𝑃 = 𝐷0 −𝐷1.5𝐻𝑝 is the structural index of the pavement in microns, 𝐻𝑝 is the pavement 

thickness in mm, 𝐴2 =
6

𝐷0
(𝐷300 + 2𝐷450 + 𝐷600), and the 𝐷𝑖 parameters refer to the peak 

deflections measured by the FWD sensors at the radial distance specified in the subscript in mm 

(e.g., 𝐷300 is the peak deflection measured by the sensor 300 mm from the FWD load). The authors 

compared this technique with that of the 1993 AASHTO Pavement Design Guide and showed the 

two methods have a decent correlation of R2=0.83 when estimating layer coefficients for the same 

sections.  
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The primary advantage of Abd El-Raof et al.’s technique is that it can be calculated entirely from 

the experimental FWD data, meaning the layer coefficient can be performed without 

backcalculation. Because the 1993 AASHTO method involves using data from the dynamic 

modulus curve, it can only be used after the pavement layer moduli have been backcalculated, 

thereby leading to a more time-consuming layer coefficient determination process.  

However, there are notable limitations to Abd El-Raof et al.’s technique that make it less effective 

for layer coefficient estimation. Firstly, it can only calculate a single layer coefficient for the entire 

AC layer, whereas the 1993 AASHTO method can determine a layer coefficient for each individual 

asphalt lift for which a dynamic modulus curve is obtained. It has become apparent to the research 

team that asphalt pavements with significantly different layer moduli (i.e., different dynamic 

modulus curves) can produce near-exact FWD deflection time histories. Thus, it is reasoned that 

it is more reliable to calculate asphalt layer coefficients using a technique that is based on dynamic 

modulus values rather than deflection measurements. Consequently, the research team has selected 

the technique used in the 1993 AASHTO Flexible Pavement Design Guide (as outlined by Lanotte 

and Kutay  [61]) for updating GDOT’s HMA layer coefficient values for structural number 

calculation. 

For this study, three types of coefficients were calculated. The first, 𝑎4.5−, denotes the layer 

coefficient for the portion of the AC layer that spans from the surface to a depth of 4.5 inches. 

Conversely, coefficient 𝑎4.5+ represents the remaining portion of the AC layer below a depth of 

4.5 inches. These coefficients were calculated from UGA-PAVE by dividing the AC layer into 

two sublayers above and below the 4.5-inch depth. After the backcalculation was conducted, the 

software generated two |E*| curves, each corresponding to one of the two sublayers. Then, the 

values of both dynamic modulus curves at a frequency of 1 Hz were inserted into equation (78) to 
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calculate 𝑎4.5− and 𝑎4.5+. (The reasoning for this choice of loading frequency is explained at the 

end of this subsection.) The third and final coefficient calculated was 𝑎𝐹𝑢𝑙𝑙, which represents the 

entire AC layer as a whole. This coefficient was calculated using a thickness-weighted average of 

the first two coefficients, given by: 

 
𝑎𝐹𝑢𝑙𝑙 =

(𝑎4.5−)(4.5𝑖𝑛) + (𝑎4.5+)(ℎ𝐴𝐶 − 4.5 𝑖𝑛)

ℎ𝐴𝐶
 

(80) 

where, ℎ𝐴𝐶  is the thickness of the entire AC layer. 

Finally, the method for determining which loading frequency point on the dynamic modulus curves 

to use when calculating 𝑎4.5− and 𝑎4.5+ is explained. Lanotte and Kutay  [61] do not specify which 

frequency to use for the dynamic modulus in their equation given in equation (78). The dynamic 

modulus is a continuous curve that varies with frequency; however, the equation only allows for 

the input of dynamic modulus from a single frequency. Therefore, a single value of dynamic 

modulus that best represents the traffic loading should be used; thus, the UGA research team 

decided to use a loading frequency of 1 Hz, which is approximately at the center of the range of 

frequencies used as Level 1 |E*| inputs to PMED (i.e., 0.1 Hz to 25 Hz). The corresponding 

dynamic modulus value was taken from the master curve, which exists in reduced frequency space 

at some reference temperature, which in this study was 70℉, or 21.1℃. The |E*| curves 

backcalculated from the FWD data therefore required conversion to reduced frequency.  

The relationship between in situ loading frequency and reduced frequency is: 

 
𝑓𝑅 = 𝑎(𝑇)𝑓𝐹𝑊𝐷 

(81) 
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where, 𝑓𝑅 is reduced frequency corresponding to 𝑓𝐹𝑊𝐷, which is the frequency domain of the |E*| 

curve obtained immediately after backcalculation. The parameter 𝑎(𝑇) is the time–temperature 

superposition factor, which depends on the current temperature of the pavement, T. For example, 

if the pavement has a temperature of 100℉ during backcalculation, the frequency points of the 

backcalculated |E*| curve are multiplied by a factor of 𝑎(𝑇 = 100℉) to convert the curve to 

reduced frequency domain at the reference temperature of 70℉; this procedure can be visualized 

solely as a horizontal shift to the curve. The most common approach used to calculate 𝑎(𝑇) is to 

create a time–temperature superposition model for the AC mix in question. The UGA research 

team has several such models for HMA available from a separate GDOT research project 

(RP 16-19), and an average of all the models was used here to calculate the factor for shifting FWD 

backcalculated curves as: 

 
log10 𝑎(𝑇) = 0.0012𝑇2 − 0.1773𝑇 + 3.2262 

(82) 

where, the temperature, 𝑇, has units of degrees Celsius. Note that at the reference temperature, 

𝑇 = 21.1℃, the superposition factor is approximately equal to 1, which corresponds to no shift 

between the in situ and reduced frequency domains. 

RESULTS 

The updated layer coefficients were determined using a two-part approach. First, an asphalt 

performance mixture tester device was used to determine the dynamic modulus curves of the 

individual lifts of the cores extracted from field testing. Second, the AMPT testing results were 

used to validate the |E*| curves backcalculated from the FWD deflection data. 
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Coefficients Calculated from AMPT Testing 

AMPT testing was conducted with cores taken from SR 10, SR 11, SR 22, SR 26, SR 57, and 

SR 129; descriptions of each core used are given in table 2. For each core, two specimens were 

extracted from each distinct lift of the asphalt layer. The dynamic modulus of each specimen was 

then experimentally measured for loading rates of 0.1, 0.5, 1, 5, 10, and 25 Hz at three 

temperatures: 39.2, 68, and 104℉ (4, 20, and 40℃). For each lift, a time–temperature 

superposition model was constructed from the data, and the data were shifted to a reference 

temperature of 70℉ (21.1℃). Finally, a sigmoidal fitting function was applied to the shifted data 

to construct the master curve for the lift. An example set of dynamic modulus data measured from 

AMPT testing is shown in figure 14. 

Table 2. Information for cores used in AMPT testing for updated layer coefficients. 

Road Core 
Thickness 

(in.) 
Location Picture 

SR 10 

EB 

Lane 2 

4 10.75 MP 4.32 

 

SR 11 

SB 
3 15 MP 7.40 
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SR 22 

EB 
1 13.75 MP 6.605 

 

SR 26 

NB 
1 

4.75  

(+7 in. PCC) 
MP 0.04 

 

SR 57 

NB 
3 5.5 MP 15.72 

 

SR 129 

SB 
5 6.25 MP 7.62 
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Figure 14. Graph. AMPT-measured dynamic modulus data 

for Lift 1 of Core 1 extracted from SR 11. 

To calculate updated values for 𝑎4.5−, the dynamic modulus curves of each lift above 4.5-inch 

depth were averaged, and the dynamic modulus value at 𝑓𝑅 = 1 Hz on that averaged curve was 

input to equation (78). This procedure was repeated for 𝑎4.5+, except the |E*| curves for each lift 

below 4.5 inch were averaged. Then, the full-depth coefficient, 𝑎𝐹𝑢𝑙𝑙, was calculated using 

equation (80). The in situ layer coefficients calculated from the AMPT data are given in figure 15, 

figure 16, and figure 17. Note that no 𝑎4.5+ could be calculated for the cores taken from SR 26 and 

SR 129. For the case of SR 26, the pavement layer was composite, comprising 4.75 inches of 

asphalt on top of 7 inches of Portland cement concrete (PCC), as shown in figure 18. For SR 129, 

the specimens extracted for the lift below 4.5-inch depth crumbled and could not be used in the 

AMPT device. 
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Figure 15. Graph. Above-4.5-inch layer coefficients calculated from AMPT data. 

 

Figure 16. Graph. Below-4.5-inch layer coefficients calculated from AMPT data. 



 

56 

  

Figure 17. Graph. Full-depth layer coefficients calculated from AMPT data. 

 

Figure 18. Photo. Composite Core 1 extracted from SR 26, 

featuring asphalt on top of PCC. 

A statistical analysis of the AMPT-derived layer coefficients was conducted, and the results are 

contained in table 3. From the analysis, it was determined that the average layer coefficient value 
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was consistently between 0.50 and 0.51 for all three. However, a notable amount of variability 

existed in the coefficients, specifically with 𝑎4.5+. To account for this, multiples of the standard 

deviation were subtracted from the mean to offer updated layer coefficients with higher statistical 

reliabilities. For example, subtracting two standard deviations (𝜎 = 0.06) from the mean of 𝑎4.5+ 

(𝜇 = 0.51) yields a layer coefficient of 𝑎4.5+ = 0.39 with a reliability of 97.8 percent. In other 

words, based on the set of AMPT data from this study, it can be expected that 𝑎4.5+ ≥ 0.39 for 

97.8 percent of in situ GA pavements. Using this approach suggests updated layer coefficient 

values of 𝑎4.5− = 0.44 and 𝑎4.5+ = 0.39. In comparison with the values currently used by GDOT, 

i.e., 0.44 and 0.33, respectively, these results suggest the current value (0.44) used for the top 

4.5 inches of asphalt is sufficient, but the below-4.5-inch coefficient (0.33) is lower than necessary. 

Table 3. Statistical analysis of AMPT-derived layer coefficients.  

 𝒂𝟒.𝟓− 𝒂𝟒.𝟓+ 𝒂𝑭𝒖𝒍𝒍 
Reliability 

(%) 

𝜎 (Std. Dev.) 0.03 0.06 0.04 — 

𝜇 (Mean) 0.50 0.51 0.51 50 

𝜇 − 𝜎 0.47 0.45 0.47 84.2 

𝜇 − 2𝜎 0.44 0.39 0.43 97.8 

 

Coefficients Calculated from FWD Backcalculation 

To support the results of the previous subsection, layer coefficients were backcalculated from 

FWD data collected on SR 10, SR 11, SR 22, SR 26, SR 57 (Johnson County), and SR 82, and the 

results are given in figure 19, figure 20, and figure 21. Backcalculations were also conducted for 



 

58 

SR 11N, 73N/S, 82W, and 129N/S; however, they failed to reach an acceptable error tolerance of 

200 mils2 (determined by the research team as the highest error where the backcalculated 

deflections still resemble the experimentally measured deflections) and have, therefore, been 

excluded from the results. 

 

Figure 19. Graph. FWD backcalculated layer coefficients corresponding 

to the top 4.5 inches of asphalt for SR 10, SR 11, SR 22, SR 26, 

SR 57 (Johnson County), and SR 82. 

The coefficients calculated for the top 4.5 inches of asphalt (𝑎4.5−  in figure 19) have an average 

of 0.47. With the exception of SR 57E/W and SR 82E, each of the top-4.5-inch layer coefficients 

satisfied the 97.8 percent reliability criterion of 𝑎4.5− ≥ 0.44 from table 3. Inspection of their 

corresponding 𝑎4.5+ coefficients reveals the cause of the low layer coefficient values for the 

excepted roads. 
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Figure 20. Graph. FWD backcalculated layer coefficients corresponding to the asphalt 

portion below a depth of 4.5 inches for SR 10, SR 11, SR 22, SR 26, 

SR 57 (Johnson County), and SR 82. 

Figure 20 contains the FWD backcalculated layer coefficients revealed corresponding to the 

asphalt layer below 4.5 inches. For this set, only two roads fell below the 97.8 percent reliability 

criterion of 𝑎4.5+ ≥ 0.39 from table 3—SR 10E and SR 22W. For SR 22W, it is believed that the 

backcalculation is estimating the foundation layers (i.e., aggregate base and subgrade) to have 

higher elastic moduli than in actuality, thereby decreasing the backcalculated dynamic moduli of 

the asphalt layers. Most cores taken from SR 22 were observed to have been on top of a soil-

aggregate base material, which was unique among all the roads surveyed for this project, leading 

the research team to be uncertain of how to best represent the material in the pavement model for 

FWD backcalculation. 
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Figure 21. Graph. FWD backcalculated layer coefficients representing the entire asphalt 

concrete layer for SR 10, SR 11, SR 22, SR 26, SR 57 (Johnson County), and SR 82. 

In the case of SR 10E, its corresponding top-4.5-inch coefficient was considerably higher with a 

value of backcalculation of 𝑎4.5− = 0.68; a value this high for the coefficient corresponds to the 

mean plus six standard deviations, which is statistically improbable to be realistic. Therefore, the 

issue is believed to be associated with the optimization in the backcalculation procedure. Although 

the asphalt layer used in the backcalculation is modeled with a division at 4.5 inches into two 

distinct lifts, their individual dynamic moduli do not necessarily need to be equal to their strength 

in reality due to a phenomenon known as the “compensating layer effect.” For instance, the 

combination of a stronger |E*| above 4.5 inch and a weaker |E*| below 4.5 inch than in actuality 

can lead to similar simulated deflections, and due to the nature of the optimization used in 

backcalculation, this is considered to be an equally valid result by the algorithm. This same issue 

with the converse situation (i.e., weaker-than-reality 𝑎4.5− and stronger-than-reality 𝑎4.5+) is 
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believed to be the reason for the problematic results previously noted for SR 57E/W and SR 82E. 

For all three roads, their considerably low 𝑎4.5− coefficients correspond to dramatically high 𝑎4.5+ 

values. Thus, the research team believes the backcalculation software converged to a result where 

the dynamic moduli corresponding to the below-4.5-inch asphalt were much stronger than reality, 

and as a consequence removed that stiffness from its estimate for the respective above-4.5-inch 

portions.  

Inspection of the 𝑎𝐹𝑢𝑙𝑙 coefficients from figure 21 supports the reasoning for the previous issue. 

The full-layer coefficient effectively reflects the thickness-weighted average modulus of the entire 

asphalt layer, and the values of the problematic roads (i.e., SR 10E, SR 57E/W, and SR 82E) are 

all much closer to statistically probable values than their constituent 4.5-inch coefficients. 

Furthermore, all roads except for SR 22W meet the 97.8 percent reliability criterion from table 3. 

As mentioned previously, the research team was uncertain of how to properly model the soil-

aggregate base material for this road, which is the likely cause for the discrepancy.  

Comparison with Updated Coefficients of Other State DOTs 

In a study conducted by ALDOT in 2009 [8], it was recommended to replace the traditional value 

of 0.44 used for HMA mixes with an increased value of 0.54, and in a recent study by FDOT in 

2019 [9], researchers recommended use of a coefficient of 0.54 for high polymer asphalt mixes. In 

the most recent study conducted by NHDOT [11], the layer coefficient for HMA was recommended 

to be increased from 0.34–0.38 to 0.41, an increase of approximately 0.06. 

The results from the present study indicate comparable results to other state DOTS for flexible 

pavements in GA. That is, the layer coefficients currently used by GDOT (i.e., 

𝑎4.5− = 0.44 and 𝑎4.5+ = 0.33) are likely lower than necessary to sufficiently represent modern 
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asphalt mixes. For example, based on the 97.8 percent reliability criterion from table 3, coefficient 

values of 𝑎4.5− = 0.44 and 𝑎4.5+ = 0.39 would be more accurate for GA pavements. Effectively, 

this corresponds to no change in the top-4.5-inch coefficient, and an increase in the below-4.5-inch 

coefficient of 0.06—a similar change as recommended in the cited ALDOT and NHDOT studies. 

However, the other DOTs use a single coefficient to represent the entire asphalt layer, hence the 

use of 𝑎𝐹𝑢𝑙𝑙 in the previous subsections. From these results, an average full-layer coefficient for 

GA pavements of 0.51 was concluded with a standard deviation of 0.04, which is similar to the 

results from the ALDOT study observing an average of 0.54 for HMA with a standard deviation 

of 0.08. 
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CHAPTER 6. UGA-PAVE VALIDATION 

PROCEDURE 

To validate the UGA-PAVE backcalculation tool, core samples were extracted by GDOT from 

each selected site (see table 1). The core specimens were then provided to the research team, who 

used an asphalt mixture performance tester to experimentally determine the dynamic modulus at 

specific stations. All cores were extracted from an FWD testing station (i.e., a location where FWD 

drops were performed). Apropos, FWD backcalculation was conducted for each station 

corresponding to a core, and the results were compared as validation. 

The detailed validation procedure is as follows. First, the core was cut along the interface between 

distinct asphalt lifts, separating it into multiple stout cylinders. Then, two 38 mm diameter 

specimens were extracted from each of the stout cylinders. The 38 mm–specimens were then 

AMPT tested at various frequencies and temperatures to determine the dynamic modulus master 

curve of each lift. A picture of a core after being cut between lifts and having the 38 mm specimens 

removed is shown in figure 22. 

The dynamic modulus master curve from AMPT testing was determined using the following 

process. First, two 38 mm–diameter specimens were extracted from each lift of the core. The 

specimens were then individually tested on the AMPT at three temperatures—39.2, 68, and 104℉ 

(4, 20, and 40℃)—and six loading frequencies—0.1, 0.5, 1, 5, 10, and 25 Hz; the resulting data 

points were grouped together based on temperature. A time–temperature superposition model was 

the master curve then created from the data, and the data points were shifted to a reference 

temperature of 70℉ (21.1℃). Finally, a sigmoidal function (see: top right of figure 9) was fit to 
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the grouped data set using an optimization scheme. This process was repeated for each lift of all 

cores used for validation. 

 

Figure 22. Photo. Asphalt core after 38 mm specimens were extracted for AMPT testing. 

The FWD backcalculations were conducted using pavement models comprising one asphalt layer 

and either one or two foundation layers, depending on the particular road. Each asphalt layer was 

modeled in UGA-PAVE with a total thickness equal to the corresponding core. A lack of 

information was available for the foundation layers (i.e., aggregate base, subgrade); therefore, 

regional averages were used for their material properties. Most aggregate base layers were 

assumed to comprise 12 inches of graded aggregate base (GAB) unless otherwise noted (e.g., some 

cores, such as for SR 10, were marked as having 10-inch GAB layers), and for the subgrade, the 

layer thickness was used as an optimization parameter and therefore did not need to be known. 

The backcalculation requires seed moduli (i.e., starting guesses for unknown parameters), and the 

selection of the seed moduli has a moderate effect in the optimized result. Thus, each pavement 
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section was backcalculated using different sets of seed moduli values as shown in table 4; 

similarly, due to regional variances, the parameters that remain constant during the backcalculation 

were also tuned for each pavement section based on regional averages, with the values in table 5. 

Table 4. Seed moduli (initial guesses) for the backcalculation parameters 

of each pavement section. 

Road Core 
𝒂𝟏 

(𝐥𝐨𝐠𝟏𝟎 𝒑𝒔𝒊) 
𝒂𝟐 𝒂𝟑 𝒂𝟒 

𝑬𝑼𝑨𝑩 

(ksi) 

𝑬𝒔𝒖𝒃 

(ksi) 

𝒉𝒔𝒖𝒃 

(ft) 

SR 10 
4 3.5 3.5 −1.5 0.5 20 5 10 

7 3.5 3.5 −1.5 0.5 20 5 10 

SR 11 3 3.5 3.5 −1 0.4 20 5 5 

SR 22 1 3.5 3.5 −1 0.4 20 5 10 

SR 26 1 3.5 3.5 −1 0.4 4000 5 10 

SR 57 3 3.5 3.5 −1 0.4 — 6.5 10 

SR 82 
1 3.5 3.5 −1.5 0.5 20 5 10 

3 3.5 3.5 −1.5 0.5 20 5 10 

SR 129 5 3.5 3.5 −1.5 0.5 20 5 10 

 

Table 5. Constant parameters for each pavement section used in the backcalculation. 

Road Core 
𝒉𝑨𝑪 

(in.) 

𝒉𝑼𝑨𝑩 

(in.) 

𝝆𝑨𝑪 

(pcf) 

𝝆𝑼𝑨𝑩 

(pcf) 

𝝆𝒔𝒖𝒃 

(pcf) 
𝝂𝑨𝑪 𝝂𝑼𝑨𝑩 𝝂𝒔𝒖𝒃 

SR 10 
4 10.875 10 140 120 100 0.3 0.35 0.4 

7 11.75 10 140 120 100 0.3 0.35 0.4 

SR 11 3 15 12 140 120 70 0.3 0.35 0.35 

SR 22 1 13.75 — 140 — 75 0.3 — 0.4 

SR 26 1 4.5 6 140 145 100 0.3 0.2 0.4 

SR 57 3 7.5 — 140 — 75 0.3 — 0.4 

SR 82 
1 8.5 10 140 120 75 0.3 0.35 0.4 

3 8.75 10 140 120 75 0.3 0.35 0.4 

SR 129 5 6.5 12 140 120 100 0.3 0.35 0.4 
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The default model configuration was three layers: HMA on top, GAB in the center, and subgrade 

soil at the bottom. However, a few pavement sections had notable deviations from the default 

configuration. SR 11, SR 57 (Johnson County), and SR 82 were recorded to lie on top of a sand-

clay material, and were modeled as HMA on top of a 12-inch GAB layer with a notably less dense 

subgrade layer. SR 22 consisted of a soil-aggregate base layer; thus, these roads were modeled 

using an HMA layer on top of a single foundation layer. Finally, no information was provided to 

the research team about SR 129, and it was modeled using the default configuration; however, it 

is possible that the section was modeled incorrectly due to the lack of available information. 

After the FWD backcalculation was conducted for a given core, the resulting dynamic modulus 

curve needed to be converted to reduced frequency using the approach discussed in the 

PROCEDURE of chapter 5. The time–temperature superposition model takes the same form as in 

equation (82); however, the three coefficients are changed to match the time–temperature 

superposition model measured for the core via AMPT testing to provide more accurate matching. 

VALIDATION RESULTS 

The results from the core-backcalculation validation study are contained in figure 23 to figure 31. 

In the graphs, the dynamic modulus curves of each lift measured from the AMPT testing are plotted 

in dotted gray lines, and the average of the curves are plotted in red for easier comparison with the 

FWD backcalculated |E*| plotted in blue. Because the falling weight deflectometer cannot impart 

a perfect impulse load to the pavement in reality, there is a limited range of frequencies that it can 

excite; this regime was dubbed the “effective frequency range” (EFR) by Fu et al. [63], and it is 

depicted in each figure using dashed green lines. Note that the EFR must be shifted using TTS 

along with the backcalculated |E*| curve because the FWD load is imparted at a different 
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temperature from the master curve’s reference temperature. For this reason, only the points within 

or near the EFR should be considered when determining the matching quality, because frequencies 

outside the range cannot be properly analyzed during backcalculation. 

 

Figure 23. Graph. Comparison of FWD backcalculated and 

lab-measured |E*| for SR 10 Core 4. 
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Figure 24. Graph. Comparison of FWD backcalculated and 

lab-measured |E*| for SR 10 Core 7. 

 

Figure 25. Graph. Comparison of FWD backcalculated and 

lab-measured |E*| for SR 11 Core 3. 
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Figure 26. Graph. Comparison of FWD backcalculated and 

lab-measured |E*| for SR 22 Core 1. 

 

Figure 27. Graph. Comparison of FWD backcalculated and 

lab-measured |E*| for SR 26 Core 1. 
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Figure 28. Graph. Comparison of FWD backcalculated and 

lab-measured |E*| for SR 57 (Johnson County) Core 3. 

 

Figure 29. Graph. Comparison of FWD backcalculated and 

lab-measured |E*| for SR 82 Core 1. 
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Figure 30. Graph. Comparison of FWD backcalculated and 

lab-measured |E*| for SR 82 Core 3. 

 

Figure 31. Graph. Comparison of FWD backcalculated and 

lab-measured |E*| for SR 129 Core 5. 
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The backcalculated |E*| curves for SR 10, SR 11, and SR 22 agreed well with the corresponding 

lab-measured curves, with percent differences within the EFR of 4.33 percent for SR 10 Core 4, 

8.27 percent for SR 10 Core 7, 10.75 percent for SR 11 Core 3, and 9.54 percent for SR 22 Core 1. 

However, the results for SR 26, SR 57 (Johnson County), SR 82, and SR 129 demonstrated poor 

matching, having percent differences of 49.46 percent for SR 26 Core 1, 49.97 percent for SR 57 

Core 3, 75.5 percent for SR 82 Core 1, 66.61 percent for SR 82 Core 3, and 62.17 percent for 

SR 129 Core 5.  

The difference in backcalculation effectiveness differed substantially among the cores. The 

research team suspects two reasons as being the primary root causes. First, it is possible for a given 

pavement section to contain distresses that affect the structure’s response when tested by FWD 

(e.g., bottom-up fatigue cracking, erosion of the aggregate base layer) but were not able to be 

detected in the core sample extracted from the road. In such scenarios, the AMPT-measured 

dynamic modulus should be higher than its FWD-backcalculated counterpart because the distress 

will reduce the pavement’s strength as a whole but not necessarily for the specimens used in the 

AMPT device.  

The second suspicion for the discrepancies between the AMPT and backcalculated |E*| curves 

within the EFR is a lack of sufficient knowledge pertaining to the foundation layer characteristics, 

such as their densities, Poisson ratios, and elastic moduli. For instance, if the foundation layers are 

estimated with density or elastic modulus values that are higher than reality during FWD 

backcalculation, the dynamic modulus for the asphalt layer will be estimated lower to compensate 

for the strength. 

To provide insight on the suspected issues, GPR testing was conducted along a few of the 

problematic sections where the FWD testing was conducted. The primary focus of the GPR 
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analysis was to determine the subgrade density variation underneath each road, and the 

measurements are plotted for SR 26N in figure 32, SR 26S in figure 33, SR 129N in figure 34, and 

SR 129S in figure 35. The subgrade varies significantly for each section of road by more than 

30 pcf, with the exception of SR 129S, which remained remarkably consistent across the tested 

distance. Compared to the range of densities of each road, the constant inputs used for the 

backcalculations in table 5 are likely to differ significantly across the FWD testing stations. Thus, 

the subgrade density, as well as other similar material properties, assumed for the location where 

the core was extracted could be inaccurate by more than 10 pcf, significantly reducing the ability 

for UGA-PAVE to accurately backcalculate the |E*| from the FWD data. 

 

Figure 32. Graph. Subgrade density estimated by GPR for SR 26N. 
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Figure 33. Graph. Subgrade density estimated by GPR for SR 26S. 

 

Figure 34. Graph. Subgrade density estimated by GPR for SR 129N. 
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Figure 35. Graph. Subgrade density estimated by GPR for SR 129S. 

To compare with the subgrade variation of one of the better validations, GPR testing was also 

conducted for some of the less problematic roads; these results are given for SR 10W in figure 36 

and for SR 10E in figure 37. The dynamic modulus curves backcalculated for these two pavement 

sections had the lowest percent differences with their AMPT-measured counterparts among all the 

cores; incidentally, they had substantially lower subgrade variations than was measured for SR 82 

and SR 129. 

 

Figure 36. Graph. Subgrade density estimated by GPR for SR 10W. 
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Figure 37. Graph. Subgrade density estimated by GPR for SR 10E. 

The variations in subgrade density plotted in the figures above highlight the importance of 

ascertaining as much knowledge about the pavements’ layers as possible for FWD backcalculation. 

The results suggest that even a small variation of 5–10 pcf in density between the pavement model 

and reality may introduce difficulties in the FWD backcalculation if the frequency of the variation 

is high. Further investigation is recommended in future studies to determine the sensitivity of FWD 

backcalculation to inaccurate values of the pavement layer material properties, such as the 

aggregate base and subgrade densities and Poisson ratios.  
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CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS 

UPDATED LAYER COEFFICIENTS 

New layer coefficients were calculated for asphalt concrete pavements using dynamic modulus 

curves obtained via AMPT testing of cores extracted from several locations across Georgia, and 

the updated values were validated using FWD backcalculation. GDOT currently uses two layer 

coefficients for flexible pavements based on the 1972 AASHTO Pavement Design Guide—0.44 

for the portion above 4.5 inches, and 0.33 for the remainder below 4.5 inches. The updated layer 

coefficients calculated for the top-4.5-inch portion had an average value of 0.50 with a standard 

deviation of 0.03, and the below-4.5-inch portion was determined to have a mean of 0.51 with a 

standard deviation of 0.06. 

From the analysis, three sets of layer coefficients were calculated based on the statistical reliability 

desired for the pavement design: 50, 84.2, and 97.8 percent. The coefficients corresponding to the 

highest reliability are recommended for pavement design despite being the most conservative, 

because the study used here to calculate them only measured strength and did not directly account 

for variations in distresses and mix type. Based on the most conservative confidence of 

97.8 percent, the above-4.5-inch coefficient should remain at 0.44, whereas the below-4.5-inch 

layer coefficient should be increased to 0.39. Alternatively, the entire pavement layer can be 

modeled using a single-layer coefficient with a value of 0.43. 

FWD BACKCALCULATION 

A state-of-the-art dynamic FWD backcalculation tool, UGA-PAVE, was developed as part of this 

study. The software was validated for dynamic modulus estimation by conducting FWD testing at 

the locations where cores were extracted for AMPT testing in the updated layer coefficients study. 
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In the validation, good agreement (<11 percent difference) was seen between the AMPT-measured 

and FWD-backcalculated |E*| curves for four of nine tested cores. However, the remaining five 

cores/locations lacked convincing agreement, ranging from 49.46 to 75.50 percent difference.  

Two primary causes are suspected for the poor backcalculations. First, certain distresses could 

exist in the pavement sections that affect the pavement section as a whole during FWD testing but 

were not contained in the extracted core. The section suspicion pertains to a lack of accurate 

knowledge of various material properties, such as the densities, moduli, and Poisson ratios of the 

foundation layers. A brief GPR analysis was conducted for some of the pavement sections, and it 

was observed that most of the roads with poor matching were associated with high volatility in the 

subgrade density, whereas the road with good matching had a comparatively low variation. This 

observation highlights the importance of having accurate information of the thicknesses and 

material properties of the various layers in the pavement structure for FWD backcalculation. 

Future investigation is recommended to provide insight on the sensitivity of backcalculated 

dynamic modulus to inaccuracies in such material properties.  

Lastly, it is recommended that GPR is used as an initial “widetooth comb” that can quickly identify 

locations of atypical/abnormal/unexpected pavement characteristics, followed by FWD testing at 

those locations to serve as a “fine-tooth comb” that takes more time to conduct/process but has 

higher accuracy. 
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APPENDICES 

APPENDIX A. PROPOSED STANDARD OPERATING PROCEDURE FOR 

CALCULATING NEW LAYER COEFFICIENTS FROM DYNAMIC 

MODULUS DATA 

 

GENERAL 

The purpose of this Standard Operating Procedure is to outline the methodology for calculating 

flexible layer coefficients from dynamic modulus (|E*|) curves. This technique is intended to 

determine coefficients in situ, such as from an |E*| estimated from FWD backcalculation. The layer 

coefficients can then be used to determine the pavement section’s structural number (SN) using 

the design procedures outlined in the GDOT Pavement Design Guide. 

 

PROCEDURE 

This test procedure is used when a dynamic modulus curve has been measured/estimated for an 

asphalt concrete pavement. The following instructions detail how to calculate a layer coefficient 

using the dynamic modulus curve. 

 

1. If the dynamic modulus curve is a mastercurve (i.e., at the reference temperature of 70F, 

or 21.1C), skip this step and go to Step 2. Otherwise, convert the |E*| curve to reduced 

frequency using Time-Temperature Superposition (TTS).  

a. TTS shifting procedure: 

i. Calculate the TTS factor, 𝑎(𝑇). 
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1. If no Time-Temperature Superposition model is available, the user 

can use the following equation which was developed from averages 

of numerous asphalt mixtures: 

log10(𝑎(𝑇)) = 0.0022𝑇
2 − 0.2363𝑇 + 4.0065, 

where 𝑇 is the temperature corresponding to the dynamic modulus 

curve, measured in Celsius. 

ii. Shift the |E*| curve to reduced frequency using the relationship 

𝑓𝑅 = 𝑎(𝑇) ⋅ 𝑓, 

where 𝑓 is the original frequency point of the |E*| curve, and 𝑓𝑅 is the 

corresponding reduced frequency point. 

2. With the curve shifted to reduced frequency, determine the dynamic modulus value for 

𝑓𝑅 = 1 Hz in psi. 

3. Use the following equation from the 1993 AASHTO Pavement Design Guide to calculate 

the new layer coefficient: 

𝑎 = 0.171 ⋅ ln(|𝐸∗(𝑓𝑅 = 1 Hz)|) − 1.784, 

where |𝐸∗| is measured in psi. 

 

EXAMPLE CALCULATION 

The following example calculation is provided to demonstrate the procedure outlined in previous 

section for calculating a layer coefficient from a dynamic modulus curve. For the example, an |E*| 

curve is used that was obtained via a sigmoidal fitting function applied to AMPT-measured 

dynamic modulus data, given by 
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log10|𝐸
∗| = 3.9412 +

2.7590

1 + 𝑒−0.2964−0.4089 log10(𝑓)
 . 

 

Because |E*| curves obtained from AMPT testing are typically already mastercurves; however, the 

above equation has been shifted to a non-reference temperature of 86F (30C) to demonstrate the 

Time-Temperature Superposition shifting procedure. From the AMPT testing, a TTS model of the 

example asphalt mixture was determined as 

 

log10 𝑎(𝑇) = 0.0015𝑇
2 − 0.1769𝑇 + 3.0722. 

 

Now, using the given sigmoidal function for dynamic modulus, expression for Time-Temperature 

Superposition, and starting temperature of 86F (30C), the layer calculation procedure from the 

previous section is applied. For convenience, the mathematical operations are shown in gray font 

to more clearly indicate when technical steps are applied.  

 

1. The given |E*| expression is not a mastercurve; therefore, it must be shifted to reduced 

frequency. 

a. Apply Time-Temperature Superposition procedure: 

i. Calculate the TTS factor, 𝑎(𝑇). 

     log10 𝑎(𝑇) = 0.0015𝑇
2 − 0.1769𝑇 + 3.0722 

log10 𝑎(𝑇 = 30°C) = 0.0015(30°C)2 − 0.1769(30°C) + 3.0722 

log10 𝑎(𝑇 = 30°C) = − 0.8848 

  𝑎(𝑇 = 30°C) = 0.1304  
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ii. Shift the |E*| curve to reduced frequency. 

𝑓𝑅 = 𝑎(𝑇) ⋅ 𝑓 

log10 𝑓𝑅 = log10 𝑎(𝑇) + log10 𝑓 

log10|𝐸
∗(𝑓)| =3.9412 +

2.7590

1 + 𝑒−0.2964−0.4089 log10(𝑓)
  

log10|𝐸
∗(𝑓𝑅)| = 3.9412 +

2.7590

1 + 𝑒−0.2964−0.4089 (log10(𝑓𝑅)−log10 𝑎(𝑇))
  

log10|𝐸
∗(𝑓𝑅)| = 3.9412 +

2.7590

1 + 𝑒−0.2964−0.4089 log10(𝑓𝑅)+0.4089 log10 𝑎(𝑇)
  

log10|𝐸
∗(𝑓𝑅)| = 3.9412 +

2.7590

1 + 𝑒−0.2964−0.4089 log10(𝑓𝑅)+(0.4089)(−0.8848)
  

 log10|𝐸
∗(𝑓𝑅)| = 3.9412 +

2.7590

1 + 𝑒−0.6582−0.4089 log10(𝑓𝑅)
   

 

2. Determine the dynamic modulus value at a reduced frequency of 1 Hz. 

log10|𝐸
∗(𝑓𝑅)| = 3.9412 +

2.7590

1 + 𝑒−0.6582−0.4089 log10(𝑓𝑅)
  

log10|𝐸
∗(𝑓𝑅 = 1 Hz)| = 3.9412 +

2.7590

1 + 𝑒−0.6582−0.4089 log10(1)
 

log10|𝐸
∗(𝑓𝑅 = 1 Hz)| = 3.9412 +

2.7590

1 + 𝑒−0.6582−0.4089 log10(1)
 

log10|𝐸
∗(𝑓𝑅 = 1 Hz)| = 3.9412 +

2.7590

1 + 𝑒−0.6582
 

log10|𝐸
∗(𝑓𝑅 = 1 Hz)| = 5.7590 

  |𝐸∗(𝑓𝑅 = 1 Hz)| = 5.7409 ⋅ 105 psi   
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3. Calculate the layer coefficient using the equation from the 1993 AASHTO Pavement 

Design Guide. 

𝑎 = 0.171 ⋅ ln(|𝐸∗(𝑓𝑅 = 1 Hz)|) − 1.784 

𝑎 = 0.171 ⋅ ln(5.7409 ⋅ 105) − 1.784 

  𝑎 = 0.4836   
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APPENDIX B. PROPOSED STANDARD OPERATING PROCEDURE FOR 

OPERATION OF UGA-PAVE FOR DYNAMIC MODULUS 

BACKCALCULATION 

 

GENERAL 

The purpose of this Standard Operating Procedure is to outline the methodology to conduct FWD 

Backcalculation via UGA-PAVE. The software is capable of generating Level 1 |E*| (dynamic 

modulus) inputs and Level 2 D(t) (creep compliance) inputs for AASHTOWare PavementME. 

First, a comprehensive outline of how to use UGA-PAVE is provided, including how to prepare 

the FWD data, running the application, and exporting the backcalculated data into files for use in 

PavementME. Then, an example with pictures are provided to demonstrate all three parts of the 

procedure. 

 

BACKCALCULATION PROCEDURE 

The following lists contain the step-by-step guidelines for conducting FWD backcalculations 

UGA-PAVE. First, the way to prepare the data from a Dynatest FWD for UGA-PAVE is 

covered. Then, the procedure for using UGA-PAVE is given. Finally, the steps for exporting 

backcalculated results to files ready for use in PavementME are provided. 

A. Preparing Dynatest FWD Data for UGA-PAVE 

1. Use Microsoft Access to open the Microsoft database (“.mdb”) file containing Dynatest 

FWD data. 

2. In the left-hand pane called “Tables”, double-click the “Histories” tab. 

3. In the pane at the top side of the page, click “External Data”, then click “Excel”.  
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4. In the “Export – Excel Spreadsheet” window, click the “Browse…” button and select the 

location you would like to save the new FWD data file. 

5. At the bottom right of the “Export – Excel Spreadsheet” page, click “OK”. 

a. Note: Do NOT check the “Export data with formatting and layout.” option. 

6. Wait for a few moments (typically takes up to one minute) until the “Save Export Steps” 

window pops up, and click “Close” in the bottom right. 

7. The data will now be saved to the location specified in Step 4 and is ready for use in UGA-

PAVE. 

B. Conducting FWD Backcalculation with UGA-PAVE 

1. Start UGA-PAVE. 

2. On the opening page, click the “START NEW PROJECT” button; the DATA IMPORT 

WIZARD screen will appear. 

3. On the DATA IMPORT WIZARD screen, click the “Select File” button. In the file 

explorer window that appears, navigate to the location of the FWD data (saved as a “.xlsx” 

file) and click “Open”. 

a. To prepare the FWD data from a Dynatest FWD for UGA-PAVE as a “.xlsx” file, 

follow the steps outlined in Section II.B. 

b. You will need to wait a while as UGA-PAVE imports the FWD data. This takes 

approximately 1 second per FWD station in the data (usually 1-1.5 minutes). 

4. By default, no FWD data will be selected for the backcalculation analysis; to do so, you 

need to use the dropdown boxes labeled “Station:” and “Drop:”, as well as the 8 buttons 

in the center of the screen (e.g., “Include Station 1 Drop 1”). 

a. Description of Plots: 
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i. Deflection (mils) vs Time (ms) – Plots the FWD deflections of the 

Station/Drop combination selected via the dropdown boxes. 

ii. Max Deflection (mils) vs Station – Plots the peak FWD deflections 

measured at each station to quickly identify comparative strength of the road 

at each station.  

b. Description of Buttons: 

i. Select File – Used to point UGA-PAVE to location of FWD data for 

backcalculation analysis. 

ii. Station – Selects the X’th FWD station. 

iii. Drop – Selects the Y’th FWD drop from the currently selected X’th station. 

iv. Include/Remove Station X Drop Y – Adds/removes the current 

Station/Drop combination selected via the dropdown boxes to/from the data 

selected for backcalculation. 

v. Include/Remove ALL Stations Drop Y – Adds/removes the Y’th drop 

recorded for all FWD stations to/from the data selected for backcalculation. 

vi. Include/Remove Station X ALL Drops – Adds/removes all drops 

recorded for the X’th FWD station to/from the data selected for 

backcalculation. 

vii. Include/Remove ALL Stations ALL Drops – Adds/removes all drops 

from all stations to/from the data selected for backcalculation. 

viii. Expand/Collapse all – Expands/collapses the list of FWD stations and 

drops selected for backcalculation for easier viewing. 
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5. Once the desired FWD stations and drops are selected for analysis, click the PROPS tab 

in the left-hand side of the screen. On this page, the user should input the correct material 

properties to the best of their knowledge for each station. Parameters in magenta are varied 

by UGA-PAVE for backcalculation, whereas the parameters in blue remain constant 

throughout the analysis. 

a. Primary Inputs for User to Change: 

i. All “t (in.)” values 

ii. Any “ (pcf)” values if known (e.g., from ground-penetrating radar). 

iii. All Sensor Distances on the right-hand side of the page. 

b. Optional Inputs for User to Change: 

i. Sigmoidal coefficients (𝜹, 𝜶, 𝜷, 𝜸) 

ii. Elastic Moduli of Foundation Layers (𝑬)  

iii. Poisson Ratios (𝝂). 

c. Description of Buttons: 

i. Station – Select the station that the material properties will be applied to. 

ii. −/+  – Used to remove/add Asphalt and Foundation Layers to/from the 

pavement model for the backcalculation analysis. 

iii. Apply values to all stations – Copies the current material properties 

(number of Asphalt/Foundation layers, values) for the current station and 

sets them for all stations selected in Step 4. 

iv. Sensor Distances Check Boxes – Sensors with checked boxes will be used 

for the backcalculation. Un-checking a box will remove that deflection from 
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the backcalculation analysis for the station (useful for sensors with 

erroneous measurements). 

d. Description of Parameters: 

i. 𝜹, 𝜶, 𝜷, 𝜸 – [log10 psi] Sigmoidal coefficients used for modeling Dynamic 

Modulus of the corresponding Asphalt Layer. The sigmoidal fitting function 

is shown at the top-right of the page.  

ii. 𝒕 – [inches] Thickness of the corresponding pavement layer. 

iii. 𝝂 – Poisson ratio of the corresponding pavement layer. 

iv. 𝝆 – [pcf] Density of the corresponding pavement layer. 

v. 𝑬 – [psi] Elastic modulus of the corresponding Foundation Layer. 

vi. 𝒅𝒊 – [inches] Distance of the ith FWD sensor from the loading plate. 

6. Once all material properties are set and verified, click the “BACKCALC” tab in the left-

hand pane; the FWD BACKCALCULATION screen will appear. Click the 

“BACKCALCULATE” button to begin the dynamic FWD backcalculation analysis. 

a. The backcalculation will run for a while—approximately 5 minutes per drop. 

b. A status light is displayed to show the current status of the backcalculation 

i. Red:  

Scenario 1. Setup from previous pages is incomplete (no FWD data has 

been selected). 

Scenario 2. Backcalculation was aborted prematurely by user. Click the 

“BACKCALCULATE” button to restart backcalculation when 

ready. 

ii. Green: Setup is complete and backcalculation can begin. 



 

89 

iii. Yellow: Backcalculation is currently in progress. 

iv. Blue: Backcalculation is complete, and results are ready for viewing. 

c. Description of Buttons: 

i. BACKCALCULATE: Begins the FWD backcalculation. 

ii. STOP – Aborts the backcalculation procedure. ALL RESULTS 

COMPUTED BEFOREHAND WILL BE DISCARDED AND HAVE TO 

BE CALCULATED AGAIN. 

d. Description of Plots: 

i. Deflection (mils) vs Time (ms) – Plots the FWD load, FWD deflections, 

and current backcalculated deflections (“VW”- for ViscoWave) for the 

current Station and Drop. 

ii. Run Info – Prints out various information pertaining to the current 

backcalculation (e.g., current station, drop, iteration, sum of squared errors). 

7. Once all data selected on the DATA IMPORT WIZARD page have been backcalculated, 

results may be viewed on the following pages. (In-depth descriptions of how to export 

results are covered in Section II.C.) 

a. |E*| CURVE – Plots the dynamic modulus mastercurve that was backcalculated 

for the Station selected in the dropdown box at the top of the page. This can be used 

for Level 1 |E*| Inputs in PavementME. 

b. D(t) CURVE – Plots the creep compliance curve that was backcalculated for the 

Station selected in the dropdown box at the top of the page. This can be used for 

Level 2 D(t) inputs in PavementME. 
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c. VARIATION – Plots the dynamic and elastic moduli backcalculated at each 

station to visualize their variation. The “EXPORT PLOT” button can be used to 

save a file containing the values used to create the variation graph. 

8. [Optional Step] The setup information (and results, if backcalculated) for the current 

project can be saved and returned to later. To do so, click the MAIN tab in the left-hand 

pane. Then, click the “SAVE CURRENT PROJECT” button. A file explorer window 

will appear; navigate to the location where you would like to save the current project file 

and click “OK”. 

a. The project data will be saved as a “.mat” file. Once saved, the UGA-PAVE 

application can be closed and restarted later. 

b. To resume the project, run UGA-PAVE (if not already running), and on the MAIN 

tab, click the “LOAD EXISTING PROJECT” button. In the file explorer window 

that appears, navigate to the “.mat” file where the desired project is saved, and click 

“OK”. After a few seconds, UGA-PAVE will load the data from the file and the 

user can resume where they left off.  

C. Exporting Results for PavementME 

1. Level-1 |E*| (Dynamic Modulus) 

a. Primary Inputs for User to Change: 

i. Station Temp – Input the temperature of the pavement surface measured 

by the FWD equipment for proper Time-Temperature Superposition 

shifting.  

b. Optional Inputs for User to Change: 
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i. 𝑻𝟏/𝑻𝟐/𝑻𝟑/𝑻𝟒 – Temperatures used for Time-Temperature Superposition 

shifting to create L1 |E*| inputs for PavementME. These temperatures are 

automatically set to PavementME defaults; however, the user may change 

the temperatures if desired.  

(Note: The rows in the table at the bottom-right of the page correspond 

to these temperatures.) 

ii. 𝜶𝟏/𝜶𝟐/𝜶𝟑 – Coefficients of the Time-Temperature Superposition model 

used to construct each |E*| mastercurve. They are set to HMA averages by 

default, and the user may change them if desired (such as when a TTS model 

is known for the asphalt material). 

c. Description of Buttons: 

i. Station Dropdown – Select which Station’s results to view. 

ii. Log Scale Checkbox – When checked: plot both axes in logarithmic scale. 

When unchecked: plot only the X-axis in logarithmic scale. 

iii. Export – Used to save the data tabulated above the button in a “.xlsx” file 

to be used as L1 |E*| inputs for PavementME. The data in the table changes 

based on the asphalt layer selected in the dropdown box to the left of the 

button. 

d. Description of Plots: 

i. |E*| (psi) vs Reduced Frequency (Hz) – An |E*| mastercurve is plotted for 

each Asphalt Layer (specified for the station on the PROPS tab) based on 

the Station Dropdown selection. 

2. Level-2 D(t) (Creep Compliance) 
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a. Primary Inputs for User to Change: 

i. Station Temp – Input the temperature of the pavement surface measured 

by the FWD equipment for proper Time-Temperature Superposition 

shifting.  

b. Optional Inputs for User to Change: 

i. Shifted Temp – Temperatures used for Time-Temperature Superposition 

shifting to create L2 D(t) inputs for PavementME. The Shifted Temp is 

automatically set to the PavementME default; however, the user may 

change the temperature if desired.  

(Note: The row in the table at the bottom-right of the page corresponds 

to this temperature.) 

ii. 𝜶𝟏/𝜶𝟐/𝜶𝟑 – Coefficients of the Time-Temperature Superposition model 

used to shift each D(t) curve. They are set to HMA averages by default, and 

the user may change them if desired (such as when a TTS model is known 

for the asphalt material). 

c. Description of Buttons: 

i. Station Dropdown – Select which Station’s results to view. 

ii. Log Scale Checkbox – When checked: plot only the Y-axis in logarithmic 

scale. When unchecked: plot both axes in linear scale. 

iii. Export – Used to save the data tabulated above the button in a “.xlsx” file 

to be used as L2 D(t) inputs for PavementME. The data in the table changes 

based on the asphalt layer selected in the dropdown box to the left of the 

button. 
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d. Description of Plots: 

i. D(t) (psi-1) vs Loading Time (s) – A D(t) curve is plotted for each Asphalt 

Layer (specified for the station on the PROPS tab) based on the Station 

Dropdown selection at the value specified in the Shifted Temp input field. 

 

EXAMPLES 

In this section, an example of the procedures covered in the previous section are provided with 

screenshots to demonstrate a typical backcalculation. 

A. Preparing Dynatest FWD Data for UGA-PAVE 

1. Open the Microsoft database (“.mdb”) file containing Dynatest FWD data. 

2. In the left-hand pane called “Tables”, double-click the “Histories” tab. 

 

Figure 38. Screen. Initial Microsoft Access after opening FWD data database file. 

 

3. In the pane at the top side of the page, click “External Data”, then click “Excel”.  
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Figure 39. Screen. Histories tab of the imported FWD data. 

 

4. In the “Export – Excel Spreadsheet” window, click the “Browse…” button and select the 

location you would like to save the new FWD data file. 

 

Figure 40. Screen. Example of the “Export – Excel Spreadsheet” window. 

 

5. At the bottom right of the “Export – Excel Spreadsheet” page, click “OK”. 

a. Note: Do NOT check “Export data with formatting and layout.” 
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6. Wait for a few moments (typically takes up to one minute) until the “Save Export Steps” 

window appears, and click “Close” in the bottom right. 

 

 

Figure 41. Screen. FWD data export confirmation window. 

 

7. The data will now be saved to the location specified in Step 4 and is ready for use in UGA-

PAVE. 

B. Conducting FWD Backcalculation with UGA-PAVE 

1. Start UGA-PAVE. 

2. Click the “START NEW PROJECT” button. 
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Figure 42. Screen. The UGA-PAVE starting page. 

 

3. Open the FWD data file. 

 

Figure 43. Screen. UGA-PAVE data import wizard prior to importing FWD data. 
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4. Select FWD Stations and Drops for analysis. Four total FWD drops are selected in the 

below example: the third and fifth drops from Station 1, and the second and fourth drops 

from Station 55. This will lead to four total backcalculations. 

 

 

Figure 44. Screen. Import wizard after selecting and importing FWD data. 

 

5. Set the material properties for each station selected. In the below example, different 

properties are set for Stations 1 and 55. 
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Figure 45. Screen. Example of setting material properties for Station 1. 

 

 

Figure 46. Screen. Example of setting material properties for Station 55. 

 

6. With the material properties set, the program is now ready for backcalculation. Click the 

BACKCALC tab, and then click the “BACKCALCULATE” button. 

 



 

99 

 

Figure 47. Screen. Example of runtime window prior to starting backcalculation. 

 

7. Once the backcalculation completes, the results pages (|E*| CURVE, D(t) CURVE, and 

VARIATION) are now ready to view. 

 

 

Figure 48. Screen. Example of |E*| results page after backcalculation completes. 
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C. Exporting Results for PavementME 

 

The example here will cover how to export backcalculated |E*| results for use as Level 1 

Dynamic Modulus inputs for PavementME. The steps for D(t) are the same as for |E*|; however, 

the creep compliance input is instead Level 2. 

 

1. In the dropdown box in the bottom-right, select the asphalt layer for export.  

a. If the pavement model at the current station only had one asphalt layer, then the 

correct asphalt layer will already be selected. 

2. Click the “Export” button. In the file explorer window that appears, select the location to 

save the data, and click “OK”. 

 

 

Figure 49. Screen. Demonstration of exporting |E*| result from UGA-PAVE. 
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3. The data is now saved and immediately ready to be input to PavementME. An example of 

what the export should look like is given below. 

 

 

Figure 50. Screen. Example of exported |E*| data from UGA-PAVE to an Excel file. 
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