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FOREWORD 

This report documents a study conducted to investigate the use of the falling weight deflectometer 
(FWD) as part of mechanistic-empirical pavement design and rehabilitation procedures 
incorporated within the Mechanistic-Empirical Pavement Design Guide (MEPDG) developed by 
the National Cooperative Highway Research Program and subsequently adopted by the American 
Association of State Highway and Transportation Officials. The first volume of this three-volume 
report documents general pavement deflection-testing procedures and commonly used deflection 
analysis approaches and a review of backcalculation programs for flexible, rigid, and composite 
pavement structures. The relevance of the different procedures and approaches to the MEPDG 
were explored through examination of six case studies evaluated using FWD testing results in the 
MEPDG, and the findings are presented in the second volume. Based on the case study findings 
and information from the literature, best practice guidelines for effective testing of existing 
pavement structures and interpretation of those results as part of a mechanistic-empirical pavement 
evaluation and rehabilitation process were developed and are presented in the third volume. This 
report is intended for use by pavement engineers as well as researchers involved in rehabilitation 
design and management of agencies’ pavements. 
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CHAPTER 1. INTRODUCTION 

BACKGROUND  

The collection and analysis of pavement deflection data is a relatively quick and easy way to assess 
the structural condition of an existing pavement. Early work done by Hveem clearly indicated a 
relationship between the magnitude of pavement deflections and pavement performance, with 
“weaker” pavements exhibiting larger deflections and “stronger” pavements exhibiting smaller 
deflections.(1) In later work, Hveem et al. presented safe limits for maximum deflections to preclude 
cracking for different pavement types subjected to several million repetitions of a 6,800-kg 
(15,000-lb) axle load.(2)  

With the development of more rapid and sophisticated deflection-measuring equipment and 
improvements in computer technology, deflection-testing results can now be analyzed to provide 
a more complete portrayal of pavement behavior. Not only can deflection testing be used to 
assess the structural condition of existing pavements, but it can also be used to assist in the 
design of structural overlays, to appraise seasonal variations in pavement response, to assess 
structural variability along a project, and to characterize paving layer properties and subgrade 
support conditions. On rigid pavements, deflection testing can also be used to determine load 
transfer across joints and cracks and to detect underlying voids. Today, pavement deflection 
testing plays a significant role in the pavement monitoring and evaluation activities of many 
transportation agencies. 

Over the years, a number of different testing devices have been used to obtain pavement deflection 
measurements, and currently impulse load testing using the falling weight deflectometer (FWD) 
has become the accepted worldwide standard. The FWD imparts a dynamic load to a pavement 
structure that is similar in magnitude and duration to that of a moving wheel load, thus producing a 
representative pavement deflection response. In addition, the FWD provides a relatively rapid (and 
nondestructive) test procedure that allows a greater sampling frequency than typically possible 
when using more traditional material sampling methods. The greater sampling frequency allows 
the engineer to better define both the average and standard deviation of the design inputs while 
also providing the opportunity to perform the testing under in situ temperature, moisture, and 
confinement conditions.(3) Although most commonly conducted for project-level testing (and 
primarily to assist in the development of overlay designs), some State highway agencies have 
incorporated FWD testing as part of their network-level pavement evaluations (e.g., Texas and 
Virginia).(4,5) 

The need to accurately characterize the structural condition of the pavement has increased with 
the development of the Mechanistic-Empirical Pavement Design Guide (MEPDG) prepared under 
National Cooperative Highway Research Program (NCHRP) Project 1-37A and now available in 
an interim edition from the American Association of State Highway and Transportation Officials 
(AASHTO).(6,7) In the MEPDG, the performance of the designed pavement is projected by 
simulating the expected accumulated damage on a monthly or semimonthly basis over the 
selected design period. The amount of incremental damage occurring during each computation 
interval (either monthly or semimonthly) varies as the effects of prevailing environmental 
conditions, changes in material properties, and effects of traffic loading are directly considered. 
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Ultimately, the incremental damage accumulated during each computation interval is converted 
into physical pavement distresses and projected roughness levels using calibrated models that 
relate the damage to observable.(6,7)  

An integral part of this process is the accurate characterization of material properties of each 
layer in the pavement structure. Deflection data collected by the FWD can be quickly and easily 
used to characterize the properties of the paving layers through a methodology called 
“backcalculation.” This is merely a process whereby the fundamental engineering properties of 
the paving layers (elastic modulus, E) and underlying soil (resilient modulus MR or modulus of 
subgrade reaction k) are estimated based on the measured surface deflections, the magnitude of 
the load, and information on the pavement layer thicknesses. In essence, the set of characteristics 
for the paving layers and subgrade material is determined such that it produces a pavement 
response that best matches the measured deflections under the known loading. 

Backcalculation has come a long way since the pioneering work performed by Scrivner, 
Michalak, and Moore, which produced a graphical solution for a simple two-layer system.(8) Since 
that time, numerous methods have been developed to determine the material properties in each 
layer of a pavement structure. Flexible pavement systems are typically modeled using a static, 
linear (or quasi-nonlinear) elastic layered analysis. The material properties of each layer can be 
determined using either forward calculation or backcalculation. Sometimes both methods are 
employed. The forward calculation is used first to determine the seed moduli for the 
backcalculation analysis or to check the “reasonableness” of the backcalculated moduli. However, 
it is not uncommon to get very different results when using the programs available for analyzing 
FWD data collected for a specific pavement even though a similar analytical approach is applied 
by each of these programs. Discrepancies between actual and backcalculated models arise as the 
result of a departure of the true pavement behavior from the idealized theoretical models. For 
example, a static analysis is typically performed even though the FWD testing typifies a dynamic 
loading condition. 

Rigid and composite (hot-mix asphalt (HMA) over portland cement concrete (PCC)) pavements 
are typically modeled as semirigid plates on top of either a dense liquid or elastic solid foundation. 
The two approaches used for evaluating the support conditions are the Best-Fit and AREA 
methods. The Best-Fit method is used to define the support layer conditions in the Long-Term 
Pavement Performance (LTPP) database, but the cumbersome nature of the calculations required 
for the Best-Fit method has led many researchers and practitioners to use the AREA method. 
Fortunately, the two methods appear to produce very similar results for specific sensor 
configurations. Regardless of the method used, the accuracy of the results is limited by the 
inability to accurately account for variables such as the effective slab size (which is influenced by 
the level of load transfer efficiency (LTE) present at the longitudinal and transverse joints) and 
inherent temperature gradients. 

PROBLEM STATEMENT 

As noted in the previous discussion, FWD testing is a routine pavement evaluation method, and 
testing results play an integral role in the critical determination of in-place structural 
characteristics. With the release of the new MEPDG, there was a pressing need for a 
comprehensive review of the current state of the art/state of the practice of FWD testing, 
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backcalculation, and interpretation. Moreover, there was a need to identify how FWD testing was 
integrated into the new MEPDG and to provide best practices guidance on how to effectively test 
existing pavement structures and interpret those results as part of a mechanistic-empirical 
pavement evaluation and rehabilitation process. 

PROJECT OBJECTIVES 

This project was initiated to address many of the issues noted above. Specifically, the overall 
objectives for this project can be summarized as follows: 

1. Review the current state of the practice/state of the art of FWD testing and backcalculation, 
including its use with the new MEPDG.(7)  

2. Demonstrate the use of the FWD testing and analysis as it pertains to the MEPDG. 

3. Provide recommendations for improvements in FWD testing and interpretation, particularly 
ones relevant to the rehabilitation procedures in the MEPDG.  

4. Develop best practices guidelines for testing with the FWD and for analyzing/ interpreting 
testing results, particularly as they pertain to the MEPDG or other mechanistic-empirical 
design processes. 

This project addressed FWD data analysis and interpretation of flexible, rigid, and composite 
pavement systems. 

REPORT ORGANIZATION 

The final report is presented in three s: volume I (Final Report), volume II (Case Studies), and 
volume III (Guidelines for Deflection Testing, Interpretation, and Analysis). This report 
(volume I), which documents the entire research effort that was conducted under the project, 
contains five chapters in addition to this introduction: 

• Chapter 2 is an overview of deflection testing, including the reasons for performing 
deflection testing and the types of deflection-measuring equipment.  

• Chapter 3 describes basic backcalculation concepts for various pavement systems and the 
use and application of the backcalculation results.  

• Chapters 4, 5, and 6 describe specific FWD data analysis and interpretation procedures 
for flexible, rigid, and composite pavement structures, respectively.  

• Chapter 7 summarizes the work activities and the findings from the pavement 
evaluation/backcalculation case studies that were conducted under the project.  

• Chapter 8 is an overview of recommended FWD data analysis and interpretation 
procedures, and chapter 9 provides an overall report summary. This volume concludes 
with a bibliography of reports, articles, and other technical documents on FWD testing 
and analysis. 
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CHAPTER 2. OVERVIEW OF PAVEMENT DEFLECTION TESTING 

INTRODUCTION  

As described in chapter 1, pavement deflection testing is a quick and easy way to assess the 
structural condition of an in-service pavement in a nondestructive manner. Over the years, a 
variety of deflection-testing equipment has been used for this purpose, from simple beam-like 
devices affixed with mechanical dial gauges to more sophisticated equipment using laser-based 
technology. Nevertheless, all pavement deflection-testing equipment basically operates in the 
same manner. A known load is applied to the pavement and the resulting maximum surface 
deflection (or an array of surface deflections located at fixed distances from the load, known as a 
deflection basin) are measured. Figure 1 shows a schematic of a deflection basin. 

 
Figure 1. Diagram. Typical pavement deflection basin. 

This chapter reviews the reasons for conducting deflection testing, provides a summary of 
commonly used deflection-measuring devices, describes common deflection-testing patterns, and 
discusses important factors influencing deflection measurements. 

PURPOSE OF DEFLECTION TESTING 

The primary purpose of deflection testing is to determine the structural adequacy of an existing 
pavement and to assess its capability of handling future traffic loadings. As observed in the work 
by Hveem, there is a strong correlation between pavement deflections (an indicator of the 
structural adequacy of the pavement) and the ability of the pavement to carry traffic loadings at a 
prescribed minimum level of service.(1) Early work attempted to identify maximum deflection 
limits below which pavements were expected to perform well, and these limits were based on 
experience and observations of performance of similar pavements. This concept quickly lent 
itself to overlay design, in that required overlay thicknesses could be determined based on trying 
to reduce maximum pavement deflections to tolerable levels. 

When complete deflection basins are available, deflection testing can provide key properties for 
the existing pavement structure through backcalculation of the measured pavement responses. 
Specifically, for HMA pavements, the elastic modulus (E) of the individual paving layers can be 
determined, along with the resilient modulus (MR) of the subgrade. For PCC pavements, the 
elastic modulus (E) of the slab and the modulus of subgrade reaction (k or k-value) can be 
determined. In addition, deflection testing conducted on PCC pavements can be used to estimate 
the LTE across joints or cracks (see figure 2) as well as to identify loss of support at slab corners. 
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L = Deflection at loaded slab edge. 
U = Deflection at unloaded slab edge. 

1 mm = 0.039 inches. 

Figure 2. Diagram. Comparison of LTE.(9) 

These properties of the pavement layers and of the subgrade are used in pavement design 
procedures or in performance prediction models to estimate the remaining life or load-carrying 
capacity of the pavement. They can also be used in elastic layer or finite element programs to 
compute stresses and strains in the pavement structure and are also direct inputs in many overlay 
design procedures to determine the required overlay thickness needed for the current pavement 
condition and the anticipated future traffic loadings. 

Deflection data can also be used in a number of other ways to help characterize the condition of 
the existing pavement. For example, plots of deflection data along a pavement project can be 
examined for nonuniformity, which may suggest areas that require further investigation using 
destructive means. In addition, daily or seasonal deflection data can provide insight regarding a 
pavement’s response to environmental forces, including the effects of thermal curling, frozen 
support conditions, and asphalt stiffening. Some agencies also use deflection criteria to establish 
seasonal load restrictions for certain low-volume roads. Deflection testing has also seen some 
limited use as a means of monitoring the quality of a pavement during construction.(3) Finally, a 
few agencies conduct deflection testing at the network level to provide a general indication of the 
structural capacity of the pavement structure. 

As alluded to in chapter 1, pavement deflection testing provides some distinct advantages over 
destructive testing, including the following:(10) 

• More rapid testing operation. 
• Relative ease of operation. 
• Lower operating cost. 
• Reduced manpower requirements. 
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• Less intrusive procedure. 
• Increased number of test points. 

PAVEMENT DEFLECTION MEASUREMENT DEVICES 

At the time of this report, there were many different commercially available deflection-testing 
devices. These devices could be generally grouped based on the type of loading imparted on the 
pavement (static, steady-state vibratory, and impulse). More recently, a fourth type of deflection 
device was introduced, one in which dynamic deflections were continuously measured at 
highway speeds. This section describes each of these types of devices, including their principles 
of operation, advantages, and disadvantages. 

Static Deflection Devices (Benkelman Beam) 

Static deflection devices measure the pavement’s response under a static or slow-moving wheel 
load and include equipment such as the Benkelman Beam, plate bearing tests, and curvature 
meters.(11) Of these, the Benkelman Beam is the most commonly used, and in fact has a long 
history of use as a deflection-measuring device. The Benkelman Beam was developed by A.C. 
Benkelman while assigned at the Western Association of State Highway Officials Road Test in the 
1950s.(12) It was also used at the American Association of State Highway Officials Road Test in 
the late 1950s and by the Asphalt Institute (AI) in the 1960s and 1970s for HMA overlay design.  

The Benkelman Beam consists of a support beam, a probe arm, and a dial gauge (see figure 3). 
The device is used by placing the tip of the probe between the dual tires of a loaded truck, 
typically with an 8,172-kg (18,000-lb) axle load; as the loaded vehicle moves away from the 
beam, the upward movement of the pavement (termed the rebound deflection) is recorded by a 
dial gauge.(10)  

 
1 inch = 25.4 mm. 

Figure 3. Diagram. Schematic of Benkelman Beam device.(13) 

The advantages of the Benkelman Beam include its ease of use, low equipment cost, and the 
existence of a large database from its use over many years.(9) Disadvantages of this device 
include the following:(9) 
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• Difficulty ensuring that the front supports are not in the deflection basin (particularly on 
stiff pavement structures). 

• Difficulty or inability to determine the shape and size of the deflection basin (only 
maximum deflection is obtained). 

• Poor repeatability of measurements obtained by the device. 

• Labor-intensive and cumbersome nature of the device. 

In the 1970s, automated deflection beams, such as the Lacroix deflectograph and the California 
Traveling Deflectometer, were developed to overcome the labor and speed disadvantages of the 
Benkelman Beam, but these still had the other limitations associated with the use of the 
Benkelman Beam.(10) 

Steady-State Vibratory Deflection Devices 

In this category of deflection devices, a relatively large static preload is applied to the pavement, 
with a sinusoidal force superimposed to simulate a dynamic loading condition. A typical loading 
series is shown in figure 4, in which the static load is constant and a dynamic force is produced at 
a fixed driving frequency.(9) The amplitude of the peak-to-peak dynamic force must be less than 
the static force to preclude the possibility of the device bouncing off of the pavement surface. 
However, the presence of the static preload may make it difficult to interpret the resultant 
deflection data because it could close voids beneath the surface or it could influence deflections 
on particularly stress-sensitive materials.(9) 

 
©National Highway Institute 

Figure 4. Graph. Typical output of vibrating steady-state force generator.(9) 

The most common steady-state vibratory deflection devices are the Dynaflect and the Road 
Rater™. These are discussed separately in the following sections. 
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Dynaflect 
The Dynaflect device is second to the Benkelman Beam in terms of its longevity of use for 
deflection measurement. It is a trailer-mounted device that is quick and relatively simple to 
operate. Figure 5 shows the schematic of the Dynaflect device, including the loading wheels and 
geophones and the geophone configuration. 

 
1 inch = 25.4 mm. 

Figure 5. Diagram. Schematic of Dynaflect device.(10) 

The Dynaflect device is a light-load, fixed-frequency device, with a static weight of 900 kg 
(2,000 lb), that produces a 4.5-kN (1,000-lbf) peak-to-peak dynamic force at a fixed frequency of 
8 cycles/s.(10) The load is applied through two counter-rotating eccentric masses, and the 
resulting deflections are recorded by five velocity transducers. The transducers are suspended 
from a placing bar and are normally positioned with one located between the two wheels and the 
remaining four placed at 300-mm (12-inch) intervals away from the wheels. 

The Dynaflect device has the following technical limitations:(14) 

• The peak-to-peak force is 4.5 kN (1,000 lbf), which is insufficient for testing thicker 
pavements and inadequate for characterizing pavements exposed to heavy vehicle 
loadings. 
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• Neither the magnitude nor the frequency of the dynamic load can be varied. 

• The static preload may affect resultant deflection measurements. 

However, the Dynaflect does provide a deflection basin, which allows more meaningful 
interpretation of the deflection data. In addition, a number of agencies have used the Dynaflect 
for many years, and it has demonstrated a high level of ruggedness and dependability. 

Road Rater™ 
The Road Rater™ is the other common type of steady-state vibratory deflection equipment. It is 
similar to the Dynaflect device in that a vibratory load is applied to the pavement, but it has the 
capability of applying greater loadings than the Dynaflect, depending on the model. For example, 
the static loads range from 10.7 to 25.8 kN (2,400 to 5,800 lbf), and the peak-to-peak dynamic 
loads range from 2.2 to 35.6 kN (500 to 8,000 lbf).(14) Moreover, the Road Rater™ applies the 
load to the pavement via a load plate, as opposed to the rigid wheels on the Dynaflect. Four 
velocity transducers are used to measure the deflections, one in the center of the plate and the 
other three placed at 300-mm (12-inch) intervals away from the load plate. The advantages and 
disadvantages of the Road Rater™ are similar to those of the Dynaflect. 

Impulse Load Deflection Devices (FWD) 

Under the category of impulse load deflection devices is the FWD, which is the most common 
deflection-measuring device in use today and is, therefore, the emphasis of this project. As shown 
in figure 6, the FWD releases a known weight from a given height onto a load plate resting on the 
pavement structure, producing a load on the pavement that is similar in magnitude and duration to 
that of a moving wheel load. A series of sensors are located at fixed distances from the load plate 
so that a deflection basin can be measured. Variations in the force applied to the pavement are 
obtained by varying the weights and the drop heights; force levels from 13 to more than 222 kN 
(3,000 to more than 50,000 lbf) can be applied, depending on the equipment type. 

 
1 inch = 25.4 mm. 

Figure 6. Diagram. FWD testing schematic. 
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Developed in the 1970s, the FWD emerged in the 1980s as the worldwide standard for pavement 
deflection testing. The equipment of two FWD manufacturers―Dynatest® and KUAB―are 
described in the following sections as illustrative examples, but there are also several other 
manufacturers of FWD equipment. 

Dynatest® FWD 
The Dynatest® FWD is a trailer-mounted system (see figure 7) with an operations control 
computer located in the tow vehicle. The computer controls the complete operation of the FWD, 
including the lowering and raising of the load plate and deflection sensor bar as well as the 
sequencing of drop heights. Many FWDs are fitted with external cameras to help operators 
precisely align on selected testing locations.  

 
Figure 7. Photo. Dynatest® heavyweight FWD. 

Dynatest® currently offers two FWD trailer-mounted models, the 8000 and the 8081. The 
8000 model applies peak impact loads in the range of 7 to 120 kN (1,500 to 27,000 lbf), whereas 
the 8081 model (termed the “heavy weight deflectometer”) applies peak impact loads in the 
range of 30 to 320 kN (6,500 to 71,800 lbf).(15) Typical testing production rates range from about 
200 to 300 points per day, depending on traffic control requirements and specific testing 
locations (e.g., basin testing versus joint/crack load transfer testing).  

Two different plate sizes can be used with the Dynatest® FWD: a 300-mm- (11.8-inch-) 
diameter plate or a 450-mm- (17.7-inch-) diameter plate. The smaller plate is typically used for 
street and highway pavements, whereas the larger plate is commonly used on airfield pavements 
(and generally on the heavyweight FWD model). 

The Dynatest® FWD is used in the Federal Highway Administration’s (FHWA) LTPP Program, 
for which pavement deflection measurements have been routinely collected on more than 
900 pavement sections since the late 1980s. FHWA has established four regional FWD 
calibration centers across the United States to provide annual calibrations on the FWD 
equipment to ensure it is operating within allowable tolerances. Dynatest® also performs 
calibrations at its facilities in Florida and California, and at least one other State has its own 
calibrating facility. 
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KUAB FWD 
Like the Dynatest® FWD, the KUAB FWD is a trailer-mounted device with a loading system 
and series of deflection sensors. However, it has its own defining characteristics, including a 
metal housing completely enclosing the loading system (see figure 8). Other characteristics 
include the following: 

• A two-mass system in which the initial load mass is dropped onto an intermediate 
buffering system. That buffering system transmits the force to another buffering system, 
which in turn transmits the load to the load plate. The use of the two-mass system creates 
a smoother load pulse than can be delivered by a single mass system.(14) 

• A segmented load plate in which each quarter circle of the plate is capable of conforming 
to the shape of the pavement surface being tested. 

  
©Engineering and Research International, Inc. (ERI) 

Figure 8. Photo. KUAB 2m-FWD.(16) 

Several KUAB models are available, with the primary difference being the magnitude of the load 
that can be applied. The heaviest KUAB device can impart a load of 294 kN (66,000 lbf), 
making it suitable for use in airfield applications. 

As with the Dynatest® FWD, the KUAB has two loading plates available: 300 or 450 mm 
(11.8 or 17.7 inches) diameter. Also, the testing operation is completely automatic, so 
productivity levels of 200 to 300 points/h can be achieved. 

Advantages and Disadvantages of Impulse Load Equipment 
In the preceding discussions on impact load deflection devices, a number of advantages were 
cited for the equipment, including the following:(14) 

• Realistic simulation of actual wheel loading. 
• High productivity. 
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• Ability to measure deflection basin. 
• Ability to measure joint/crack load transfer. 

At the same time, however, the FWD does have some disadvantages, such as the following:(14) 

• High initial cost. 
• Need for traffic control. 
• Relatively complex electromechanical system. 

When interpreting FWD deflection data, the loading time is important to consider when 
evaluating differences in backcalculated moduli of viscoelastic materials because shorter loading 
times generally result in higher backcalculated modulus values for HMA.(14) The Dynatest® 
FWD produces a loading time of about 28 to 30 ms, whereas the KUAB produces a loading time 
of about 80 ms.(14)  

Continuous Deflection Profiling Equipment 

In the last decade, considerable work has been conducted on the development of deflection-
measuring equipment capable of collecting continuous deflection data along the length of a 
project. Continuous deflection profiles are noted to provide the following advantages over 
discrete deflection measurements:(17) 

• The entire length of the pavement project can be investigated. Thus, there is no danger of 
missing critical sections and no uncertainty about a test section being representative of 
the entire pavement system. 

• The spatial variability in deflections owing to pavement features such as joints, cracks, 
patches, and changing constructed or subgrade conditions are identified. 

• Testing and measurement operations are more efficient because there is no time lost 
stopping and starting. 

At the time of this report, two such devices were under development, the rolling dynamic 
deflectometer (RDD) and the rolling wheel deflectometer (RWD). Although both of these 
devices were still in the prototype stage with no production models available, the following 
sections describe some of the characteristics of each device. 

RDD 
The RDD, developed at the University of Texas in the mid-1990s, is a truck-mounted 
deflectometer that applies large cyclic loads to the pavement and measures the induced cyclic 
deflections as it moves along the roadway.(18) Several deflection sensors are used on the RDD to 
measure deflections at different distances from the loaded areas. Often, however, only the 
maximum deflection is collected and studied to provide an indication of the overall stiffness of 
the pavement so the pavement can be divided into areas of similar response.(17) Deflection testing 
can be performed while the RDD vehicle travels at speeds of up to 2.4 km/h (1.5 mi/h).  
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Figure 9 shows a schematic drawing of the RDD. The truck has a gross weight of about 
20,000 kg (44,000 lb). A large diesel engine on the rear of the truck powers a hydraulic pump. 
This hydraulic system powers the loading system, which applies a combined static and dynamic 
sinusoidal force to the pavement through two loading rollers. The hydraulic system is capable of 
generating dynamic forces up to 154 kN (34,700 lbf) at frequencies from 5 to 100 Hz. The 
dynamic forces are transferred down the stilt structure, to the loading frame, and then through the 
loading rollers to the pavement (see figure 10). The force applied to the pavement is measured 
with load cells located between the loading frame and the bearings of the loading rollers. The 
displacements induced by the applied dynamic force are measured with multiple rolling sensors 
that are pulled along with the truck. 

 
Figure 9. Diagram. Schematic of an RDD.(18) 

 
Figure 10. Diagram. RDD loading and deflection measurement systems.(18) 
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Several applications are especially well suited for RDD testing. One is quality assurance and 
quality control (QA/QC) because continuous profiling can help identify all sections of the 
pavement system not conforming to specifications.(18) Another application is the development of 
load ratings for pavements because RDD testing can be performed along the entire pavement to 
identify critical sections.(18) Continuous profiling can also eliminate or limit the need for traffic 
control and associated costs.  

RWD 
The RWD is a dual-wheel, single-axle semitrailer equipped with four spot lasers mounted on an 
aluminum beam beneath the trailer to measure deflections (see figure 11). The trailer is 16 m 
(53 ft) long and can vary the single axle load from 8,160 to 10,890 kg (18,000 to 24,000 lb) 
through the use of water tanks permanently installed over the rear axle.(19) The long trailer was 
selected to minimize differential bouncing from the front to the rear of the trailer and to allow for 
the long beam length so that the forward lasers are sufficiently away from the rear tractor axle.(19) 
The aluminum beam is 7.8 m (25.5 ft) long and is outfitted with four spot lasers mounted 2.6 m 
(8.5 ft) apart with the rearmost laser placed 152 mm (6 inches) behind the axle centerline.(20) 

 
Figure 11. Photo. RWD collecting deflection data (aluminum beam beneath trailer contains 

laser sensors).(20) 

The RWD configuration allows collection of deflection data at speeds up to 88 km/h (55 mi/h) at 
intervals of 12.2 mm (0.5 inches). In a field trial, such a high productivity allowed the collection 
of deflection data from more than 483 km (300 mi) of pavement in a single day.(20) Evaluation 
studies of those data found that the deflection data collected by the RWD compared favorably 
with that collected by an FWD; moreover, multiple RWD passes on several days for the same 
section produced results that were reasonable in magnitude and showed fair repeatability.(19) 
Other items of note from the field trials include the following:(19,20) 

• The RWD prototype was physically limited from being able to measure deflections 
directly at the axle centerline between the dual tires. The laser used to calculate deflection 
was located 277 mm (10.9 inches) forward of the axle centerline, which meant that, when 
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combined with the delay in the peak deflection (which occurred approximately 150 mm 
(6 inches) behind the axle centerline), the RWD effectively measured deflections about 
406 to 457 mm (16 to 18 inches) forward of the actual peak deflection. This resulted in 
smaller deflections and provided less contrast between pavements of varying stiffnesses.  

• RWD results were sensitive to factors that did not affect FWD-measured deflections, 
such as driver habits (uniform speed and minimizing sudden steering corrections), 
pavement texture, and roughness. 

• The RWD experienced a warming up effect prior to stabilization of readings in that the 
first one or two runs of the repeated measurements showed systematically higher 
deflections than the others. 

Although the RWD was still in the phase of prototype testing and improvements, the potential 
benefit of the RWD would be that it would help highway officials prioritize and target funding 
and projects to those segments of the highway network that needed structural improvement and 
rehabilitation.(20) 

CORRELATIONS BETWEEN DEFLECTION-MEASURING EQUIPMENT  

Because the pavement deflections measured with the different devices reflect different loading 
conditions (static versus dynamic) and load duration, the pavement deflections obtained from the 
various deflection devices cannot be universally substituted for one another. However, 
sometimes there is a need to convert deflections from one device into deflections obtained from 
another; for example, the AI overlay design procedure is based on Benkelman Beam deflections, 
but many agencies have moved to the FWD device while still using the AI design procedure.(21) 
To address this need, some very rough correlations have been developed, but these should be 
used cautiously because they are often based on limited data and are valid only for the specific 
set of conditions under which the procedure was developed.(14) Some of these general 
relationships are provided in figure 12 through figure 17. 

 
Figure 12. Equation. Conversion of FWD deflection to Benkelman Beam deflection—

method 1.(14) 

Where: 

BB = Benkelman Beam deflection, 0.001 inches. 
FWD =  FWD maximum deflection, 0.001 inches (normalized to a 40-kN (9,000-lbf) load applied 
on a 300-mm (11.8-inch) diameter plate). 

 
Figure 13. Equation. Conversion of FWD deflection to Benkelman Beam deflection—

method 2.(21) 

BB = 1.33269 + 0.93748(FWD) 

BB = 1.61(FWD) 
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Where: 

BB = Benkelman Beam deflection, 0.001 inches. 
FWD =  FWD maximum deflection, 0.001 inches (normalized to a 40-kN (9,000-lbf) load applied 
on a 300-mm (11.8-inch) diameter plate). 

 
Figure 14. Equation. Conversion of Dynaflect deflection to Benkelman Beam deflection—

method 1.(14) 

Where: 

BB = Benkelman Beam deflection, 0.001 inches. 
D =Dynaflect maximum deflection, 0.001 inches. 

 
Figure 15. Equation. Conversion of Dynaflect deflection to Benkelman Beam deflection—

method 2.(21) 

Where: 

BB = Benkelman Beam deflection, 0.001 inches. 
D = Dynaflect maximum deflection, 0.001 inches. 

 
Figure 16. Equation. Conversion of Road Rater™ deflection to Benkelman Beam 

deflection—method 1.(14) 

Where: 

BB = Benkelman Beam deflection, 0.001 inches. 
RR = Road Rater™ maximum deflection, 0.001 inches (at 36 kN (8,000 lbf)). 

 
Figure 17. Equation. Conversion of Road Rater™ deflection to FWD deflection.(14) 

Where: 

FWD =  Maximum FWD deflection, 0.001 inches (under 36 kN (8,000 lbf) on a 300-mm 
(11.8-inch) diameter plate). 
RR = Road Rater™ maximum deflection, 0.001 inches (at 36 kN (8,000 lbf) on a 300-mm 
(11.8-inch) load plate). 

BB = 22.5(D) 

BB = 22.3(D) – 2.73 

BB = 2.57 + 1.27(RR) 

FWD = -3.40 +1.21(RR) 
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FWD TESTING PATTERNS 

Typical testing patterns for FWD testing vary, depending on the purpose of the testing and on the 
type and condition of the pavement. For network-level testing, deflection testing is conducted at 
greater intervals, commonly 150 to 450 m (500 to 1,500 ft) in a single traffic lane.(14) This level 
of testing is normally sufficient to provide a general indicator of structural adequacy of the 
pavement network.  

For project-level testing, the spatial location of the deflection points should be adequate to 
capture the variability in structural capacity of the pavement; pavements with greater variability 
in structural condition should be subjected to a greater number of deflection measurements.(11) 
Typical project-level testing intervals for both HMA and PCC pavements are between 30 and 
150 m (100 and 500 ft), with the shorter testing interval warranted for pavements in poorer 
condition and the larger testing interval appropriate for pavements in better condition. Even 
shorter testing intervals are sometimes used for research projects. If needed, a testing pattern can 
be set up to stagger the tests across traffic lanes, although often, traffic control constraints may 
prevent that. Recommended testing locations for specific pavement types include the following: 

• HMA pavements: Outer wheelpath of the outer traffic lane. 

• PCC pavements: Basin testing in the center slab of the outer traffic lane (to minimize 
edge effects) and joint load transfer testing in the outer wheelpath of the outer traffic lane. 
In addition, testing at selected slab corners locations may also be conducted to detect the 
presence of voids. 

FWD CALIBRATION 

Routine FWD calibration is a vital component to ensure accurate loading and deflection 
measurements. As outlined in AASHTO R32-09, Calibrating the Load Cell and Deflection 
Sensors for a Falling Weight Deflectometer, FWD calibration should include the following:(22) 

• Annual calibration of the load cell and deflection sensors using an independently 
calibrated reference device (referred to as “reference calibration”). Deflection sensors are 
also compared with each other (referred to as “relative calibration)”. Annual calibration 
should also be conducted as soon as possible after load cell or deflection sensor 
replacement. Annual calibration is performed by a certified technician.  

• Monthly relative calibration of the deflection sensors. Monthly deflection sensor 
calibration is conducted using a relative calibration stand supplied by the FWD 
manufacturer and is different than the relative calibration conducted during annual 
calibration. Relative calibration should also be conducted immediately after replacement 
of a deflection sensor. Relative calibration does not require a certified technician. 

FACTORS AFFECTING DEFLECTION VALUES 

A number of factors affect the magnitude of measured pavement deflections, which makes the 
interpretation of deflection results difficult. To the extent possible, direct consideration of these 
factors should be an integral part of the deflection-testing process so that the resultant deflection 
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data are meaningful and representative of actual conditions. For example, conducting load 
transfer testing on PCC slabs in the afternoon of a warm day (when the slabs have expanded and 
the joints are tight) produces very high load transfer results, which likely are not representative 
of the load transfer capabilities during cooler temperatures (when the slabs have contracted and 
the joints are open). Recognizing and accounting for these factors before the establishment of a 
field testing program helps ensure the collection of useful deflection data that can be used in 
subsequent backcalculation analyses. 

The major factors that affect pavement deflections can be grouped into categories of pavement 
structure (type and thickness), pavement loading (load magnitude and type of loading), and 
climate (temperature and seasonal effects). Each of these is discussed in the sections that follow. 

Pavement Structure 

In essence, the deflection of a pavement represents an overall system response of the surface, 
base, and subbase layers, as well as the subgrade itself. Thus, the properties of the surface layer 
(thickness and stiffness) and of the supporting layers (thickness and stiffness) all affect the 
magnitude of the measured deflections. Generally speaking, “weaker” systems deflect more than 
“stronger” systems under the same load, with the exact shape of the deflection basin related to 
the stiffness of the individual paving layers.(9) As a general rule, pavements of similar materials 
(flexible or rigid) exhibiting greater deflections typically have shorter service lives. Figure 18 
illustrates typical flexible and rigid pavement deflection responses to loading. 

 
Figure 18. Diagram. Comparison of typical flexible and rigid pavement deflection 

responses. 

Many other pavement-related factors can affect deflections, including the following: 

• Testing near joints, edges, cracks, or in areas containing structural distress (such as 
alligator cracking), can produce higher deflections than testing at interior portions of 
the pavement. 

• Random variations in pavement layer thickness can create variabilities in deflection. 
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• Variations in subgrade properties and the presence of underlying rigid layers (such as 
bedrock or a high water table level) can provide significant variability in deflections. 

Loading 

Load Magnitude 
One of the most obvious factors that affects pavement deflections is the magnitude of the applied 
load. Most modern deflection equipment can impose load levels from as little as 13 kN (3,000 lbf) 
to more than 245 kN (55,000 lbf), and it is important that appropriate load levels be targeted for 
each application. For example, for most highway pavement testing, a nominal load level of 40 kN 
(9,000 lbf) is often used because this is representative of a standard 80-kN (18,000-lbf) axle load. 
On the other hand, load levels of 156 to 200 kN (35,000 to 45,000 lbf), selected to match the 
wheel loads of commercial aircraft, may be needed on heavy-duty airfield pavements. 

An important reason for selecting test loads as close as possible to the design loads is the 
nonlinear deflection behavior exhibited by many pavements. This is generically shown in  
figure 19, in which a pavement structure exhibits a deflection of 0.028 mm (0.001 inches) under 
a 4.4-kN (1,000-lbf) loading, and a deflection of 0.35 mm (0.014 inches) under a 40-kN 
(9,000 lbf) load. Had the 40-kN (9,000 lbf) deflection been projected based on the 4.4-kN 
(1,000 lbf) load, a deflection of 0.25 mm (0.01 inches) would have been erroneously projected. 
Nonlinear pavement response can result from a number of factors, including viscoelastic 
behavior, stress sensitive materials, and nonuniform support conditions. 

 
©National Highway Institute 

Figure 19. Graph. Nonlinear pavement deflection response.(9) 
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Type of Loading 
Pavement deflection response can also be affected by the type of loading; a slow, static loading 
condition produces a different response than a rapid, dynamic loading condition. In general, the 
more rapid the loading (i.e., the shorter the load pulse), the smaller the deflections; this is why 
the static load devices (such as the Benkelman Beam) tend to produce deflections larger than 
those produced by dynamic loading devices (such as the FWD).  

Climate 

Pavement Temperature 
Temperature is a very important factor that must be considered as part of any pavement 
deflection-testing program. For HMA pavements, the stiffness of the asphalt layer decreases as 
the temperature increases, resulting in larger deflections (see figure 20). Therefore, correction of 
the measured deflections to a standard temperature is required to perform meaningful 
interpretations of the data. Thickness design procedures also typically assume a standard HMA 
temperature. Correction factor charts are available to assist in converting deflections to a 
standard temperature, generally 20 °C (68 °F). When correcting to a standard temperature, FWD 
testing should ideally occur within a reasonable range of the standard temperature. 

 
°C = (°F -32)/1.8. 
1 MPa = 145 lbf/inch2. 

Figure 20. Graph. HMA elastic modulus as a function of middepth pavement 
temperature.(23) 
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PCC pavement deflections are also affected by temperature, in both basin testing and in joint and 
corner testing. Differences in temperature between the top and bottom of the slab cause the slab to 
curl either upward (slab surface is cooler than the slab bottom) or downward (slab surface is 
warmer than the slab bottom). If basin testing is conducted when the slab is curled down, or if 
corner testing is conducted when the slab is curled up, the slab could be unsupported and greater 
deflections may result. Figure 21 shows the effect of daily temperature variations on backcalculated 
modulus of subgrade reaction (k-value). 

 
°C = (°F -32)/1.8.  
1 MPa = 145 lbf/inch2. 

Figure 21. Graph. Variation in backcalculated k-value due to variation in temperature 
gradient.(24) 

Temperature also affects joint and crack behavior in PCC pavements. Warmer temperatures 
cause the slabs to expand and, coupled with slab curling effects, may “lock up” the joints. 
Deflection testing conducted at joints when they are locked up results in lower joint deflections 
and higher LTEs that are misleading regarding the overall load transfer capabilities of the joint. 
Figure 22 shows the variation in computed LTEs throughout the day, with the higher values 
computed from data collected in mid-afternoon.(24) Because of these effects, it is normally 
recommended to conduct FWD testing early in the morning or during cold periods of the year on 
PCC pavements. 
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°C = (°F – 32)/1.8. 

Figure 22. Graph. Daily variation in the calculated LTEs (leave side of joint).(24) 

Further insight on the effects of both the weighted average slab temperature and temperature 
gradients on the LTEs for doweled (restrained) and undoweled (unrestrained) joints can be 
obtained from figure 23 and figure 24. Figure 23 provides LTEs for two 240-mm (9.5-inch) slabs 
(one slab is doweled and the other is undoweled) with a 4.6-m (15-ft) joint spacing. The graph 
shows the equivalent linear gradient and average slab temperature present at the time of testing 
significantly influenced the LTE of an undoweled joint. The LTE for the doweled joint was not 
influenced by either the equivalent linear gradient or average slab temperature. 

Figure 24 shows the relationship between load transfer and equivalent linear temperature 
gradient at the time of testing for two 190-mm (7.5-inch) slabs with a 6.1-m (21-ft) joint 
spacing. This figure shows that even when the LTE of a doweled joint was low (approximately 
60 percent), it was still not significantly influenced by the weighted average temperature or the 
equivalent linear gradient.(25) 
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©National Academy of Sciences. Reproduced with permission of the Transportation Research  
Board (TRB) 
°C = (°F – 32)/1.8. 
1 cm = 0.39 inches. 

Figure 23. Graph. Variation in the calculated LTEs for two slabs tested at different 
temperature gradients and weighted average slab temperatures.(25) 
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©National Academy of Sciences. Reproduced with permission of the TRB 
°C = (°F − 32)/1.8. 
1.81 cm = 0.39 inches. 

Figure 24. Graph. Relationship between LTEs and equivalent linear temperature gradients 
for two joints with low LTEs.(25) 

Testing Season 
Seasonal variations in temperature and moisture conditions also affect pavement deflection 
response. Generally speaking, deflections are greatest in the spring because of saturated 
conditions and reduced pavement support and lowest in the winter when the underlying layers 
and subgrade are frozen (see figure 25). This is the reason that many agencies located in seasonal 
frost areas place spring load restrictions on their secondary flexible pavements; otherwise, a 
significant amount of damage could be inflicted on the pavements when the pavement layers are 
in a weakened and saturated state. PCC pavements are less affected by seasonal variations in 
support conditions. 
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Figure 25. Graph. Seasonal effects on pavement deflection.(26) 

Backcalculated modulus values can also vary seasonally. For example, figure 26 illustrates the 
variation of the computed elastic modulus values for the different layers of a pavement test 
section (276251) located in Minnesota.(23) The modulus values were provided over a 3-year 
period, and several abrupt spikes were observed during winter periods in which the HMA layer 
became very stiff and the prevailing frozen conditions resulted in higher modulus values for the 
base, subbase, and subgrade. (Note that the time scale on the x-axis in figure 26 is categorical not 
continuous, based on when the FWD testing was performed.) 

Seasonal variations are also apparent on PCC pavements. For example, figure 27 shows seasonal 
variations in the backcalculated support properties of the subgrade.(27) Both the backcalculated 
k-value and the backcalculated elastic modulus of the subgrade are shown in that figure, with a 
noticeable decrease in the support conditions observed during the springtime. As another 
example of seasonal effects on PCC pavements, figure 28 shows the average LTEs over a 2-year 
period.(24) As a general trend, the LTE parallels the surface temperature, generally decreasing 
with the decreases in the surface temperature and increasing with increases in the surface 
temperature. 
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1 MPa = 145 lbf/inch2. 

Figure 26. Graphs. Comparison of monthly variation in elastic modulus (in MPa) for pavement layers and subgrade.(23) 
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ES = Elastic modulus of the subgrade. 
1 MPa = 145 lbf/inch2. 

Figure 27. Graph. Seasonal variation in backcalculated subgrade modulus.(27) 

 
Figure 28. Graph. Seasonal variation in LTE and PCC surface temperature.(24) 
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SUMMARY 

Pavement deflection testing is recognized as a reliable, quick, and cost-effective method for 
determining the structural condition of existing pavements. Specifically, deflection 
measurements can be used for backcalculating the elastic moduli of the pavement structural 
layers and for estimating the load-carrying capacity for both HMA and PCC pavements. In 
addition, in PCC pavements, identification of loss of support at slab corners and the evaluation of 
the joint or crack load transfer can be performed using deflection testing. 

A number of different types of equipment are available for the collection of pavement deflection 
data, including static devices (e.g., Benkelman Beam), steady-state vibratory devices 
(e.g., Dynaflect and Road Rater™), and impulse devices (e.g., FWD). The features and operating 
characteristics of these devices are described, and it is noted that the FWD has become the 
worldwide standard for pavement deflection testing, largely because of its ability to closely 
simulate the loading characteristics of a moving wheel load. Deflection devices capable of 
providing continuous deflection measurements are currently being developed. 

Pavement deflections represent an overall system response of the pavement structure and 
subgrade soil to an applied load. The major factors that affect pavement deflections can be 
grouped into categories of pavement structure (type and thickness), pavement loading (load 
magnitude and type of loading), and climate (temperature and seasonal effects). 
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CHAPTER 3. BACKCALCULATION CONCEPTS AND APPROACHES 

INTRODUCTION  

As described in previous chapters, pavement deflection data can be used to determine material 
properties of pavement layers and the subgrade. In this process, known as “backcalculation,” 
pavement layer stiffnesses are determined based on the deflection data and the assumed 
pavement cross section. Over the years, the evaluation of pavement deflection data has become 
increasingly more complex, driven largely by the interest in moving toward more mechanistic 
pavement analyses and the increasing power of today’s sophisticated computers. Many different 
concepts and approaches are available to perform backcalculation of deflection data, which vary 
primarily by the type of pavement being analyzed.  

This chapter presents an overview of backcalculation concepts for flexible, rigid, and composite 
pavements, as well as other uses of deflection data. Chapters 4 through 6 discuss FWD data 
analysis and interpretation for the three pavement types, respectively, in more detail. 

GENERAL BACKCALCULATION OVERVIEW 

The most widely used technique of determining the effective elastic moduli of the pavement 
structural layers and subgrade is backcalculation of elastic moduli based on measured surface 
deflections. The process can be described using the case of a simply supported beam, as depicted 
in figure 29.(28) 

 
©National Highway Institute 
P = Load. 
b = Width. 
L = Length. 
h = Height. 

 = Maximum deflection. 

Figure 29. Diagram. Simply supported beam with a concentrated midspan.(28) 
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From fundamental engineering mechanics, the maximum deflection occurs under the load 
(i.e., in the middle of the beam) and is calculated in figure 30. 

 
Figure 30. Equation. Maximum deflection of a beam under a fixed load.  

Where: 

 = Midspan deflection of the beam. 
P = Load applied to the surface. 
L = Beam span. 
E = Elastic modulus of the beam. 
I = Moment of inertia for a rectangular beam. 

The moment of inertia for a rectangular beam I can be determined from the width and height of 
the beam, as shown in figure 31. 

 
Figure 31. Equation. Moment of inertia of rectangular beam.  

Where: 

b = Beam width. 
h = Beam height. 

Finally, the elastic modulus of the beam (E) can be calculated by substituting the known values 
of P, L, b, and h. 

Although similar in concept to the beam example just described, the process of backcalculating 
the elastic moduli for pavements is more complicated because multiple unknowns (i.e., the 
moduli of the various pavement layers and their interaction with one another) affect the total 
deflection measured on the surface. Over the years, researchers and practitioners have developed 
numerous approaches to backcalculate pavement layer and subgrade moduli as well as numerous 
programs to perform the calculations. Table 1 summarizes some of the available software 
programs that can be used for backcalculation of deflection data, along with the forward and 
backcalculation schemes and other characteristics of the programs. In the next sections of this 
chapter, methods for backcalculating individual layer moduli for flexible, rigid, and composite 
pavements are described, including a discussion of some of these programs, where appropriate. 
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Table 1. Summary of available backcalculation programs. 
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BAKFAA N/A Federal 
Aviation 
Administration 
(FAA) 

Yes Rigid/ 
Flexible 

Multilayer 
Elastic Theory 

LEAF Iterative No Variable 5 Required Required Yes Sum of 
squares of 
absolute 
error 

Yes 

BISDEF© N/A USACE-WES No Flexible Multilayer 
Elastic Theory 

BISAR Iterative No Variable Number of 
deflections; 
best for 3 
unknowns 

Required Required Yes Sum of 
squares of 
absolute 
error 

Yes 

BOUSDEF 2.0 Zhou et al. 
(Oregon State) 

No Flexible Equivalent 
Thickness 

MET Iterative Yes Fixed 
(rough) 

At least 4 Required Required NA Sum of 
percent 
errors 

N/A 

CHEVDEF N/A USACE-WES Yes Flexible Multilayer 
Elastic Theory 

CHEVRON Iterative No Fixed 
(rough) 

Number of 
deflections; 
best for 3 
unknowns 

Required Required Yes Sum of 
squares of 
absolute 
error 

Yes 

COMDEF N/A USACE-WES No Composite Multilayer 
Elastic Theory 

BISAR Database No Fixed 
(rough) 

3 No No N/A Various No 

DBCONPAS N/A Tia et al. 
(University of 
Florida) 

No Rigid Finite Element FEACONS III Database Yes N/A 2 No No N/A N/A N/A 

DIPLOBACK N/A Khazanovich 
and Roesler 

No Composite Multilayer 
Elastic 
+Westergaard 

Neural 
Networks 

Closed Form 
Solution 

No N/A 3 No No No Closed 
form 
solution 

N/A 

ELMOD®/ 
ELCON 

5 Ullidtz 
(Dynatest®) 

No Flexible/ 
Rigid 

Equivalent 
Thickness/ 
Finite Element 

MET Iterative Yes 
(subgrade 

only) 

Fixed 
(rough) 

4 (exclusive 
of rigid 
layer) 

No No Yes Relative 
error of 5 
sensors 

No 

ELSDEF N/A Texas A&M, 
USACE-WES 

No N/A Multilayer 
Elastic Theory 

ELSYM5 Iterative No Fixed 
(rough) 

Number of 
deflections; 
best for 3 
unknowns 

Required Required Yes Sum of 
squares of 
absolute 
error 

Yes 

EMOD N/A PCS/Law No N/A Multilayer 
Elastic Theory 

CHEVRON Iterative Yes 
(subgrade 

only) 

Fixed 
(rough) 

3 Required Required Yes Sum of 
relative 
squared 
error 

No 

EVERCALC© 5.0 Mahoney et al. Yes Flexible Multilayer 
Elastic Theory 

WESLEA Optimization Yes Fixed 
(rough) 

4 (exclusive 
of rigid 
layer) 

Required if 
more than 3 

layers 

Required Yes Sum of 
absolute 
error 

Yes 

FPEDD1 NA Uddin No NA Multilayer 
Elastic Theory 

BASINF Iterative Yes Fixed 
(rough) 

NA Program 
Generated 

NA NA NA No 

ILLI-BACK NA Ioannides No Rigid and Closed Form Closed Form Closed Form No No 2 No No No Closed NA 
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Composite Solution Solution Solution form 
solution 

ISSEM4 NA Ullidtz, Stubstad No NA Multilayer 
Elastic Theory 

ELSYM5 Iterative Yes (finite 
cylinder 
concept) 

Fixed 
(rough) 

4 Required Required Yes Relative 
deflection 
error 

No 

MICHBACK© NA Harichandran/ 
Michigan State 

Yes Flexible/ 
Composite 

Multilayer 
Elastic Theory 

CHEVRONX Raphson-
Newton Method 

No NA 3 + rigid 
layer 

Required Required Yes Least 
squares 

Yes 

MODCOMP© 6 Irwin, Szebenyi Yes Flexible Multilayer 
Elastic Theory 

CHEVRON Iterative Yes Fixed 
(rough) 

2 to 15 
layers; 

maximum of 
5 unknown 

layers 

Required Required Yes Relative 
deflection 
error at 
sensors 

No 

MODULUS 6.0 Texas 
Transportation 
Institute 

Yes Flexible Multilayer 
Elastic Theory 

WESLEA Database 
(Optimization) 

No Fixed 4 plus rigid 
layer 

Required Required Yes Sum of 
relative 
squared 
error 

Yes 

PADAL 2 Brown et al. No NA Multilayer 
Elastic Theory 

NA Iterative Yes 
(subgrade 

only) 

Fixed NA Required NA NA Sum of 
relative 
squared 
error 

NA 

PCASE 2.08 USACE Yes Rigid/ 
Flexible/ 
Composite 

Multilayer 
Elastic Theory 

LEEP/ 
WESLEA 

Iterative No Variable 5 Required Required Yes Sum of 
squares of 
absolute 
error 

Yes 

RPEDD1 NA Uddin No Rigid Multilayer 
Elastic Theory 

BASINR Iterative Yes Fixed? NA Program 
Generated 

NA NA NA No 

WESDEF NA USACE-WES Yes Flexible Multilayer 
Elastic Theory 

WESLEA Iterative No Variable 4 + rigid 
layer 

Required Required Yes Sum of 
squares of 
absolute 
error 

Yes 

NA = Not applicable. 
USACE-WES = U.S. Army Corps of Engineers—Waterways Experiment Station. 
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BACKCALCULATION OF FLEXIBLE PAVEMENTS 

To help explain the concept of backcalculation for flexible pavements, consider figure 32, which 
shows a three-layer system with the surface deflections measured by sensors at five locations. 
The load is arbitrarily assumed to be distributed through the pavement layers according to the 
broken lines.(29) In this example, the deflections measured by sensors 4 and 5, which are located 
outside the stress zone of the HMA and base layers, depend solely on the subgrade. As a first 
step, any reasonable moduli can be assumed for the HMA and granular base, while the subgrade 
modulus is varied until the computed deflections at sensors 4 and 5 match measured deflections. 
Next, the deflection at sensor 3 depends on the moduli of the granular base and the subgrade, 
which is determined in the first step and is independent of the HMA modulus. Thus, the modulus 
of the granular base is varied until a satisfactory match between the computed and measured 
deflection at sensor 3 is obtained. Finally, the modulus of the HMA layer is determined by 
applying the same procedure to sensors 1 and 2.(29) 

One limitation of this procedure is the assumption of the linear response of the pavement layers 
to the load. The problem is more complicated if the granular base and subgrade behave in a 
nonlinear fashion. Theoretically, to match the deflection at a given sensor, the stress points for 
computing the elastic moduli of all nonlinear layers should be located directly beneath that 
sensor. The use of different stress points for different sensors is not possible because elastic layer 
theory limits only one stress point in each layer. The best approach is to assume an average stress 
distribution with the stress points shown by the smaller circles in figure 32.(32) Other issues that 
complicate the analysis include a dynamic (instead of static) response, the effect of underlying 
bedrock layers, and the effect of temperature and moisture fluctuations. 
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©AASHTO 
P = Applied load. 
Pc = Contact pressure. 
ac = Contact area. 
r30 = Distance of second geophone from load center. 
r100 = Distance of third geophone from load center. 
r200 = Distance of fourth geophone from load center. 
a3c = Radial distance in which stress zone intersects interface of subbase and subgrade layers. 

Figure 32. Diagram. Stress zone under the FWD load.(32) 

Many of the backcalculation approaches (and corresponding programs) for flexible pavements 
are similar, although the results obtained from the programs do differ because of the inherent 
assumptions, iteration techniques, and forward and backcalculation schemes built into the 
programs. The following sections briefly describe the various approaches used for 
backcalculation of flexible pavements. 

Regression Equations 

Several researchers have developed regression equations for predicting layer moduli from the 
deflection testing data. For example, Newcomb developed regression equations for two- and 
three-layer pavement systems to predict the subgrade modulus as part of an overall effort to 
develop a mechanistic-empirical overlay design procedure for the Wisconsin Department of 
Transportation.(30) Horak also developed a regression equation to predict the subgrade modulus 
using the deflection at 2,000 mm (79 inches) from the center of the load plate.(31) 

1993 AASHTO Design Guide 

The most commonly used equation for predicting the subgrade modulus is presented in the 1993 
AASHTO Design Guide and shown in figure 33.(32)  
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Figure 33. Equation. Backcalculation of subgrade modulus.(32)  

Where: 

MR = Backcalculated subgrade resilient modulus, MPa (lbf/inch2). 
P = Applied load, kN (lbf). 
dr = Measured deflection at distance r from applied load, mm (inches). 
r = Radial distance at which the deflection is measured, mm (inches). 

The guide also presents equations to ensure that the deflection used in this equation is sufficiently 
far away from the load so that the deflection is primarily due to deformation of the subgrade, yet 
as close as possible to minimize errors associated with smaller deflections. 

The guide also presents an equation, shown in figure 34, for predicting the effective modulus of 
the pavement structure (i.e., all layers above the subgrade).(32)  

 
Figure 34. Equation. Computation of the effective modulus of the pavement structure.(32) 

Where: 

d0 = Deflection measured under plate and adjusted to standard temperature, mm (inches). 
p = FWD load plate pressure, MPa (lbf/inch2). 
a = FWD load plate area, mm2 (inches2). 
D = Total thickness of pavement layers above the subgrade, mm (inches). 
MR = Subgrade resilient modulus, MPa (lbf/inch2). 
Ep = Effective modulus of all pavement layers above the subgrade, MPa (lbf/inch2). 

Method of Equivalent Thickness (MET) 

MET is based on Odemark’s assumption, which is that the deflections of a multilayered pavement 
system with moduli Ei and layer thicknesses hi can be obtained using a single layer of thickness H 
and modulus E provided that H satisfies the equation shown in figure 35 where C equals the layer 
coeifficent.(33)  
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Figure 35. Equation. Methodology for computing equivalent thickness.(33) 

Ullidtz reports that this method produces results that are as good as or better than those obtained 
from layered elastic and finite element solutions, when compared with measured data.(33,34) The 
method can also be adapted to handle nonlinear subgrade materials. Another advantage of this 
method is its simplicity, which leads to significant savings in computation time. 

ELMOD3 is an example of a program that uses the Odemark-Boussinesq method of equivalent 
layer thickness concept and the radius of curvature method.(33) Initially, the subgrade material 
properties, stiffness and nonlinearity, are calculated using the deflections from the outer sensors. 
The radius of curvature from the central sensors can be used to assess the stiffness of the upper 
pavement layer. The stiffness of the remaining layers is then calculated based on the overall 
pavement response to the applied load. This ensures that the proposed pavement structure results 
in the correct central deflection under the measured load. 

The surface modulus concept is very useful for estimating subgrade modulus and for diagnosing 
stress-sensitive subgrade material and the presence of stiff layers. It uses Boussinesq’s original 
closed-form equations relating the vertical deflection on the surface of a homogeneous, isotropic, 
linearly elastic halfspace δz and the elastic modulus E (figure 36 and figure 37).  

 
Figure 36. Equation. Vertical deflection under a uniformly distributed load. 

 
Figure 37. Equation. Vertical deflection under a point load. 

Where: 

P = Surface load, kN (lbf). 
r = Radial distance from center of load, mm (inches). 
a = Radius of loaded area, mm (inches). 
μ = Poisson’s ratio. 

These equations can be used directly to backcalculate the surface modulus E0, given a measured 
surface deflection due to a known load. For a multilayered pavement system, the calculated 
surface modulus at the center tends to underestimate the modulus of the surface layer and 
overestimate the modulus of the subgrade.(35) However, the surface modulus approaches a 
constant value at large radii; this value corresponds to the subgrade modulus, illustrating a basic 
principle of backcalculation, which is that the outer deflections can be used to determine the 
moduli of the deeper layers. If the surface modulus increases with increasing radial distance, then 
it is an indication of a stress-sensitive (nonlinear) subgrade or the presence of a stiff layer.(33) 
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BOUSDEF is another program that uses the MET. This program assumes a single, uniform layer 
of material and uses Boussinesq’s equations to determine theoretical deflections. By matching 
the deflection basins measured in the field, the program calculates the moduli of the surface, 
base, and subgrade layer. 

Optimization Method 

In this method (sometimes referred to as a “basin search method”), a forward calculation program 
is used to generate a database of deflection basins for different combinations of layer moduli, 
specified layer thicknesses, material properties, pavement types, and loading conditions. The 
measured deflection basin is compared with the deflection basins in the database using a search 
algorithm, and a set of moduli are interpolated from the layer moduli that produces the closest 
calculated deflection basins in the database. 

The MODULUS backcalculation program, which uses databases generated by the WESLEA 
program, is one program that uses this approach.(36,37) The number of basins required to obtain a 
suitable database depends on the number of layers and the expected moduli ranges provided by 
the user (i.e., wide ranges require generation of a greater number of basins than narrow ones). The 
generated deflection basins are then searched using an algorithm, and the moduli are interpolated 
using the various deflection basins. The program optimizes the solution by seeking to minimize 
the relative sum of squared differences between the measured and calculated surface deflections. 
The program always converges, although the chances of converging to a local minimum cannot 
be ruled out.(38) The program performs a convexity test to determine the likelihood of having 
converged to a local minimum, and the user is warned if this test is not satisfied. 

WESDEF is another example of a backcalculation program that uses this approach. This program 
was developed at the USACE-WES. It is capable of handling up to five layers (the bottom layer 
is “fixed” to act as a rigid layer), although one study showed that reasonable results are obtained 
if the number of backcalculated layers is kept to three.(39) 

This type of approach is best suited for cases when a large number of pavements with a similar 
configuration need to be tested in succession. For these situations, the generated database can be 
used repeatedly to backcalculate the pavement layer moduli for all similar pavements, and the 
time required to generate the database can be minimized. This technique can be used with a 
database generated from any linear or nonlinear program.(38) 

Iterative Method 

The iterative method is another approach used in the backcalculation of flexible pavements. In this 
approach, layer moduli are repeatedly changed until the calculated deflection basin matches the 
measured deflection basin within a specified tolerance. The primary problem associated with 
backcalculating elastic moduli for a layered pavement structure is that the equations for calculating 
pavement surface deflection are not closed-form solutions (i.e., the unknowns cannot be solved 
directly). Therefore, a rigorous iterative process involving some decision and convergence criteria 
is required. Figure 38 illustrates how this process works. 
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©Washington State Department of Transportation (after Lytton) 

Figure 38. Chart. Typical iterative backcalculation flow.(40,41) 

The search algorithm is usually achieved by minimizing an objective function of any set of 
independent variables (i.e., layer moduli, thicknesses, etc.), which is commonly defined as the 
weighted sum of squares of the differences between calculated and measured surface deflections 
as shown in figure 39.  

 
Figure 39. Equation. Objective function to be minimized in the search algorithm used in 

iterative method.  

Where: 

wjm = Measured deflection at sensor j, mm (inches). 
wjc = Calculated deflection at sensor j, mm (inches). 
aj = Weighing factor for sensor j, mm (inches). 

This equation can be solved using nonlinear optimization methods, which locate the least value 
of the objective function. Many minimization techniques are available in the literature, including 
the factored secant update method, modified Levenberg-Marquardt algorithm, and modified 
Powell hybrid algorithm.(42) One issue with this approach is that the program result may 
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converge to different solutions for different sets of seed moduli. Another issue is that the 
convergence can be very slow, requiring numerous iterations of the forward calculation program. 

An example of an iterative program is EVERCALC©, which uses the Levenberg-Marquardt 
minimization algorithm.(43) The program seeks to minimize an objective function formed as the 
sum of squared relative differences between the calculated and measured surface deflections. 
EVERCALC© is a robust, efficient, and accurate program, and uses the CHEVRON computer 
program for forward calculations. 

CHEVDEF is another example of a backcalculation program that uses the CHEVRON program 
for forward calculations.(44) This program uses an assumed linear variation in logarithmic space 
between layer moduli and surface deflections to revise the layer moduli after each iteration. It 
employs a gradient search technique, and the correct set of moduli is searched in an iterative 
manner. As previously described, one issue with programs that use this approach is they are 
highly dependent on the initial seed moduli and can provide different solutions for different 
initial seed moduli. 

MODCOMP© is another program that uses an iterative method. MODCOMP4 was selected as 
the recommended program to calculate the elastic moduli of the pavement layers and subgrade 
for the LTPP test sections, considering the following factors:(23) 

• Accuracy of the program. 
• Operational characteristics. 
• Ease of use of the program. 
• Stability of the program. 
• Probability of success. 

MODCOMP4 was found to result in a reasonable solution in more than 90 percent of the initial 
study sections.(23) This program uses a nonlinear constitutive equation to represent the response 
of unbound pavement materials and soils, while also offering the use of linear elastic response 
models to estimate the nonlinear properties. It also converges reasonably fast and can be used in 
batch mode to analyze numerous deflection basins. The study also found that the root mean 
square (RMS) error for each solution varied between 0.1 and 1 percent, which was considered 
acceptable.(23) 

MICHBACK© is yet another example of an iterative backcalculation program. It uses the 
CHEVRONX computer program for forward calculations and the modified Newton-Raphson (also 
called “secant”) method for minimization. The method of least-squares is used to solve the over-
determined system of equations (m equations in n unknowns, m > n). If desired, weighting factors 
can be used for each sensor measurement to emphasize some deflection measurements over others. 

Dynamic Backcalculation Methods 

The previous approaches consider the load applied to the pavement surface to be a static load. 
Computationally, this approach is very efficient, and when the depths of the layers are known 
and their properties are largely homogeneous with depth, the procedure is effective in 
backcalculating layer properties. However, when the depths are uncertain or when the moduli 
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vary within a layer, the static backcalculation scheme may not yield reliable results. Moreover, 
impulse-loading devices, such as the FWD, impart a dynamic load to the pavement. 

To overcome the limitation of static deflection analysis, extensive recent work has been 
conducted to interpret the dynamic response of FWD deflection time histories. To model the 
dynamic deflections in pavement layers, the vertical profile is discretized into a number of thin 
computational layers, and the moduli of these layers are used as variables in an optimization 
problem that seeks to minimize the residual error between computed and observed deflections 
over time. The solution is obtained by gradient-based numerical methods that require the 
repeated evaluation of the error (objective) function and its derivatives, which is also known as a 
“forward solution.” The objective function to be minimized is the difference between the 
recorded response at the FWD sensors and the computed response of a pavement profile whose 
properties are encoded in the vector x. This represents the error in the model, and the 
minimization problem may be written as shown in figure 40.(45) 

 
Figure 40. Equation. Algorithm for minimization of the difference between FWD response 

and computed response.(45) 

Where: 

n = Number of computational layers. 
nr = Number of receivers. 
nt = Number of time steps in the recorded response. 
frec = Recorded motion. 
fcom = Computed motion. 

The forward solution is the most computationally extensive and time-consuming portion of the 
computation. Various backcalculation computer programs available at the time of this report 
employ various methods to accelerate this computation. These programs include EVERCALC© 
(developed by the Washington State Department of Transportation), MICHBACK© (developed 
by Michigan Department of Transportation), and DYNABACK-F. 

The DYNABACK-F program uses new algorithms for backcalculating layer parameters based 
on dynamic interpretation of FWD deflection time histories using frequency and time-domain 
solutions. The backcalculation procedure is based on the modified Newton-Raphson method 
originally adopted in the MICHBACK© program. Singular value decomposition (SVD), in 
conjunction with scaling and truncation techniques, is employed in solving for the inverse 
problem. The frequency-domain method uses real and imaginary deflection basins as the 
measured quantities, while the time-domain method uses either the peak deflections and 
corresponding time lags or traces of the deflection time histories as the measured quantities to be 
matched by the backcalculation procedure.(46) 

The results indicated that dynamic backcalculation of layer parameters using field data would 
present some challenges. The frequency-domain method can lead to large errors if the measured 
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FWD records are truncated before the motions fully decay in time. The time-domain methods, 
when simultaneously backcalculating layer moduli and thicknesses, produce mixed results. 
Convergence is not ensured when using peak deflections and corresponding time lags. However, 
when matching traces of sensor time histories, the SVD method allows very good convergence 
and the backcalculation of the HMA layer thickness, in addition to the layer moduli and 
damping, even when using field-measured data.(46) 

Artificial Neural Network (ANN) Analysis  

As noted previously, the static analysis of deflection data can produce great errors, while the 
dynamic analysis using gradient search optimization procedures is very time consuming. To 
overcome limitations of both methods, ANN technologies can be applied to the backcalculation 
problem. DIPLOBACK is an example of a program that uses this approach. 

ANNs are biologically inspired analogies of the human brain. They are composed of many 
operationally simple yet highly interconnected units. Similar to a human brain, certain types of 
ANNs can “teach themselves” to recognize common features within the data and to group the data 
accordingly through repeated exposure to a set of data.(47) ANNs can also generalize an ideal 
mapping from imperfect examples and extract essential information from input containing both 
relevant and irrelevant data. Their ability to “see” through noise and distortion to the underlying 
pattern has been exploited successfully for solving many problems related to pattern recognition.(47) 

To solve the backcalculation problem as a pattern recognition task, multilayer, feed-forward 
ANNs are used (see figure 41). The interconnected units pass information in the form of signal 
patterns. The output signal patterns from a given input signal pattern are uniquely determined by 
the distribution of connection strengths throughout the network. 

 
©National Academy of Sciences.  
Reproduced with permission of the  
TRB 

Figure 41. Diagram. ANN architecture.(47) 

The excitation level of a processing element is modeled mathematically as a weighted sum of 
inputs from the neighboring elements, as shown in figure 42.(47) 
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Figure 42. Equation. Excitation level of a processing element.(47) 

Where: 

Nj = Excitation level. 
wji = Weight assigned to the connection. 
xi = Signal coming from the ith processing element in the preceding layer. 

The response of a processing element to the net excitation Nj is modeled by the logistic function 
in figure 43.(47) 

 
Figure 43. Equation. Response of a processing element to the net excitation.(47) 

Multilayered, feed-forward ANNs are commonly trained by a technique known as “error 
backpropagation.” After each training example is presented to the network, the errors 
(i.e., differences between the calculated and target output patterns) are computed and propagated 
backward through the network. 

Meier and Rix trained backpropagation networks to backcalculate HMA pavement layer moduli 
from deflection basins obtained using an FWD.(47) A three-layer pavement system consisting of 
an HMA layer, nonstabilized base, and subgrade was considered. Figure 44 illustrates the 
network architecture chosen to determine the layer moduli for the measured deflection basin and 
known HMA and base layer thicknesses. 

 
©National Academy of Sciences. Reproduced with  
permission of the TRB 

Figure 44. Diagram. ANN for backcalculating pavement moduli.(47) 
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The primary advantage of an ANN is that it is an accelerated backcalculation process. In addition, 
the ANN analysis does not require seed moduli and ranges, which means the backcalculation 
process is less dependent on user subjectivity. However, the applicability of the ANN is limited 
by the range of pavement layer properties that are included in the training process. In addition, 
increasing the number of layers to be analyzed increase the computation time. 

Gucunski, Abdallah, and Nazarian recently developed an ANN for backcalculation of pavement 
profiles from data obtained from the Surface Analysis of Spectral Waves test.(48) They reported a 
significant improvement in accuracy of evaluation of pavement properties in comparison with 
previous ANN models. The improvement was primarily attributed to the use of a data 
transformation algorithm that generates smoother and more linear relations, thus enabling a 
better learning process.(48) 

BACKCALCULATION OF RIGID PAVEMENTS 

As previously mentioned, the deflections measured on a PCC slab are used for backcalculating 
the PCC elastic modulus and k-value of the supporting medium. The PCC elastic modulus can be 
used to evaluate the structural condition of the PCC slab, while the k-value can be used to 
evaluate supporting layers. Those two parameters are required inputs for both new and overlay 
design procedures using the new MEPDG.(7) 

Traditionally, there are two basic approaches for backcalculation of pavement layer moduli and 
subgrade support conditions. One approach is based on layered elastic theory. This approach is 
commonly used for analysis of flexible pavements and has already been described in this 
chapter. The second approach was developed specifically for rigid pavements and is based on 
plate theory. With this approach, the pavement structure can be modeled as either a slab on an 
elastic solid foundation or on a dense liquid foundation. The plate theory approach can be based 
on either the AREA or Best-Fit method, both of which are briefly described in the following 
sections (and more thoroughly presented in chapter 5). Both methods are based on Westergaard’s 
solution for an interior loading of a linear elastic, homogeneous, isotropic plate resting on a 
dense liquid foundation. 

AREA Method 

For backcalculation, rigid pavements are generally treated as two-layer systems because the base 
or subbase has little influence on the shape of the deflection basin compared with the influence 
of the PCC and subgrade.(14) Those systems are modeled as a rigid plate resting on an elastic 
solid or a dense liquid foundation. Such a configuration allows obtaining the closed-form 
solution based on the dimensional analysis of the deflection basin, which involves the AREA 
parameter and the radius of relative stiffness .(49) The procedure consists of the following steps: 

• Step 1: Drop the weight and record the applied load (P) and the resulting deflections. 

• Step 2: Calculate the normalized area of the basin (AREA). 

• Step 3: Determine the radius of relative stiffness ( ). 
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• Step 4: Backcalculate subgrade support (k or C for dense liquid or elastic solid 
foundation, respectively). 

• Step 5: Backcalculate the slab flexural stiffness (D), define the slab modulus of elasticity 
(E) if the slab thickness (h) is known, or, alternatively, define h if E is known. 

The computational steps of the procedure above are described in more detail in following 
sections and are further illustrated in chapter 5. 

AREA Parameter 
The use of a parameter AREA was first proposed by Hoffman and Thompson for interpreting 
flexible pavement deflection basins.(50) This parameter combines the effect of several measured 
deflections in the basin, defined as shown in figure 45.(27) 

 
Figure 45. Equation. Parameter AREA.(27) 

Where: 

Wi = Measured deflections (i = 0, n–1), mm (inches). 
n = Number of FWD sensors minus 1. 
ri = Distance between the center of the load plate and sensor, mm (inches). 
Wn = Measured deflection at the last sensor n. 
W0 = Measured deflection at the load center. 

The AREA algorithm has been used extensively to analyze PCC pavement deflection basins. 
Ioannides, Barenberg, and Lary identified the unique relationship between AREA and the radius 
of relative stiffness, and Hall et al. obtained simple approximations for this relationship for 
different sensor configurations.(49,51) This approach is used for rehabilitation design of rigid 
pavements in the 1993 AASHTO Design Guide.(32) 

The AREA parameter represents the normalized area of a slice taken through the deflection basin 
between the center of the load plate and an outer sensor.(14) Several methods of computing AREA 
are available, including, for PCC pavements, one using a standard sensor configuration and one 
using the Strategic Highway Research Program (SHRP) sensor configuration (see figure 46).  
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1 inch = 25.4 mm. 

Figure 46. Diagram. Comparison of standard and SHRP sensor configurations for AREA 
computations. 

Where: 

dr = Deflection at radial distance r from the load center, mm (inches). 

Using the trapezoidal rule, AREA is computed in figure 47 and figure 48 for the different 
configurations. 

 
Figure 47. Equation. AREA via trapezoidal rule for standard sensor configuration. 

 
Figure 48. Equation. AREA via trapezoidal rule for SHRP sensor configuration. 

The standard formulation of AREA was used by Ioannides, Barenberg, and Lary to develop the 
procedure based on the AREA method.(49) 

Determining the Radius of Relative Stiffness 
The AREA parameter provides a fairly good indication of relative stiffness of the pavement 
structure, particularly the bound layer(s), because it is largely insensitive to subgrade stiffness.(14) 
Ioannides, Barenberg, and Lary found a unique relationship between radius of relative stiffness 

Load Plate Pavement
SurfaceD0 D12 D24 D36

Sensor Spacing, inches
12 24 36

Standard Sensor Configuration

Load Plate Pavement
SurfaceD0 D12 D24 D36

Sensor Spacing, inches
12 24 36

Standard Sensor Configuration

Load Plate Pavement
SurfaceD0 D12 D24 D36D18D8 D60

Sensor Spacing, inches
8  12 18 24 36 60

SHRP Sensor Configuration

Load Plate Pavement
SurfaceD0 D12 D24 D36D18D8 D60

Sensor Spacing, inches
8  12 18 24 36 60

SHRP Sensor Configuration

 








+








+








+=

0

36

0

24

0

12 612126
d
d

d
d

d
d

AREA

 








+








+








+








+








+








+=

0

60

0

36

0

24

0

18

8

12

0

8 121896564
d
d

d
d

d
d

d
d

d
d

d
d

AREA



 

48 

and AREA, which is shown in figure 49.(49) A regression equation was also developed to define 
this relationship (see chapter 5). 

 
©A.M. Ioannides 
1 inch = 25.4 mm. 

Figure 49. Graph. Variation in AREA with .(49) 

For a dense liquid foundation, the radius of relative stiffness can be calculated as shown in  
figure 50, assuming PCC and subgrade properties are known.(49) 

 
Figure 50. Equation. Radius of relative stiffness for dense liquid foundation. 

Where: 

 = Radius of relative stiffness, mm (inches). 
E = PCC elastic modulus, MPa (lbf/inch2). 
h = PCC thickness, mm (inches). 

 = PCC Poisson’s ratio. 
k = Modulus of subgrade reaction (k-value), MPa/mm (lb/inch2/inch). 

For an elastic solid foundation, the relationship shown in figure 51 exists.(49) 

l 

 4/1

2

3

)1(12 







−

=
k

Eh
µ



 

ℓ 

μ 



 

49 

 
Figure 51. Equation. Radius of relative stiffness for elastic solid foundation.(49) 

Where:  

Es = Subgrade modulus of elasticity, MPa (lbf/inch2). 
s = Subgrade Poisson’s ratio. 

Estimation of Subgrade Support 
According to Ioannides, Barenberg, and Lary, the k-value (for a dense liquid foundation) and C 
(for an elastic solid foundation) can be found knowing the load (P), radius of relative stiffness  
( ), and measured deflections (dr), as shown in figure 52.(49) 

 
Figure 52. Equation. Estimation of subgrade support for dense liquid and elastic solid 

foundations.(49) 

Where: 

k = Modulus of subgrade reaction, MPa/mm (lbf/inch2). 
C = Subgrade constant, MPa (lbf/inch2). 
P = Applied load, N (lbf). 
d*r = Nondimensional deflection coefficient for deflection at radial distance r from load. 
dr = Measured deflection at radial distance r from the load, mm (inches). 

= Radius of relative stiffness, mm (inches). 

Knowing the subgrade constant (C) and Poisson’s ratio ( s), the subgrade modulus of elasticity 
(Es) can be backcalculated from the second part of the equation in figure 51. 

Backcalculation of PCC Slab Parameters 
If the slab thickness is known, the PCC elastic modulus can be backcalculated from equations in 
figure 50 or figure 51 for a dense liquid or elastic solid foundation, respectively. Alternatively, if 
the PCC elastic modulus is known, the slab thickness can be computed. The flexural stiffness of 
the slab (D) is defined in figure 53: 
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Figure 53. Equation. Flexural stiffness of the slab. 

Using the radius of relative stiffness from the relationship in figure 53, figure 50 can be 
rearranged to solve for the PCC elastic modulus, as shown in figure 54. 

 
Figure 54. Equation. Computation of the PCC elastic modulus for the dense liquid 

foundation. 

Where: 

EPCC = Elastic modulus of the slab, MPa (lbf/inch2). 
 = Radius of relative stiffness, mm (inches). 
 = PCC Poisson’s ratio. 

k = Modulus of subgrade reaction, MPa/mm (lbf/inch2/inch). 
h = Slab thickness, mm (inches). 

The principles of backcalculation described here were used to develop the ILLI-BACK computer 
program. The method was validated with field data, and the coefficient of variation varied 
between 1 and 3 percent.(49) This closed-form solution can also be programmed into a 
spreadsheet format. 

Best-Fit Method 

Another commonly used backcalculation procedure is the Best-Fit method. With this method, the 
PCC elastic modulus and subgrade k-value are found by identifying the best combination of the 
two parameters that produces a calculated deflection profile that best matches the measured 
profile.(51) This is performed through the minimization of the error function provided in  
figure 55. 

 
Figure 55. Equation. Minimization of the error function. 

Where: 

E = Elastic modulus of the slab, MPa (lbf/inch2). 
k = Modulus of subgrade reaction, MPa/mm (lbf/inch²/inch). 

 = Weighting factors. 
w(ri)  = Calculated deflection at sensor location i, mm (inches). 
Wi  = Measured deflection at sensor location i, mm (inches). 
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The calculated deflection (wi) is based on Westergaard’s solution for the interior loading of a 
plate consisting of a linear elastic, homogenous, and isotropic material on a dense liquid 
foundation. The ability to control the weights given to the various deflection measurements adds 
some flexibility to the Best-Fit process.(27) 

Through a series of assumed conditions and substitutions (described more fully in chapter 5), the 
equation in figure 56 can be used to determine the radius of relative stiffness. 

 
Figure 56. Equation. Determination of radius of relative stiffness. 

Where: 

fi and f'i=Function of f, distance from the load, and parameters of applied load. 

The radius of relative stiffness can then be used to determine the elastic modulus of the PCC slab 
using the equation in figure 54. 

Likewise, for an elastic solid foundation, the PCC elastic modulus can be determined by the 
equation in figure 57. 

 
Figure 57. Equation. Computation of the PCC elastic modulus for the elastic solid 

foundation. 

Where: 

EPCC = Elastic modulus of the PCC slab, MPa (lbf/inch2). 
PCC = PCC Poisson’s ratio. 
e = (D/C)1/3 = Radius of relative stiffness, mm (inches). 

Es = Modulus of elasticity of the subgrade, MPa (lbf/inch2). 
hPCC = PCC slab thickness, mm (inches). 

s = Poisson’s ratio of the subgrade. 

A recent LTPP study compared results from the Best Fit and AREA methods of backcalculation 
for both dense liquid and elastic solid subgrade models.(27) Both the SHRP sensor configuration 
(seven sensors) and standard sensor configuration (four sensors spaced 305 mm (12 inches) 
apart) were also studied. 

A critical assumption of plate theory is that there is no compression in the upper layer, such that 
the entire deflection is attributed to compression of the subgrade and bending of the plate. 
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Khazanovich, Tayabji, and Darter observed a greater discrepancy between the Best-Fit and 
AREA methods when the deflection directly under the load was used in backcalculation.(27) At 
that location, the deflections predicted by plate theory and layered elastic theory differ the most 
because of compression in the PCC pavement. Therefore, it is reasonable to suggest that 
deviation of the PCC slab behavior from the plate theory prediction is a significant source of 
discrepancy between different backcalculation methods.(27) Further investigation using the 
DIPLOMAT program confirmed this discrepancy between the two methods. These findings, 
coupled with previous work performed by Hall et al., led the researchers to recommend the Best-
Fit method for backcalculation of rigid pavements.(51) The Best-Fit method yields a lower 
coefficient of variation in backcalculated k-values from multiple drops, is less sensitive to the 
randomness in measured maximum deflections, and provides better correspondence between 
measured and calculated deflection basins. It is also able to provide the best fit between 
calculated and measured deflections for any sensor configuration. 

Dynamic Backcalculation of Rigid Pavements 

Historically, the pavement is assumed to exhibit a quasi-static behavior. However, some 
evidence negates this assumption because there is a lag between the peak of the applied load and 
among the peaks of the sensor deflections. This dynamic behavior may explain the differences 
between laboratory and backcalculated moduli as well as between moduli obtained at different 
times of the year. Recently, researchers have been investigating the dynamic response and 
developing procedures and programs for dynamic backcalculation; these programs are evaluated 
as part of this study. However, these programs must be acceptable for routine use and should be 
able to efficiently analyze significant quantities of FWD data. 

Khazanovich presented a closed-form solution to describe the dynamic behavior of a linear 
elastic, homogeneous, and isotropic plate on a dense-liquid foundation based on Westergaard’s 
solution for an interior loading.(52) The damping effects of the foundation are characterized by a 
damping parameter, and a dimensionless mass parameter is used to adjust the dynamic pavement 
response as a result of the effects of the inertia of the pavement. A backcalculation procedure can 
be developed based on this solution. 

Likewise, Chatti and Kim developed the DYNABACK-R program for backcalculation of the 
dynamic subgrade stiffness and damping coefficients from the FWD deflection basin.(53) The 
program can also be used to detect a stiff layer beneath the pavement system. 

To accomplish this effort, the transient deflection signal of each FWD sensor was first 
decomposed into a series of harmonic motions by the fast Fourier transform (FFT) algorithm. 
Then, for each frequency of interest, the real and imaginary components of the displaced volume 
underneath the slab were calculated from the complex deflection basin. The dynamic force-
displacement relationship were decomposed into real and imaginary parts, leading to a simple 
system of equations that could be solved for the k-value and the radiation damping coefficient 
(c).(53) The AREA parameter was calculated using the formulation described in figure 45. To 
estimate the k-value, Chatti and Kim used the volumetric method illustrated in figure 58, where 
the k-value was determined by computing the volume of the deflection basin.(53,14) 
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The method was checked against field data obtained by the Michigan Department of 
Transportation. Good agreement between measured and predicted deflections was obtained at five 
of the six sites, with RMS values ranging from 2.6 to 9.8 percent.(53) The static backcalculation of 
the same deflection data yielded RMS values that varied between 2.5 and 10.8 percent, which 
suggests that dynamic backcalculation does not drastically improve consistency of the results.(53) 

 
©National Highway Institute 
Arean = Area of nth segment. 
A1–A7 = Area segments. 
PCI = Pounds per cubic inch. 
1 inch = 25.4 mm. 

Figure 58. Graph. Computing the k-value.(14) 

BACKCALCULATION OF COMPOSITE PAVEMENTS 

For the purposes of this study, “composite pavements” refer to HMA overlays on PCC 
pavements. Other types of composite pavement can generally be handled using the methods 
discussed for flexible or rigid pavements. For example, a PCC pavement on an HMA pavement 
can be analyzed as a rigid pavement on a stabilized base course. Likewise, an HMA pavement on 
a rubblized PCC pavement can be analyzed as a flexible pavement on a stiff base course. 

Most distresses in composite pavements occur because of deterioration of the PCC pavement 
below the HMA overlay. Distresses most responsible for the PCC pavement deterioration are 
slab cracking, punchouts, joint deterioration, materials-related deterioration (such as D-cracking 
and alkali-silica reaction), and deterioration of patches. Deflection testing can be used to evaluate 
the condition of the PCC pavement not visible under the HMA overlay and to obtain the k-value 
below the surface.(14) 

Although a composite (HMA-overlaid PCC (HMA/PCC)) pavement generally behaves as a rigid 
pavement, analysis is complicated by the effect of compression of the HMA layer directly under 
the load plate. Ignoring the effects of compression in the HMA layer can result in significant 
errors in the backcalculated moduli.(54) There are two approaches for addressing the compression 
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under the load: (1) ignore the deflection directly under the load and base the calculations on the 
remaining deflections, or (2) subtract out the deflection under the load due directly to 
compression within the HMA layer and then use the same backcalculation procedure as for a 
bare PCC pavement. 

The most commonly used methods for analyzing composite pavements are the AREA method 
and the Best-Fit method, which have already been discussed for rigid pavements. A slight 
adjustment to each method is made to account for compression in the HMA layer, as discussed in 
the following sections. 

Outer-AREA Method 

The outer-AREA method follows the same approach as the AREA method with an adjustment to 
minimize the compression effect in the HMA layer.(51) Using the outer-AREA method, the 
deflection directly under the load (d0) is ignored, and remaining deflections are normalized to the 
deflection obtained 305 mm (12 inches) away from the load plate (d12). Figure 59 is the equation 
to calculate outer-AREA for seven sensors spaced uniformly 305 mm (12 inches) apart. 

 
Figure 59. Equation. Outer-AREA method for backcalculation of composite pavements. 

Where: 

dr = FWD deflections at distance r from the center of the load plate, mm (inches). 

Beyond this calculation, the approach is the same as for the AREA method, although different 
coefficients are used for the determination of the radius of relative stiffness. The effective elastic 
modulus of the composite pavement (HMA and PCC layers) is then solved using the same 
equation, shown in figure 60. 

 
Figure 60. Equation. Effective elastic modulus of the composite pavement. 

Where: 

Ee = Effective elastic modulus of combined HMA and PCC layers, MPa (lbf/inch2). 
 = Radius of relative stiffness, mm (inches). 
 = PCC Poisson’s ratio. 

k =  Modulus of subgrade reaction, MPa/mm (lbf/inch2/inch). 
h = Slab thickness, mm (inches). 

In this approach, the backcalculated elastic modulus represents the combined stiffness of the 
HMA and PCC layers. This effective modulus is converted to individual layer moduli using the 
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approach outlined in chapter 5 for a PCC pavement on a stabilized base (equations for bonded 
and unbonded layers are presented). 

Best-Fit Method 

In this approach, the pavement layer moduli and subgrade k-value are estimated by finding the 
combination of material properties that provides the best match between the calculated and 
measured deflections. As noted for rigid pavements, the problem is formulated as a minimization 
of the error function, F, as shown in figure 61.(51) 

 
Figure 61. Equation. Minimization of the error function.(51) 

Where: 

E = Effective elastic modulus of combined HMA and PCC layers, MPa (lbf/inch²). 
k = Modulus of subgrade reaction, MPa/mm (lbf/inch²/inch). 

i = Weighting factors. 
wi = Calculated deflection at sensor location i, mm (inches). 
Wi = Measured deflection at sensor location i, mm (inches). 

For the case of composite pavements, the weighting factor for the deflection directly under the 
load ( 0) is set to 0, thus excluding it from the calculation, while the weighting factor for the 
remaining sensors is set to 1. Again, the modulus obtained from this approach represents the 
effective pavement modulus of the HMA and PCC layers and must be converted to individual 
layer moduli. 

Available Programs 

It is difficult to achieve a solution when using programs based on multilayer elastic theory or iterative 
elastic layer backcalculation programs for composite pavements. These programs have difficulty with 
the upper layers being stiff when compared with the underlying materials, and they under-predict the 
modulus of the HMA surface while they overpredict the modulus of the PCC pavement.(14) 

Anderson developed the computer program COMDEF that backcalculates moduli for composite 
pavements.(55) COMDEF backcalculates the moduli of a three-layer system consisting of an 
HMA layer, PCC layer, and a uniform subgrade. This program can only backcalculate moduli 
based on deflections measured by an FWD using seven sensors spaced 305 mm (12 inches) 
apart. It cannot accommodate fewer sensors or different spacing. The program uses precalculated 
solutions stored in database files to backcalculate the moduli, which are calculated using elastic 
layer theory. Interpolation techniques are used by COMDEF in the database of precalculated 
solutions to obtain deflections for cases not covered in the database. COMDEF uses 33 database 
files that contain deflections corresponding to fixed HMA layer thickness.(14) Two techniques are 
applied in COMDEF to backcalculate moduli: a stepwise direct optimization and an iterative 
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relaxation technique using gradient matrices. An option allows the user to enforce to reasonable 
limits of the HMA modulus based on temperature.(14) 

Several other computer programs can be used to backcalculate moduli for composite pavements, as 
listed in table 1. Some include using closed-form solutions for backcalculation of bare PCC 
pavements and adjusting the measured deflections to account for the influence of the HMA layer.(14) 

OTHER USES OF FWD DATA 

Load Transfer at Joints and Cracks 

Nondestructive deflection testing can also be used to evaluate the load transfer at joints and 
cracks in rigid pavements. The test is conducted by applying a load, such as from an FWD, near 
the joint and measuring deflections on the loaded and unloaded slabs.  

LTE is a measure of the percent of the load (or deflection) that is transferred across a joint or 
crack. The load transfer is most significantly affected by the following factors: 

• Aggregate interlock: The interlocking of aggregate particles at the joint or crack 
interface helps transfer the load from the loaded side of the discontinuity to the unloaded 
side. The degree of aggregate interlock is based on factors such as the width of the crack 
opening, material strength, and the shape, size, and texture of the coarse aggregate 
particles. For example, larger aggregates with an angular, rough surface (such as crushed 
stone) generally provide better aggregate interlock than smaller aggregates with a 
rounded, smooth surface (such as a natural gravel). 

• Load transfer devices: Load transfer devices, such as dowel bars, provide an effective 
means of transferring load across joints. 

• Underlying support conditions: The stiffness of the underlying layer(s) also affects the 
amount of load transferred across a discontinuity. A stiff underlying layer (such as a 
stabilized base course) provides greater LTE than a less stiff layer (such as a gravel base 
or subgrade material). 

• Temperature: Pavements expand and contract with changes in temperature. A joint or 
crack opens as the temperatures decrease and the pavement contracts, thereby reducing 
LTE provided by aggregate interlock. Conversely, a joint or crack closes as temperatures 
increase and the pavement expands, providing greater aggregate interlock load transfer. 

LTE is calculated based on deflections of unloaded and loaded slabs using the equation in  
figure 62. 
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Figure 62. Equation. LTE calculation. 

Where: 

LTE = Load transfer efficiency, percent. 
 = Slab bending correction factor. 

du = Deflection on the unloaded slab, mm (inches). 
dl = Deflection on the loaded slab, mm (inches). 

In theory, the slab bending correction factor ( ) is necessary because the deflections d0 and d12, 
measured 305 mm (12 inches) apart, would not be equal even if measured in the interior of the 
slab. However, this correction factor is not widely used by researchers and practitioners. 

The theoretical LTE ranges from 0 percent (no deflection on the unloaded slab) to 100 percent 
(equal deflections on the loaded and unloaded slabs). These two conditions are illustrated in figure 
63.(14) Generally speaking, the following guidelines can be used to define different levels of LTE:(6) 

• Excellent: 90–100 percent. 
• Good: 75–89 percent. 
• Fair: 50–74 percent. 
• Poor: 25–49 percent. 
• Very Poor: 0–24 percent. 

 
©National Highway Institute 
1 mm = 0.039 inches. 

Figure 63. Diagram. Comparison of examples of poor and good load transfer.(14) 
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Void Detection in PCC Pavements 

Voids are generally created below slab corners due to pumping and erosion of subbase/subgrade 
material from repeated loading cycles.(14) Voids represent an area of poor support, which can 
lead to accelerated cracking and other distresses. Deflection testing can be used to detect the 
presence of voids by measuring deflections at the slab corner using a series of load levels. 
However, slab curling (due to temperature differences between the top and bottom of the slab) 
and warping (due to moisture level differences between the top and bottom of the slab) greatly 
affect the deflection of the slab during the testing; this concept is illustrated in figure 64 for slab 
curling.(14) Corner testing should be avoided when the slab is experiencing significant curling or 
warping because this can lead to misleading indications as to whether a void is actually present. 

 
©National Highway Institute 

Figure 64. Diagram. Comparison of slab curling due to temperature differentials in the 
slab.(14) 

There are a number of ways to detect the presence of voids beneath a slab corner. One of the 
simplest is the comparison of the magnitude of the corner deflection against a project average or 
pre-established threshold. However, a single maximum value used in the analysis of the corner 
deflection profile may not be appropriate if load transfer varies significantly from joint to joint. 
Because of this factor, as well as the influence of test temperature on the results, this method 
must be viewed as merely a general indicator of potential loss of support. 

A more robust method of detecting voids is based on the analysis of corner deflections under 
variable loads.(56) In this method, corner deflections are measured at three load levels (such as 40, 
53, and 67 kN (9,000, 12,000, and 15,000 lbf)). The results are plotted to establish a load-
deflection relationship at each corner, as shown in figure 65. The figure illustrates that for the 
approach joint, the load-deflection line crosses the x-axis close to 0 at 0.051 mm (0.002 inches). 
For the leave joint, the load-deflection line crosses the deflection axis at a much greater distance 
away from the origin, indicating greater deflections under the same load. A line crossing the 
deflection axis at a point greater than 0.076 mm (3 mils) suggests the potential for a void under 
the slab. 
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©National Academy of Sciences. Reproduced with permission of the  
TRB. 
1 kip = 0.45 metric tons 
1 milli-inch = 0.0254 mm 

Figure 65. Graph. Example void detection plot using FWD deflection data.(57) 

Several mechanistic-based approaches have been developed to determine the presence of voids at 
slab corners. Shahin developed an approach to detect voids by comparing the measured corner 
deflections with theoretical corner deflections determined through finite element analysis (FEA), 
with the difference indicating a potential void.(58) Ullidtz presented a method to detect voids by 
comparing the modulus of subgrade reaction (k-value) at the corner of the slab to the k-value at 
the center of the slab, with poor corner support indicated when the k-value at the corner is 
between 60 and 80 percent of the k-value at the center of the slab.(33) 

Rehabilitation Design and Structural Analysis 

Nondestructive deflection testing is an integral part of the structural evaluation and development 
of rehabilitation designs for existing pavement structures. As previously described, deflection 
testing data can be used to determine the following pavement parameters: 

• Elastic moduli of the pavement layers. 
• Subgrade support conditions. 
• Load transfer across joints and cracks. 
• Void detection.  

These properties can then be used to more accurately model the existing pavement structure and 
to develop better rehabilitation designs than by assuming typical material properties. In addition, 
FWD testing can help identify localized areas of weakness or changes in the pavement cross 
section or material properties, all of which lead to better designs and reduce the risk of premature 
failure, but without overdesigning the pavement structure. 

The material properties obtained from backcalculation can also be used to more accurately model 
the pavement structure when analyzing its structural capacity or structural remaining life. When 
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layer moduli are backcalculated from deflection data, stresses and strains under traffic can be 
determined, and the pavement’s fatigue life can be estimated. Once the layer moduli are 
estimated, the threshold strain value is assigned to control fatigue, and the allowable number of 
load repetitions is determined from the previous equation.(59) 

For inclusion as inputs for the MEPDG, nondestructive testing (NDT) results provide the current 
in situ layer properties for structural materials.(7) These data can prove to be invaluable in 
creating a better rehabilitation design rather than estimating material properties and possibly 
overdesigning the new pavement structure.  

Effective Built-In Curl Analysis 

Thermal curling and moisture warping can have a tremendous effect on the deflections and 
stresses in PCC pavements and the designs developed from these inputs. A portion of the slab 
curvature can be attributed to transient temperature and moisture gradients while the other 
contributing factors include the built-in temperature gradient and irreversible shrinkage. The latter 
component is referred to as the effective built-in temperature difference (EBITD). The magnitude 
of the EBITD is a function of the temperature gradient in the pavement at the time of concrete set, 
the ultimate drying shrinkage, and the creep characteristics of the concrete. A procedure is 
available to estimate its magnitude and effect, as described in the following paragraphs.(60,61) 

In the procedure, the finite element program ILLI-SLAB is used to analyze the PCC pavement 
response to the combined effect of loading and temperature differential. The pavement layer and 
support conditions are first determined through backcalculation of FWD testing data obtained at 
midslab locations. A range of temperature differentials is then analyzed using ILLI-SLAB. The 
predicted deflection due to the FWD load is the difference between the loaded slab deflection 
(load and temperature) and the unloaded slab deflection (temperature only). From this analysis, a 
plot is developed showing the predicted deflections versus total effective linear temperature 
difference (TELTD) through the slab depth. 

The interpolated deflections as measured in the field, along with the results of the FEA, are then 
used to estimate the TELTD for each load location. The EBITD is then the difference between 
the TELTD and the slab’s measured temperature difference at the time of FWD testing. 

Materials-Related Distress Assessment 

Materials-related distress or durability problems in PCC pavements are often worse along the 
joints or at slab corners where moisture can more readily penetrate. Likewise, the deterioration 
can often be worse near the bottom of the slab compared with the slab surface. The latest FAA 
advisory circular on NDT includes an approach to assess the severity of materials-related distress 
below the surface or in a PCC pavement with an HMA overlay.(62) This approach, which is 
equally applicable to highway pavements, uses the ratio of the impulse stiffness modulus (ISM) 
at the slab center to the ISM at a joint or corner, where ISM is defined in figure 66. 
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Figure 66. Equation. ISM. 

Where: 

ISM = Impulse stiffness modulus, kN/mm (lbf/inch). 
P = Applied load, kN (lbf). 
d0 = Maximum deflection under the load plate, mm (inches). 

The impulse stiffness modulus ratio (ISMratio) is then defined in figure 67: 

 
Figure 67. Equation. ISM ratio. 

Where: 

ISMratio  = Impulse stiffness modulus ratio, kN/mm (lbf/inch). 
ISMslab_center = Impulse stiffness modulus at slab center, kN/mm (lbf/inch). 
ISMslab_joint = Impulse stiffness modulus at slab joint, kN/mm (lbf/inch). 
ISMslab_corner  = Impulse stiffness modulus at slab corner, kN/mm (lbf/inch). 

An ISMratio less than 1.5 indicates that the pavement is likely in good condition, with little or no 
materials-related distress at the joint or corner. (Note that the ratio will not be equal to 1 even for 
a slab in perfect condition because slab deflections are higher at a joint or corner compared with 
midslab.) An ISMratio between 1.5 and 3.0 signifies a pavement where the durability is 
questionable. Finally, an ISMratio greater than 3.0 indicates that the durability at the slab joint or 
corner is poor. 

SUMMARY 

The process to analyze deflection data is commonly referred to as “backcalculation.” In the 
backcalculation process, pavement layer stiffnesses are determined based on the deflection data 
and the pavement cross section. Backcalculation derives its name from the fact that it solves for 
pavement layer properties by knowing the deflection response, which is the reverse of what is 
commonly done in analyzing a pavement structure using forward calculation. This chapter has 
presented an overview of backcalculation concepts for flexible, rigid, and composite pavements; 
a more detailed discussion of the available approaches and their applicability for use with the 
MEPDG is provided in chapters 4 through 6 for the three pavement types.(7) 

This chapter also has discussed other potential uses and benefits of FWD testing and deflection 
data analysis. For example, FWD data can be used for analyzing the load-carrying capacity and 
structural remaining life of pavement structures, for determining LTEs, for evaluating the extent 
of materials-related distress, and for determining the presence of built-in curling.  
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CHAPTER 4. FWD DATA ANALYSIS AND INTERPRETATION—
FLEXIBLE PAVEMENTS  

This chapter discusses various approaches in FWD data analysis and interpretation for flexible 
pavements, including a review of common backcalculation programs in terms of their underlying 
assumptions, required inputs and resulting outputs, overall advantages and disadvantages, and user 
friendliness. Flexible pavement modeling issues, such as the effects of temperature and moisture, 
stiff layer, layer thicknesses; and nonlinear, viscoelastic, and dynamic material behavior, are also 
discussed. In addition, this chapter includes recommendations on the use of FWD data for 
mechanistic-empirical pavement design, along with suggestions for future research needs.  

APPROACHES  

There are various approaches for FWD data analysis and interpretation. These can be broken 
down according to (1) the methods of analysis for calculating pavement response (forward 
analysis) and (2) the methods for interpretation of pavement response (backcalculation). Each of 
these is described in the following sections. 

Forward Analysis 

Methods of calculating pavement response (forward calculation) include (1) closed-form 
solutions based on Boussinesq’s original halfspace solution, (2) layered elastic solutions based 
on Burmister’s original two- and three-layer solutions, and (3) finite element solutions.(63–65) 
Some of the common computer programs for flexible pavement analysis are presented in table 2, 
along with their basis and characteristics.  
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Table 2. Flexible pavement analysis programs.(66) 
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APAS-WIN Multilayer 3 — — — — Y — Y Y — — Y — Y — 
AXYDIN Axi-symmetric 

FEM 
1 — — — — — Y — — — — — — — — 

BISAR/SPDM Multilayer 3 — — — Y Y — Y — — — — — Y Y 
CIRCLY Multilayer 3 — — Y Y — — Y Y — — — Y Y — 
CAPA-3D 3D-FEM 3 Y Y Y Y — Y — Y — Y Y Y Y Y 
CESAR 3D-FEM 3 Y Y Y Y Y Y — Y Y Y — Y Y Y 
ECOROUTE2 Multilayer 1 — — — Y — — — Y — — — Y — — 
ELSYM 5 Multilayer 1 — — — — — — — — — — — — — — 
KENLAYER Multilayer 2 Y Y — Y — Y — Y — — — Y Y Y 
MICHPAVE Axi-symmetric 

FEM 
1 Y — — — — — — — — — — — Y — 

MMOPP Multilayer 2 Y — — — Y Y Y Y Y Y — Y Y Y 
NOAH Multilayer 3 — — Y Y Y  Y  Y — — — Y Y 
ROADENT/ 
WESLEA3 

Multilayer 2 — — — Y Y — Y Y — — — — — — 

SYSTUS 3D-FEM 2 Y Y Y Y — Y — Y — Y — — — — 
VAGDIM 95 Multilayer 3 — — — — Y — — — — — Y Y Y Y 
VEROAD Multilayer 1 — Y — — — — Y Y Y — — — — — 
VESYS Multilayer 3 — — — — Y — Y Y Y — — Y Y Y 
Def. = Deformation. 
Y = Yes. 
— Indicates properties not considered in the program.  
1Type: 1 = Response only, 2 = Response + Partial Performance, and 3 = Full Design Procedure. See section 2.4 of  
  reference 66. 
2Model was not used in the project because of lack of availability. 
3Only the response model WESLEA was evaluated in the project. 

MET 
The most useful solution in the first category is MET, which is based on Odemark’s 
assumptions.(33) In this method, the deflections of a multilayered pavement system with moduli 
Ei and layer thicknesses hi can be obtained using a single layer of thickness H and modulus E 
provided that H satisfies the equation in figure 68. 

 
Figure 68. Equation. Odemark transformation. 

This method is reported to produce results that are as good as or better than those from layered 
elastic and finite element solutions, when compared with measured data.(33,34) The method can 
also be adapted to handle nonlinear subgrade materials. Another clear advantage of this method 
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is its simplicity, which leads to significant savings in computation time, a feature that is 
particularly useful in backcalculation because many iterations are usually required. 

Layered Elastic Solutions 
The layered elastic solutions are by far the most commonly used among all methods. They are 
generally restricted to linear elastostatic analysis and have been shown to produce good results if 
material behavior remains in the linear range. Numerous pavement-specific computer programs 
(such as CHEVRON, ELSYM5, and BISAR) have been developed using the n-layer solution 
provided by Schiffman.(35) The basic assumptions in this category of solutions are the following: 

• Surface load is uniformly distributed over a circular area. 
• All layers are homogeneous, isotropic, and linearly elastic. 
• Upper layers extend horizontally to infinity. 
• Bottom layer is a semi-infinite halfspace. 

Some of the available computer programs do allow for  nonlinear response (e.g., NELAPAV, 
PADAL) or viscoelastic response (e.g., VESYS, KENPAVE). 

FEA Method 
A number of computer programs based on FEA have also been used for pavement analysis, 
including three-dimensional (3-D) general purpose (structural mechanics) programs such as 
SAP®, ABAQUS®, and ANSYS®, and pavement-specific programs for two-dimensional 
axisymmetric (e.g., ILLIPAVE, MICHPAVE) and 3-D solutions (CAPA-3D). The main 
advantage of using FEA is the ability to handle material variability and nonlinearity in both 
vertical and horizontal directions, and to include any number of sophisticated constitutive 
models. However, most of these programs involve a large number of elements and input 
parameters, and therefore are much more time-consuming to set up and to run. Hence, their use 
has been limited mainly to the pavement research community, although there has been a growing 
interest in their use among pavement engineers in recent years. 

Dynamic Solutions 
Computer programs for dynamic analysis of pavement systems use either dynamic damped-
elastic finite-layer or finite element models for their forward solutions. The finite layer solutions 
are based on Kausel’s formulation, which subdivides the medium into discrete layers that have a 
linear displacement function in the vertical direction and satisfy the wave equation in the 
horizontal direction.(67) Examples of programs containing such solutions include UTDYNAF, 
UTFWD, GREEN, and SAPSI. (See references 68 through 71.) The computer program 
SCALPOT models the asphalt concrete layer as a viscoelastic material using a two-parameter 
power law model, while the SAPSI program allows the layer material properties to be complex 
and frequency-dependent.(72) Al-Khoury et al. developed an efficient forward solution for the 
dynamic analysis of flexible pavements using the spectral element technique for the simulation 
of wave propagation in layered systems.(73) The method can model each layer as one element 
without the need for subdivision into several sublayers.  
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Backcalculation Analysis 

Existing backcalculation routines can be categorized in three major groups, depending on the 
techniques used to reach the solution. These three techniques can be applied to any of the 
forward analysis methods previously discussed. The first group is based on iteration techniques, 
which repeatedly use a forward analysis method in an iterative process. The layer moduli are 
repeatedly adjusted until a suitable match between the calculated and measured deflection basins 
is obtained. The second group is based on searching a database of deflection basins. A forward 
calculating scheme is used to generate a database, which is then searched to find a best match for 
the observed deflection basin. The third group is based on the use of regression equations fitted 
to a database of deflection basins generated by a forward calculation scheme. Each of these 
schemes is described in the following sections. 

Closed-Form Method 
The original ELMOD3 program uses the Odemark-Boussinesq method of equivalent layer 
thickness concept and the radius of curvature method.(32) Initially, the subgrade material 
properties, stiffness and nonlinearity, are calculated using the deflections from the outer sensors. 
The radius of curvature from the central sensors can be used to assess the stiffness of the upper 
pavement layer. The stiffness of remaining layers is then calculated based on the overall 
pavement response to the applied load. This ensures that the proposed pavement structure results 
in the correct central deflection under the measured load. 

The surface modulus concept is very useful for estimating the subgrade modulus and for 
diagnosing stress-sensitive subgrade material and the presence of stiffer layers. It uses 
Boussinesq’s original closed-form equations (see figure 69 and figure 70.) relating the vertical 
deflection on the surface of a homogeneous, isotropic, linearly elastic halfspace δZ and the elastic 
(Young’s) modulus E as follows: 

 
Figure 69. Equation. Deflection for uniformly distributed load. 

 
Figure 70. Equation. Deflection for point load. 

Where: 

P = Surface load (force). 
r = Radial distance from center of load. 
a = Radius of loaded area. 

 = Poisson’s ratio. 

These equations can be used directly to backcalculate the surface modulus Eo given a measured 
surface deflection due to a known load. For a multilayered pavement system, the calculated 
surface modulus at the center underestimates the modulus of the surface layer, and it 
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overestimates the modulus of the subgrade. However, as illustrated in figure 71, the surface 
modulus approaches a constant value at large radii; this value corresponds to the subgrade 
modulus, illustrating a basic principle of backcalculation, which is that the outer deflections can 
be used to determine the moduli of the deeper layers. If the surface modulus increases with 
increasing radial distance, then it is an indication of a stress-sensitive (nonlinear) subgrade or the 
presence of a stiff layer.(33) The effect of Poisson’s ratio is relatively small for most typical values.  

 
By permission of D.P. Orr, Director, Cornell Local Roads Program 
1 mm = 0.039 inches. 
1 MPa = 145 lbf/inch2. 

Figure 71. Graph. Surface modulus for a three-layer pavement and a halfspace.(35) 

Iterative Deflection Basin Fit Methods 
In this approach, layer moduli are repeatedly changed until the calculated deflection basin 
matches the measured one (see figure 72) within a specified tolerance. The flowchart in  
figure 38 (see chapter 3) illustrates this process.  
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©Washington State Department of Transportation 

Figure 72. Diagram. Matching measured and calculated deflection basins.(40) 

The main steps of the iteration process are as follows:(37) 

• Step 1: Measure surface deflections at known radial distances from the center of the 
loaded area. 

• Step 2: Enter layer thicknesses, load application characteristics, and Poisson’s ratios for 
each layer.  

• Step 3: Start the forward calculation process using initially assumed layer modulus 
values (seed moduli), which are required as input. Seed moduli are sometimes 
generated by the program using measured deflections and regression equations; 
otherwise, the user must specify them. At this stage, some programs use a database 
approach to obtain seed moduli. 

• Step 4: Use data specified in step 2 and the latest set of layer moduli to calculate surface 
deflections at the same radial offsets at which the deflections were measured. 

• Step 5: Perform an error check to assess whether the measured and calculated surface 
deflections are within specified tolerance limits. At this stage, different techniques are 
used to adjust the set of layer moduli so the new set of moduli reduces the error 
quantified by the objective function. The method by which the moduli are adjusted is the 
main differentiating factor between most iterative-based programs. Repeat steps 4 and 5 
until the value of the objective function is sufficiently small or the adjustments to the 
layer moduli are very small. 
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The search algorithm is usually achieved by minimizing an objective function of any set of 
independent variables (i.e., layer moduli, thicknesses, etc.), which is commonly defined as the 
weighted sum of squares of the differences between calculated and measured surface deflections, 
shown in figure 73: 

 
Figure 73. Equation. Objective function to be minimized in the search algorithm for 

minimizing differences between measured and computed deflections. 

Where: 

wjm = Measured deflection at sensor j. 
wjc = Calculated deflection at sensor j. 
aj = Weighing factor for sensor j. 

The equation in figure 73 can be solved using nonlinear optimization methods, which locate the 
least value of the objective function. Many minimization techniques are available in the 
literature, including the following:(42) 

• Factored secant update method. 
• Modified Levenberg-Marquardt algorithm. 
• Modified Powell hybrid algorithm. 

One of the problems of this approach is that the multidimensional surface represented by the 
objective function may have many local minima. As a result, the program may converge to 
different solutions for different sets of seed moduli. Another problem is that the convergence can 
be very slow, requiring numerous calls to a mechanistic analysis program. 

An example of an iterative program is EVERCALC©, which uses the Levenberg-Marquardt 
minimization algorithm.(43) The program seeks to minimize an objective function formed as the 
sum of squared relative differences between the calculated and measured surface deflections. 
EVERCALC© is a robust, efficient, and accurate program, and uses the CHEVRON computer 
program for forward calculations. 

The series of programs with names ending in “DEF” use an assumed linear variation in 
logarithmic space between layer moduli and surface deflections to revise the layer moduli after 
each iteration. These programs employ a gradient search technique, and the “correct” set of 
moduli is searched in an iterative manner. The CHEVDEF program is one such example in 
which the CHEVRON program is used for forward calculations. A set of seed moduli are 
required to be entered by the user in this program to start the iteration process.(44,74) The 
linearization of the model in logarithmic space simplifies the search for a new set of moduli. 
However, the results obtained by these programs are highly dependent on the initial seed moduli. 

In addition to the original radius of curvature method, the newer ELMOD5 program has options 
where the deflection basins (calculated using the Odemark-Boussinesq MET, WESLAYER, or 
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finite element method) are matched iteratively with the convergence criteria based on the degree 
of fit between the measured and calculated deflection basins. 

The search method can also take the form of solving the linear set of equations shown in figure 74.  

 
Figure 74. Equation. Deflection basins matched iteratively with the convergence criteria. 

Where: 

[F]k = kth iteration of the m x n matrix of partial derivatives fj/ Ei, where j = 1 to m and m is the 
number of deflections measured, and i = 1 to n where n is the number of layers in the pavement.  
{d}k = kth iteration difference vector, Ei

k+1 – Ei
k, between the new and old moduli. 

{r}k = kth iteration residual vector, wjc – wjm, between the most recently calculated and the 
measured surface deflections. 

An example of an iterative program using the above search method is MICHBACK©, which 
uses the modified Newton-Raphson (also called secant) method. The method of least-squares is 
used to solve the overdetermined system of equations (m equations in n unknowns, m > n) in the 
figure 74 equation. If desired, weighting factors can be used for each sensor measurement to 
emphasize some deflection measurements over others. MICHBACK© also uses the 
CHEVRONX computer program for forward calculations. 

Database Approach 
In this method, a forward calculation program is used to generate a database of deflection basins 
for different combinations of layer moduli, specified layer thicknesses, material properties, 
pavement types, and loading conditions. The measured deflection basin is compared with the 
deflection basins in the database using a search algorithm, and a set of moduli are interpolated 
from the layer moduli that produces the closest calculated deflection basins in the database. 

The MODULUS backcalculation program, which uses databases generated by the WESLEA 
program, is one such example.(36,37) The number of basins required to obtain a suitable database 
depends on the number of layers and the expected moduli ranges provided by the user. Wide 
ranges require generation of a greater number of basins than narrow ones. The generated deflection 
basins are then searched using the Hookes-Jeeves algorithm, and a three-point Lagrangian method 
is used to interpolate the values of the moduli between the various deflection basins. The program 
seeks to obtain a set of moduli that minimize an objective function defined as the relative sum of 
squared differences between the measured and calculated surface deflections. The program always 
converges, although the chances of converging to a local minimum cannot be ruled out.(38) The 
program performs a convexity test to determine the likelihood of having converged to a local 
minimum, and the user is warned if this test is not satisfied. 

Backcalculation based on a database search is especially suitable when a large number of 
pavements with a similar configuration need to be tested in succession. For these situations the 
database, once generated, can be used repeatedly to backcalculate values of the modulus of the 
various pavement layer for all similar pavements, and the time required to generate the database 
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can be minimized. This technique can be used with a database generated from any linear or 
nonlinear program.(38)  

Statistical Analysis 
This method is similar to the database approach, the only difference being how the database is 
used. The database is created by using any forward calculation routine, and then statistical 
analysis is performed to generate regression equations. These equations use the deflections as 
independent variables and attempt to predict the values of the layer moduli. Pavements of 
different configurations can be grouped separately to yield different equations for more accurate 
predictions. Different prediction equations are required for each pavement layer, and pavements 
with a different number of layers must be treated separately. 

This technique is best suited for agencies that deal with limited and known types and 
configurations of pavement. Database generation to include all the expected combinations of 
pavement layers in the initial stages can offset this disadvantage to a large extent. Once the 
regression equations are obtained, this technique is simple and extremely quick. The results, on 
the other hand, vary in accuracy depending on how well the database used to generate the 
statistical equations represents the pavement being analyzed. 

Dynamic Backcalculation Methods 
Most dynamic backcalculation methods use dynamic, damped-elastic finite-layer or finite 
element models for their forward solutions, as previously discussed. Dynamic backcalculation 
methods are based on either frequency or time domain solutions. For the former procedure, the 
applied load and measured deflection time histories are transformed into the frequency domain 
by using FFT. Backcalculation of layer parameters is done by matching the calculated steady-
state (complex) deflection basin with the frequency component of the measured sensor 
deflections at one or more frequencies. In time domain backcalculation, the measured deflection 
time histories are directly compared with the predicted results from the forward program. One of 
the advantages of this method is that matching can be achieved for any time interval desired. 
Uzan compared the two methods and concluded that time domain backcalculation was preferred 
over frequency domain backcalculation.(75)  

BACKCALCULATION COMPUTER PROGRAMS 

Static Backcalculation Programs 

Numerous computer programs for performing automated backcalculation have been written. 
Some of the known static backcalculation computer programs and their characteristics are 
presented in table 3. Different versions of these programs exist, with improved and/or updated 
editions being released periodically. Most of the automated backcalculation programs rely on 
static analysis and a linear elastic layer program. Notable exceptions include ELMOD®, which 
can use either Odemark’s method or the finite element method in addition to the layered elastic 
solution, and MODCOMP©, which can handle nonlinear material properties.  
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Table 3. Commonly available backcalculation computer programs for flexible pavements. 
Pr

og
ra

m
 

N
am

e 

D
ev

el
op

er
 

Fo
rw

ar
d 

C
al

cu
la

tio
n 

M
et

ho
d 

Fo
rw

ar
d 

C
al

cu
la

tio
n  

Su
br

ou
tin

e 

B
ac

kc
al

cu
la

ti
on

 M
et

ho
d 

N
on

lin
ea

r 
A

na
ly

si
s 

La
ye

r 
In

te
rf

ac
e 

A
na

ly
si

s 

M
ax

im
um

 
N

um
be

r 
of

 
La

ye
rs

 

Se
ed

 M
od

ul
i 

R
an

ge
 o

f 
A

cc
ep

ta
bl

e 
M

od
ul

us
 

A
bi

lit
y 

to
 F

ix
 

M
od

ul
us

 

C
on

ve
rg

en
ce

 
Sc

he
m

e 

E
rr

or
 

W
ei

gh
tin

g 
Fu

nc
tio

n 

BISDEF© USACE-WES Multilayer 
Elastic Theory 

BISAR Iterative No Variable Number of 
deflections; best 
for 3 unknowns 

Required Required Yes Sum of 
squares of 
absolute error 

Yes 

BOUSDEF Zhou et al. 
(Oregon 
State) 

MET MET Iterative Yes Fixed 
(rough) 

At least 4 Required Required N/A Sum of 
percent errors 

N/A 

CHEVDEF USACE-WES Multilayer 
Elastic Theory 

CHEVRON Iterative No Fixed 
(rough) 

Number of 
deflections; best 
for 3 unknowns 

Required Required Yes Sum of 
squares of 
absolute error 

Yes 

COMDEF USACE-WES Multilayer 
Elastic Theory 

BISAR Database No Fixed 
(rough) 

3 No No N/A Various No 

DBCONPAS Tia et al. 
(University of 
Florida) 

Finite Element FEACONS III Database Yes? Yes? N/A No No N/A NA N/A 

ELMOD®/ 
ELCON 

Ullidtz 
(Dynatest®) 

MET MET Iterative Yes 
(subgrade 

only) 

Fixed 
(rough) 

4 (exclusive of 
rigid layer) 

No No Yes Relative error 
of 5 sensors 

No 

ELSDEF Texas A&M, 
USACE-WES 

Multilayer 
Elastic Theory 

ELSYM5 Iterative No Fixed 
(rough) 

Number of 
deflections; best 
for 3 unknowns 

Required Required Yes Sum of 
squares of 
absolute error 

Yes 

EMOD PCS/Law Multilayer 
Elastic Theory 

CHEVRON Iterative Yes 
(subgrade 

only) 

Fixed 
(rough) 

3 Required Required Yes Sum of 
Relative 
squared error 

No 

EVERCALC© Mahoney et 
al. 

Multilayer 
Elastic Theory 

CHEVRON Iterative Yes Fixed 
(rough) 

3 (exclusive of 
rigid layer) 

Required Required Yes Sum of 
absolute error 

No 

FPEDD1 Uddin Multilayer 
Elastic Theory 

BASINF? Iterative Yes Fixed 
(rough) 

N/A Program 
Generated 

NA N/A NA No 

ISSEM4 Ullidtz, 
Stubstad 

Multilayer 
Elastic Theory 

ELSYM5 Iterative Yes 
(finite 

cylinder 
concept) 

Fixed 
(rough) 

4 Required Required Yes Relative 
deflection 
error 

No 
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MICHBACK© Harichandran 
et al. 

Multilayer 
Elastic Theory 

CHEVRONX Newton method No Fixed 
(rough) 

Number of 
deflections; best 
for 3 unknowns 

Required Required Yes Sum of 
relative 
squared error 

NA 

MODCOMP5 Irwin, 
Szebenyi 

Multilayer 
Elastic Theory 

CHEVRON Iterative Yes Fixed 
(rough) 

2 to 15 layers; 
maximum of 
5 unknown layers 

Required Required Yes Relative 
deflection 
error at 
sensors 

No 

MODULUS Texas 
Transportation 
Institute 

Multilayer 
Elastic Theory 

WESLEA Database Yes? Fixed? 4 unknowns plus 
stiff layer 

Required Required Yes Sum of 
relative 
squared error 

Yes 

PADAL Brown et al. Multilayer 
Elastic Theory 

n/a Iterative Yes 
(subgrade 

only) 

Fixed ? n/a Required N/A N/A Sum of 
relative 
squared error 

N/A 

RPEDD1 Uddin Multilayer 
Elastic Theory 

BASINR ? Iterative Yes Fixed ? n/a Program 
Generated 

N/A N/A n/a No 

WESDEF USACE-WES Multilayer 
Elastic Theory 

WESLEA Iterative No Variable 5 Required Required Yes Sum of 
squares of 
absolute error 

Yes 

N/A = Not applicable. 
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Accuracy and Reliability 
Many of the programs written for production purposes are intended to get to an accurate solution 
reliably. While most static backcalculation programs usually converge to a solution reasonably 
quickly and reliably, one cannot assert the uniqueness of the set of layer moduli derived from 
any search method. For this reason, many programs use various controls to guide the iterative 
search toward an “acceptable” set of layer moduli. These include (1) making some assumptions 
about the type of pavement system being analyzed (e.g., assuming that layer moduli decrease 
with depth, that the subgrade modulus is constant with depth, that a rigid layer exists a certain 
depth, and so on), and (2) limiting the acceptable range of moduli for each individual layer type. 

Required Inputs 
Required inputs typically include peak sensor deflections and their location, peak load values, 
the number of layers in the pavement system and their thicknesses, and assumed values for 
Poisson’s ratios. Most programs also require seed moduli as input, although some have methods 
that generate these from the measured deflections or from regression equations. 

Resulting Outputs 
Typical outputs include the measured and calculated deflections, the differences and percent 
differences, the final set of layer moduli, and the error sums. Most of the existing backcalculation 
programs allow for 3 to 5 layers; a notable exception is the MODCOMP5 program, which allows 
up to 15 layers (with a maximum of 5 unknown layers). 

User Friendliness 
Because many of the backcalculation programs are written for production purposes, they are user 
friendly, require minimum involvement from the user, and provide various features intended to 
be useful for project-level analysis. Conversely, those programs written for use in research tend 
to lack the features needed for production. They also usually allow and require significant 
involvement from the user. These include dynamic backcalculation programs that rely on 
dynamic analysis to calculate the deflection time histories, and those that use available, general-
use finite element method programs. 

Advantages and Disadvantages 
Attempting to do a one-on-one comparison of different backcalculation programs for the purpose 
of identifying the best one is a difficult task. All of these programs have different pros and cons, 
and each may be particularly useful in a specific situation. Before making such comparisons, one 
should first define the purpose in doing backcalculation and the evaluation criteria that one will 
use. In general, the advantage of using simpler methods is that they are very fast and easy to use. 
Their disadvantage is that they are limited in their interpretation of the FWD data. For example, 
most static backcalculation programs are limited to three layers. This may not be sufficient to 
characterize realistic pavement profiles, which may comprise five or more layers and cannot be 
used to allow for variation of subgrade modulus with depth, for example. On the other hand, 
more advanced methods of backcalculation, which will theoretically allow for the 
backcalculation of a larger number of parameters, are computationally expensive and time 
consuming. Also, they are not guaranteed to converge when using real field-measured data. 
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Dynamic Backcalculation Programs 

A number of computer programs have been developed for dynamic backcalculation of flexible 
pavement layer parameters. Each program employs a particular forward model and a specific 
backcalculation scheme. All of these programs require the time histories of the load and deflection 
sensors. Theoretically, because these time histories contain more information than just the peak 
values of load and deflection, dynamic backcalculation programs can backcalculate a larger 
number of parameters when using synthetically generated deflection time histories. However, there 
are serious challenges when using measured field data. For example, the frequency-domain 
solutions can lead to large errors if the measured FWD records are truncated before the motions 
fully decay in time.  

Time-domain backcalculation solutions present another set of challenges. For example, the time 
synchronization between the load and sensor records and the digitization of the response can be 
problematic. Noise in the data and the ill-posed nature of the inversion problem can be amplified 
when matching traces of time histories, requiring special filtering and regularization techniques 
that are not easy to implement. In addition, unlike frequency-domain analysis where the 
properties are backcalculated at each frequency independently, time-domain backcalculation 
precludes making a choice about the behavior of material properties with frequency; that is, it 
either assumes a constant HMA modulus (similar to static backcalculation) or a prescribed 
function of the HMA layer modulus with frequency (e.g., linear relation in the log-log space). 
While this assumption may be acceptable for unbound materials, it may significantly affect the 
predicted response of the HMA layer because of its viscoelastic nature. Finally, none of these 
programs are considered ready for production mode because they usually require a lot of 
involvement from the user, are computationally very expensive, and have not been fully 
evaluated for use with field-measured data. Some of the dynamic backcalculation computer 
programs and their characteristics are presented in table 4. A brief overview of the programs 
developed to date is also provided. 
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Table 4. Dynamic backcalculation programs for flexible pavements. 

Program Domain Inverse Method 
Forward 
Program Reference 

BKGREEN Frequency Nonlinear least-square optimization GREEN 70 
No name Frequency/ 

Time 
Newton’s method UTFWIBM 76 

PAVE-SID Frequency System Identification (SID) SCALPOT 72 
FEDPAN Time Linear least squares SAP IV 77 
No name1 Frequency Levenberg-Marquardt SAPSI 78 
No name1 Frequency Secant Update 

Levenberg-Marquardt 
Powell Hybrid 

LAMDA 79 

No name1 Time Gauss-Newton method FEM 80 
DYNABACK Frequency/ 

Time 
Newton’s method with least-square or 
SVD method 

SAPSI 81, 82, 46 

EVERCALCII Time Nonlinear least square optimization 
with Tikhonov regularization and 
continuation method 

FEM 83 

1Program was developed for internal study and was never assigned a label. 

Uzan presented two dynamic linear backcalculation procedures, one in the time domain and the 
other in the frequency domain.(76) Both approaches use the program UTFWIBM as the forward 
model and Newton’s method as the backcalculation solution. 

PAVE-SID is a computer program that uses the SCALPOT program to generate frequency 
response curves; a system identification technique is applied for matching computed frequency 
data to extract pavement properties.(72) SCALPOT computes the dynamic response of a 
horizontally layered viscoelastic halfspace to a time dependent surface pressure distribution.  

BKGREEN models the pavement as a layered elastic system in terms of dynamic Green 
flexibility influence functions using Kausel’s formulation of discrete Green functions for dynamic 
loads in linear viscoelastic layered media.(70,67) Backcalculation is done at multiple frequencies, 
and the set of layer moduli is determined using a nonlinear least squares technique. The 
calculation can experience some computational difficulties at certain frequencies because of the 
numerical complications associated with implementing infinite integration in computer codes. 

Al-Khoury et al. developed an axisymmetric layered solution as a forward model using the 
spectral element technique, and used the modified Levenberg-Marquardt and Powell hybrid 
methods for solving the resulting system of nonlinear equations.(73,79,84)  

Losa used SAPSI as the forward program and a nonlinear least squares optimization technique 
(Levenberg-Marquardt method) for multifrequency backcalculation.(78,71) The HMA and 
subgrade materials were assumed to be frequency dependent while the base/subbase material was 
assumed to be frequency independent. 

FEDPAN is a finite element program that can perform both static and dynamic backcalculation 
for three-layer pavement systems using the CHEVDEF backcalculation algorithm.(77,44) This 
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program can simulate the effects of pavement inertia and damping in the dynamic analysis, and 
material nonlinearity in the static analysis.  

Meier and Rix developed an ANN solution that has been trained to backcalculate pavement layer 
moduli for three-layer flexible pavement systems using synthetic dynamic deflection basins.(47) 
The dynamic pavement response was calculated using an elastodynamic Green function solution 
based on Kausel’s formulation.(67)  

Work by Chatti developed the DYNABACK computer program, which allows for different 
dynamic backcalculation algorithms for both frequency-based and time-based solutions.(81,82,46) 
The DYNABACK program uses the SAPSI program as its forward solution and an expanded 
version of the modified Newton-Raphson algorithm in the MICHBACK© program as its 
backcalculation solution.(71,85) The solution uses the least squares minimization technique to 
solve the real-valued gradient matrix equation. The DYNABACK program includes two basic 
solutions with several options for backcalculating different layer parameters: (1) frequency-
domain backcalculation at one or multiple frequencies and (2) time-domain backcalculation 
using peak responses or time history traces. Theoretically, single frequency backcalculation can 
be used to backcalculate up to 8 parameters while multiple frequency backcalculation can be 
used to backcalculate up to 15 parameters. The same is true for time domain backcalculation 
using peak responses and traces, respectively. However, when using measured deflection time 
histories, the number of backcalculated parameters must be reduced to fewer than eight. 

Finally, Turkiyyah has been developing an improved EVERCALCII program that uses the 
complete FWD sensor time histories to recover pavement layer moduli distribution and 
thicknesses using thin “computational layers” that discretize the profile.(83) In this solution, 
physical layer thicknesses may be obtained, after backcalculation of thin computational layer 
moduli, by grouping thin layers of similar moduli values. Two regularization techniques are 
employed: one involves the absolute values of the moduli to prevent physically unrealistic 
solutions with large layer moduli, while the second controls the gradient of the moduli in the 
vertical direction to prevent convergence to profiles with neighboring layers that alternate 
between high and low moduli. In addition, a continuation scheme is used to control the weights 
on the regularization terms to overcome the ill-posed nature of the optimization problem. 
Because this solution relies on backcalculating the moduli of a relatively large number of 
elements that make up these thin computational layers, the computational effort for solving the 
inverse problem is very significant. Efforts are underway to speed up the forward (finite element 
method) solution. 

DATA-RELATED ISSUES 

The primary issues related to FWD data analysis and interpretation are (1) errors in measurement 
(relevant to static and dynamic backcalculation) and (2) signal noise and truncation (relevant for 
dynamic analysis only). These topics are discussed in the following sections. 

FWD Data Errors 

According to Irwin, there are three main sources of errors in FWD data: (1) seating errors, 
(2) random errors, and (3) systematic errors.(35) Irwin, Yang, and Stubstad showed that even very 
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small deflection errors (on the order of 2 m or less) can lead to very large errors in the 
backcalculated moduli.(86) 

Seating Errors 
Seating errors are caused by the rough texture of pavements and are of more critical importance 
in testing HMA pavements. These errors can be eliminated by applying one or two drops at each 
new test point. This causes the deflection sensors to become seated. 

Random Errors 
Random errors are associated with the analog-to-digital conversion of the deflections and are on 
the order of ±2 m.(86) Random errors cannot be completely eliminated, but they can be reduced 
by taking multiple readings and averaging the results. This reduction is proportional to the square 
root of the number of observations used in computing the mean. For example, if four replicate 
FWD drops (with the same height) at the same point were averaged, the random error would be 
reduced by half. Care must be taken to ensure that no liquefaction or compaction has taken place 
because of the additional drops.(35) 

Systematic Errors 
Systematic errors are associated with the particular FWD equipment and its specific sensors. 
Systematic errors are on the order of ±2 percent. FWD specifications therefore call for an accuracy 
of ±2 percent or ±2 m, whichever is larger. This specification combines the systematic error and 
the random error. Systematic errors can be reduced to 0.3 percent or less for each individual 
sensor, including the load cell, through calibration.(35)  

Noise and Truncation of FWD Sensor Signals 

The sensitivity of dynamic backcalculation solutions to signal noise is high. Basically, noisy data 
alters the error function surface enough to lead optimization astray. This can cause the search 
algorithm to diverge, or to converge to a different modulus when regularization techniques are 
used. The remedy to noise is to preprocess the raw data by filtering out the high frequency 
content of the signal (anything above 100 Hz) in deflection and load pulse data. 

Another issue that is relevant to dynamic analysis is the existence of a nonphysical time lag between 
the load and deflection pulses that may be caused by synchronization problems in the data acquisition 
system. In addition, most FWD load and deflection pulses are cut off before the complete decay of 
the time histories. This generates a discontinuity in the slope of the function leading to significant 
errors in the frequency content of the signals. This truncation problem can lead to large errors in the 
backcalculated layer parameters when using a frequency-based solution.(81) 

MODELING ISSUES 

Several specific modeling issues are in play when considering backcalculation solutions, as 
described in the following subsections. 

μ 

μ 
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Static Versus Dynamic Response 

As described in chapter 2, the FWD test consists of dropping a large weight from a specified 
height, which creates a 20- to 60-ms impulse load, simulating a moving wheel load. This creates 
waves in the pavement system and underlying subgrade soil. These elastic waves propagate with 
distance and are partly reflected at the interface between any given two successive layers, with 
the remaining wave energy penetrating and propagating to the next layer, and the process is 
repeated. These waves bounce up and down a few hundred times in a given test. The deflection 
time histories lag the load pulse, with the time lag increasing as the distance between the load 
plate and the sensor increases. So, clearly, the FWD test is dynamic.  

The difference between static response and dynamic response can be defined in terms of the 
internal forces involved. In static analysis, only elastic forces are considered. On the other hand, 
viscous and inertial forces are considered in addition to the elastic forces in dynamic analysis. 
The question therefore is whether the effects of viscous and inertial forces are significant enough 
that one cannot afford to ignore them when characterizing the in situ conditions of a pavement 
system under an FWD test. Most pavement engineers argue that backcalculation is an exercise 
that determines pavement parameters, and not properties, that are to be used within a given 
mechanistic framework. Therefore, it is acceptable to use static analysis and to backcalculate 
parameters that are compatible with the current mechanistic-empirical design framework that is 
grounded in static and not dynamic analysis. However, advocates for dynamic analysis maintain 
that such an approach takes advantage of more information provided by the test, which allows 
for backcalculating more parameters such as layer thicknesses or the modulus versus frequency 
curve of the HMA layer. Also, in certain cases, such as the existence of a stiff layer or water 
table at shallow depth, the effect of dynamics on pavement response may be more important.  

Linear Versus Nonlinear Material Response 

When pavement structures are thin enough or the applied loads and corresponding stresses are 
high enough, the subgrade material likely exhibits stress-softening,  nonlinear behavior (i.e., its 
response increases at a higher rate than the load or stress increases). This translates to the 
subgrade modulus changing with depth and radial distance from the load. If the forward model 
uses a layered solution that assumes linear material behavior, it can only use one modulus value 
for an entire layer. Consequently, the backcalculated modulus that is required to match the 
measured deflections is an averaged value. Typically, the backcalculated subgrade modulus is 
higher than the laboratory-based value by a factor of about 1.3 to 3.(87)  

On the other hand, granular (cohesionless) materials used in bases and subbases are stress-
dependent in a different (positive) way (i.e., their modulus increases with increasing 
confinement). Similar to the subgrade modulus, this leads to a base/subbase modulus that varies 
with depth and radial distance from the load, and any linear backcalculation exercise can only 
lead to an averaged modulus value, assuming linear behavior in the forward model leads to an 
underestimation of the base/subbase modulus. The combination of the above phenomena often 
leads to a base modulus that is lower than the subgrade modulus despite the fact that the base 
material is superior to that of the subgrade. One way of addressing this problem is to introduce 
an artificial layer. However, a more direct way of addressing the problem is to treat the subgrade 
as a nonlinear elastic material with stress-dependent modulus as shown in figure 75.(88) 
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Figure 75. Equation. Stress-dependent elastic modulus.(88) 

Where: 

E = Modulus value. 
C = Positive constant. 

1 = Stress. 
p = Reference stress. 
n = Negative constant. 

Ullidtz argues that the effect of the positive nonlinearity in granular base/subbase layers on 
backcalculation results is less important.(88)  

Ideally, only the finite element method can model the variation of moduli with depth and radial 
distance. However, there are models based on layered elastic theory that can handle nonlinear 
behavior approximately (e.g., NELAPAVE and KENPAVE). Ullidtz combines MET described 
previously with a stress-dependent subgrade modulus, as described in figure 75, to handle 
material nonlinearity, and reports that this approach is superior to the finite element method.(88) 

Bedrock or Stiff Layer Effect 

A stiff layer condition can exist if there is shallow bedrock, a stiff clay layer, or a groundwater 
table. The effect of a stiff layer at a shallow depth can be very significant. Assuming the 
subgrade layer to be a semi-infinite halfspace, while in reality the subgrade layer is only a few 
meters thick, causes the backcalculated moduli for the upper pavement layers to be incorrect. 
Generally, when the stiff layer is deeper than about 12 m (39 ft), its presence has little or no 
influence on the backcalculated moduli. The depth to the stiff layer can be evaluated by using a 
relationship between the deflection, z, and 1/r, where r is the radius at which it occurs (see 
figure 76). Several regression equations for different HMA layer thicknesses can be used as a 
function of ro and deflection basin parameters.(40) 

An alternative, and arguably better, way to determine the depth to the stiff layer is to use the free 
vibration response from FWD deflection sensor measurements and one-dimensional wave 
propagation theory.(89) Chatti, Ji, and Harichandran modified Roesset’s equations to account for 
different conditions, as shown in the equations in figure 77 and figure 78.(46) 
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©Washington State Department of Transportation 

Figure 76. Graph. Plot of the inverse of deflection offset versus measured deflection.(40) 

 
Figure 77. Equation. Saturated subgrade with bedrock.(46) 

 
Figure 78. Equation. Nonsaturated subgrade with bedrock or groundwater table.(46) 

Where: 

Db = Depth of bedrock. 
Vs = Shear-wave velocity of subgrade = [(Esg/(2(1–u2))/ ]0.5. 
Esg = Modulus of the subgrade. 

 = Unit weight of the subgrade. 
u = Poisson’s ratio of subgrade. 
Td = Natural period of free vibration (see figure 79). 

As defined here, the shear wave velocity of the subgrade, Vs, is a function of the subgrade 
modulus, the subgrade unit weight, and the subgrade Poisson’s ratio. This value can be 
determined using an iterative procedure developed by Lee, Kim, and Ranjithan.(90)  

ρ 
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©K. Chatti 
1 mil = 0.0254 mm. 

Figure 79. Graph. Natural period, Td, from sensor deflection time histories.(46) 

Temperature and Moisture Effects 

Temperature and moisture conditions in the pavement vary over time. This variation occurs daily 
as well as seasonally. A pavement is strongest during the freezing season (in a freezing climate) 
because of the frozen state of the underlying materials. On the other hand, even in a freezing 
environment, the pavement can be at its weakest state during a thaw period, even if that period is 
short and temporary (e.g., on a sunny day in late winter, during the warmest hours around 
midday). In areas where there is little or no freezing, seasonal variations can be very important in 
terms of moisture changes, which affect the modulus of the subgrade and to a lesser extent that 
of the base layer. For the HMA layers, hourly temperature variations during a given day need to 
be taken into account because temperature gradients exist in the pavement, which can lead to 
modulus variation with depth. Also, seasonal variations can have a major effect on the modulus 
of an HMA layer. These effects must be considered when performing backcalculation. It is 
crucial to test the pavement at different times of the year to gain information about the seasonal 
variation. Testing should also be conducted at different times during the day to account for daily 
temperature variations. 

Other Effects 

Several other issues may need to be addressed in backcalculation analysis, including the following: 

• Major cracks in the pavement, or testing near a pavement edge or joint, can cause the 
deflection data to depart drastically from the assumed conditions. 

• Layer thicknesses are often not known, and subsurface layers can be overlooked.  

• Layer thicknesses are not uniform, and materials in the layers are not homogeneous. 
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• Some pavement layers are too thin to be backcalculated in the pavement model. 

Relevance to MEPDG Use 

The required input material properties for HMA pavements in the new MEPDG that are relevant 
to the use of FWD data and backcalculation results are (1) the time-temperature dependent 
dynamic modulus E* for the HMA layer(s), (2) the resilient moduli for the unbound 
base/subbase and subgrade materials, and (3) the elastic modulus of the bedrock, if present.(7) 
The MEPDG also provides an option for considering nonlinear material parameters for the 
unbound layers for level 1 analysis. However, the performance models used in the software have 
not been calibrated for nonlinear conditions; therefore, this option is not considered further in 
this report.  

HMA Materials 

For new HMA design, level 1 analysis requires conducting E* laboratory testing (ASTM D3496) 
at loading frequencies and temperatures of interest for the given mixture.(91) Level 2 analysis 
does not require E* laboratory testing; instead, the user can enter asphalt mix properties 
(gradation parameters) and laboratory binder test data (from G* testing or other conventional 
binder tests). The MEPDG software calculates the corresponding asphalt viscosity values; it then 
uses the modified Witczak equation to predict E* and develops the master curve for the HMA 
mixture.(7) This same procedure is used for level 3 analysis to estimate the HMA dynamic 
modulus except no laboratory test data are required for the binder. 

For rehabilitation design, determination of the HMA layer dynamic modulus follows the same 
general concepts described above, except the software allows use of a modified procedure to 
account for damage incurred in the HMA layer during the life of the existing pavement.(7) The 
procedure therefore determines a “field damaged” dynamic modulus master curve as follows: 

For level 1 analysis, the MEPDG calls for the following procedure:(7) 

• Step 1: Conduct FWD tests in the outer wheelpath over the project to be rehabilitated; 
calculate the mean backcalculated HMA modulus, Edam, for the project, combining layers 
with similar materials and including cracked as well as uncracked areas; record the HMA 
layer temperature at the time of testing and determine the layer thickness along the 
project using coring or ground-penetrating radar (GPR) testing. 

• Step 2: Determine mix volumetric parameters (air void content, asphalt content, and 
gradation) and asphalt viscosity parameters (regression intercept (A) and regression slope of 
viscosity temperature susceptibility (VTS)) from cores and follow the same procedure for 
determining binder viscosity-temperature properties as for new or reconstruction design. 

• Step 3: Develop an undamaged dynamic modulus master curve using the modified 
Witczak equation and the data from step 2 at the same temperature recorded in the field 
and at an equivalent frequency corresponding to the FWD pulse duration.  
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• Step 4: Estimate the fatigue damage in the HMA layer (dac) using the Edam obtained from 
step 1 and the undamaged dynamic modulus, E*, obtained from step 3. 

• Step 5: Calculate '= (1 – dac) ; where  is a function of mix gradation parameters. 

• Step 6: Determine the field-damaged dynamic modulus master curve using ' instead of 
 in the modified Witczak equation. 

For level 2 and level 3 analyses, no FWD testing is required. The level 2 procedure is similar to the 
level 1 procedure, in that field cores are used to obtain the undamaged modulus; however, estimates 
for fatigue damage of the existing asphalt layer is determined through a detailed pavement 
condition survey and the calibrated MEPDG distress models. For the level 3 procedure, no coring 
or testing is required; instead, typical estimates of HMA mix parameters (typical volumetric and 
binder properties) are entered, and the program calculates the undamaged master curve. 

Unbound Materials 

For unbound materials (and bedrock), only level 1 analysis calls for FWD testing in 
rehabilitation and reconstruction designs. The resilient modulus, Mr, for each unbound layer 
(including the subgrade) can be either determined in the laboratory using cyclic triaxial tests or 
backcalculated using standard backcalculation procedures. As discussed previously, while the 
MEPDG does allow for the generalized nonlinear, stress-dependent model in the design 
procedure, this approach is not recommended at this time because the performance models in the 
software have not been calibrated for nonlinear conditions; therefore, the option of 
backcalculating the k1, k2, and k3 parameters in the  nonlinear model is not discussed.(7) 
Consequently, the discussion only includes the backcalculation and use of “effective” moduli 
that would account for any stress sensitivity, cracks, or any other anomalies in any layer within 
the existing pavement. For level 2 analysis, correlations with strength test data are used. For 
level 3, the MEPDG lists typical modulus values based on soil classification, but warns that they 
are very approximate and strongly recommends some form of testing, especially using FWD 
testing and backcalculation (as in level 1).(7)  

The MEPDG notes that the reason for caution is related to using the wrong assumptions: either a 
fairly strong subgrade material may be erroneously assumed to be semi-infinite while it may 
actually be less than 1 m (3 ft) thick (e.g., as part of an embankment), or conversely, a weak 
subgrade soil may be assumed to be semi-infinite while it may, in reality, be overlying a stronger 
soil or bedrock.(7)  

Chemically Stabilized Materials 

Similar to unbound materials, only level 1 analysis calls for FWD testing in rehabilitation and 
reconstruction designs. The modulus, E or Mr, for any chemically stabilized layer (including lean 
concrete and cement stabilized base, as well as lime/cement/flyash stabilized soils) can be either 
determined in the laboratory or backcalculated using standard backcalculation procedures. Layer 
thicknesses can be obtained by coring or using NDT techniques such as GPR. The MEPDG 
recommends performing limited testing on cored lime stabilized soil specimens to verify/confirm 
the backcalculated values and notes that backcalculation of modulus values for layers less than 
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150 mm (6 inches) thick located below other paving layers may be problematic, thus requiring 
laboratory testing.(7)  

For level 2 analysis, correlations with strength test data are used. For level 3, the MEPDG calls 
for estimating the moduli based on experience or historical records and lists typical modulus 
values.(7) The MEPDG also notes that semirigid cementitiously stabilized materials are more 
prone to deterioration owing to repeated traffic loads when used in HMA pavements and 
suggests some typical (minimum) values for such deteriorated materials.(7) 

Using Static Backcalculation in the Current MEPDG Procedure 

It should be clear from the previous discussion that the analysis in the MEPDG software always 
uses an E* master curve and therefore does not accept a constant modulus value for the HMA 
layer(s). This is necessary because the analysis calculates different HMA moduli for the different 
sublayers comprising the HMA layer(s) as a function of depth, speed, and axle type, as explained 
in appendix CC of the MEPDG.(7) For rehabilitation of existing pavements, the current MEPDG 
procedure (level 1) calls for (static) backcalculation of layer moduli, which leads to constant 
backcalculated moduli for all layers, including the HMA layer. To maintain compatibility of 
backcalculated layer moduli with the forward analysis in the software, the MEPDG procedure calls 
for adjusting the HMA dynamic modulus using the damage factor dac (ratio of backcalculated 
HMA modulus to predicted E* value using the Witczak equation).(7) This effectively shifts the 
undamaged master curve down while essentially maintaining the variation with frequency as 
predicted by the Witczak equation. The procedure also calls for adjusting the master curve using 
the aged viscosity value in the predictive E* equation, which would shift the master curve upward; 
however, this upward shift will be negligible compared with the downward shift using the 
backcalculated modulus for the damaged HMA layer, Ei (as explained in previous subsection on 
HMA Materials). 

Feasibility of Using Dynamic Backcalculation for Future Versions of the MEPDG 

Ideally, one should be able to determine a curve of HMA layer modulus as a function of 
frequency using a (dynamic) frequency-based backcalculation algorithm. This would give a more 
direct estimation of the HMA layer modulus with frequency from actual field conditions as 
opposed to relying on a laboratory-derived curve such as the Witczak equation. However, care 
should be taken in interpreting and using such data with the existing MEPDG performance 
predictions because they have been calibrated using laboratory-derived moduli. Also, recent 
analyses show that while dynamic backcalculation methods can backcalculate layer moduli and 
thicknesses accurately from synthetically generated FWD data for pavement systems with three or 
more layers, they present some serious challenges when using field data.(46) The frequency-
domain method can lead to large errors if the measured FWD records are truncated before the 
motions fully decay in time. Dynamic, time-domain backcalculation algorithms present another 
challenge in that they cannot directly determine the HMA modulus as a function of frequency. 
They either assume a constant HMA modulus (similar to static backcalculation) or a prescribed 
function of the HMA layer modulus with frequency (e.g., a linear relation in the log-log space).  
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CHAPTER 5. FWD DATA ANALYSIS AND INTERPRETATION—
RIGID PAVEMENTS 

INTRODUCTION  

FWD testing has been traditionally performed on rigid pavements to assess the condition of the 
pavement to identify the most effective rehabilitation strategy and to establish inputs for an 
overlay design. FWD data are very useful in determining structural deficiencies before the point 
when they manifest as a distress. Although FWD data by itself can be quite useful, it is 
commonly supplemented with a distress survey and possibly GPR testing or destructive testing. 
Use of the FWD to assess the condition of a rigid pavement includes testing at the corner of the 
slab for void detection and adjacent to the form transverse joint to monitor joint performance. 
The MEPDG does not include a direct input for the presence of voids, but this information 
should be used to determine whether subsealing or rubblization should be performed before the 
placement of an overlay. The LTE measured at the joints/cracks is also not a required input for 
the MEPDG but should still be evaluated to determine whether dowel retrofits are necessary 
before placing the overlay or determining the potential for reflective cracking if a HMA overlay 
is applied. 

FWD testing is also performed at midpanel to backcalculate the material properties for designing 
an overlay. Historically, the modulus of subgrade reaction (k-value) has been required to 
characterize the support condition beneath the slab for rigid pavements. When using the MEPDG 
to design overlays placed on existing PCC pavements, the pavement structure can be 
characterized by either the modulus of each layer or the elastic modulus of the slab and the 
modulus of subgrade reaction. 

This chapter discusses the approaches available for backcalculating the material properties of a 
PCC pavement for designing an overlay, analysis and modeling issues associated with these 
approaches, recommendations for using these approaches with the MEPDG, and future research 
needs in the area. 

APPROACHES  

Several approaches are available for backcalculating the moduli of the PCC slab, base, subbase, 
and subgrade, as well as the modulus of subgrade reaction. The two primary approaches are a 
function of how the pavement structure is modeled. The first approach, based on the principles of 
elastic layered analysis, is typically used for flexible pavements but has also been applied to rigid 
pavements. The second approach, in which the pavement structure is modeled as either a slab on 
an elastic solid or on a dense liquid foundation, was specifically developed for rigid pavements 
based on plate theory. 

When the layer moduli are used to define the characteristics of the pavement structure in the 
MEPDG, the software uses an internal conversion process that automatically determines the 
effective k-value corresponding to the layer moduli. (As a side note, traditionally, an effective 
k-value refers to a k-value that is adjusted for seasonal effects, and the composite k-value refers 
to the composite stiffness of all layers beneath the slab. The MEPDG documentation refers to an 
effective k-value as being the composite stiffness of all layers beneath the base, as shown in 
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figure 80.(7)) The process involves backcalculating the effective k-value from the theoretical 
deflection basin produced using the elastic layer program JULEA. However, in this process, the 
subgrade resilient modulus is adjusted to reflect the lower deviator stress under PCC pavements 
(compared with that used in laboratory resilient modulus testing) before generating the deflection 
basin. Therefore, the subgrade resilient modulus backcalculated from FWD testing cannot be 
used directly in the MEPDG for PCC or composite pavements because the backcalculated 
moduli values would reflect the state of stress under PCC pavements, not laboratory testing 
conditions, which is expected in the MEPDG. Although adjustments could again be made to 
obtain “laboratory” resilient moduli, the k-value directly backcalculated from the FWD data best 
represents the true foundation stiffness. 

 
©AASHTO 
JPCP = Jointed portland cement concrete pavement 
CRCP = Continuous reinforced concrete pavement 

Figure 80. Illustration. E-to-k conversion process incorporated in the MEPDG.(6) 

Because the linear elastic layered analysis approach was already discussed in chapter 4 and the 
preferred input is actually the effective k-value, the focus here is on the methods that are based 
on the plate theory approach: the Best-Fit and AREA methods. The Best-Fit method minimizes 
the difference between the predicted and measured deflections at each sensor by solving for the 
best combination of the radius of relative stiffness and the modulus of subgrade reaction. The 
AREA method estimates the radius of relative stiffness based on the AREA of the deflection 
basin. Closed form equations along with the estimated radius of relative stiffness can then be 
used to estimate the modulus of subgrade reaction and the elastic modulus of the slab. Both 
methods are based on Westergaard’s solution for interior loading of a linear elastic, homogenous, 
isotropic plate resting on a dense liquid foundation. 

Available Programs  

The two backcalculation procedures based on plate theory (the AREA method and the Best-Fit 
method) are described in the following sections. 
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AREA Method 

Hoffman and Thompson first introduced the AREA parameter to characterize the deflection basin 
for a simple two-parameter backcalculation procedure for flexible pavements.(50) Foxworthy and 
Darter were the first to apply the AREA concept to the backcalculation for PCC pavements.(92,93) 
Others refined this approach through the development of efficient, closed-form solutions that 
replaced the graphical procedure developed by Foxworthy and Darter.(94,49,95) This method has 
been used quite extensively, in part, because it is the procedure adopted in the 1993 AASHTO 
Guide for Design Pavement Structures.(32)  

The AREA method is based on the unique relationship between the AREA parameter and the 
radius of relative stiffness, , which is defined by the equation in figure 81. 

 
Figure 81. Equation. Computation of radius of relative stiffness. 

Where: 

 = Radius of relative stiffness, mm (inches). 
EPCC = PCC elastic modulus, MPa (lbf/inch2). 
h = Slab thickness, mm (inches). 

 = PCC Poisson’s ratio. 
k = Modulus of subgrade reaction, MPa/mm (lbf/inch2/inch). 

The AREA parameter is calculated based on the trapezoidal rule. It is not the actual area under 
the deflection profile but rather an area normalized with respect to one of the measured 
deflections. Therefore, AREA has the unit of length and not area. The normalization helps reduce 
the effects of load magnitude. The AREA definitions developed for three common sensor 
configurations are provided in the equations in figure 82 through figure 84.(95) 

 
Figure 82. Equation. AREA parameter for four-sensor configuration.(95) 

 
Figure 83. Equation. AREA parameter for seven-sensor configuration.(95) 

 
Figure 84. Equation. AREA parameter for eight- to nine-sensor configuration.(95) 
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The relationship between AREA and  is given by the equation in figure 85, with the regression 
coefficients provided in table 5.(95) These coefficients were defined based on AREA parameters 
provided in U.S. customary units. 

 
Figure 85. Equation. Relationship between AREA and .(95) 

Table 5. Regression coefficients for AREA versus radius of stiffness relationship.(51) 

AREA 
Parameter k1 k2 k3 1/k4 
AREA36 36 1,812.597 2.559 4.387 
AREA60 60 289.708 0.698 2.566 
AREA72 72 242.385 0.442 2.205 

Note: Coefficients are for use with U.S. customary units. 

The radius of relative stiffness is also related to a nondimensional deflection coefficient (d*). 
Once the radius of relative stiffness is determined, the nondimensional deflection coefficient for 
any sensor can be determined using the equation in figure 86 and the regression coefficients 
given in table 6.(95) 

 
Figure 86. Equation. Nondimensional deflection coefficient.(95) 

Where: 

dr
* = Nondimensional deflection coefficient for deflection at radial distance r from load. 

a, b, c = Regression coefficients (see table 6). 
 = Radius of relative stiffness, mm (inches). 
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Table 6. Regression coefficients for nondimensional deflection coefficient.(51) 

Nondimensional 
Deflection 
Coefficient a b c 

d0
* 0.12450 0.14707 0.07565 

d8
* 0.12323 0.46911 0.07209 

d12
* 0.12188 0.79432 0.07074 

d18
* 0.11933 1.38363 0.06909 

d24
* 0.11634 2.06115 0.06775 

d36
* 0.10960 3.62187 0.06568 

d48
* 0.10241 5.41549 0.06402 

d60
* 0.09521 7.41241 0.06255 

d72
* 0.08822 9.59399 0.06118 

Note: Coefficients are for use with U.S. customary units. 

These values can then be used to calculate the k-value based on any sensor deflection using the 
equation in figure 87.(95) 

 
Figure 87. Equation. Calculation of k-value.(95) 

Where: 

k = Modulus of subgrade reaction, MPa/mm (lbf/inch2/inch). 
P = Applied load, N (lbf). 
dr* = Nondimensional deflection coefficient for deflection at radial distance r from the load. 
dr = Measured deflection at radial distance r from the load, mm (inches). 

= Radius of relative stiffness, mm (inches). 

The subgrade k-value is then used to determine the PCC modulus by rearranging the equation in 
figure 81 into the equation shown in figure 88. 

 
Figure 88. Equation. Computation of PCC elastic modulus. 

Where: 

EPCC = Elastic modulus of the slab, MPa (lbf/inch2). 
 = Radius of relative stiffness, mm (inches). 
 = PCC Poisson’s ratio. 
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k = Modulus of subgrade reaction, MPa/mm (lbf/inch2/inches). 
h = Slab thickness, mm (inches). 

The subgrade k-value and EPCC for the entire basin can be determined by averaging the values 
calculated for each deflection sensor. 

Best-Fit Method 

The second backcalculation procedure is the Best-Fit method. With this method, the PCC elastic 
modulus and subgrade k-value are found by identifying the best combination of the two 
parameters that produces a calculated deflection profile that best matches the measured profile.(51) 
This is performed through the minimization of the error function provided in figure 89. 

 
Figure 89. Equation. Minimization of the error function. 

Where: 

E = Elastic modulus of the slab, MPa (lbf/inch2). 
k = Modulus of subgrade reaction, MPa/mm (lbf/inch²/in). 

i = Weighting factor for deflection measured by sensor i. 
wi = Calculated deflection at sensor location i, mm (inches). 
Wi = Measured deflection at sensor location i, mm (inches). 
n = number of sensors. 

The calculated deflection (wi) is based on Westergaard’s solution for interior loading of a plate 
consisting of a linear elastic, homogenous, and isotropic material on a dense liquid foundation. 
The weighting factor i can be set to 1, (1/Wi)2, or any other number as a means of providing 
flexibility to the Best-Fit solution process.(27) Deflection (w) for sensor i located a distance r from 
a uniformly distributed circular load can be determined using the equation in figure 90.(96,27) 

 
Figure 90. Equation. Calculated deflection at specified location.(96,27) 

Where: 

wi = Calculated deflection at sensor location i, mm (inches). 
r = Radial distance of sensor i from the applied load, mm (inches). 
k = Modulus of subgrade reaction, MPa/mm (lbf/inch²/inch). 
fi( ) = A function of , distance from the load, and parameters of applied load. 

 = Radius of relative stiffness, mm (inches). 
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al = (a/ ) = Dimensionless radius of the applied load. 
s = (r/ ) = Normalized radial distance. 

 = (D/k)0.25 = Radius of relative stiffness of plate-subgrade system for dense-liquid foundation. 
D = Eh3/12(1 – 2) = Flexural rigidity of the plate. 
E = Plate elastic modulus. 
m = Plate Poisson’s ratio. 
h = Plate thickness. 
p = Applied load intensity (pressure) = P/(πa2). 
P = Total applied load. 
a = Radius of the applied load. 

Note that ber, bei, ker, and kei are Kelvin Bessel functions that can be evaluated using 
appropriate series expressions.(95) 

Korenev provided the solutions for the constants C1, C2, C3, and C4 shown in figure 91.(97) 

 
Figure 91. Equation. Solutions for C constants.(96) 

Where ker', kei', ber', and bei' are the first derivatives of the Kelvin Bessel functions ker, kei, 
ber, and bei, respectively. 

Based on equations in figure 89 and figure 90, the error function can be defined as shown in 
figure 92. 

 
Figure 92. Equation. Error function. 

The error function is minimized by satisfying the conditions shown in figure 93. 

 
Figure 93. Equation. Minimization of error function. 

The k-value (figure 94) is determined by substituting the error function equation (figure 92) into 
the first condition of figure 93. 
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Figure 94. Equation. k-value determination. 

Substitution of the error function equation (figure 92) into the second condition of figure 93 
yields the equation in figure 95 for the radius of relative stiffness.(27) 

 
Figure 95. Equation. Radius of relative stiffness determination.(27) 

The radius of relative stiffness can then be used to determine the elastic modulus of the slab 
using the equation in figure 88. 

The Best-Fit and AREA methods have both been adopted for a pavement structure modeled as a 
plate on an elastic solid foundation. The procedure was developed based on Losberg’s solution 
for the distribution of deflections under a load distributed uniformly over a circular area for a 
plate on an elastic solid.(98) In the case of the Best-Fit method, the minimization of the error 
function is performed with respect to the elastic modulus of the foundation and the radius of 
relative stiffness for an elastic solid foundation.(27) It was also found that a unique solution exists 
between AREA and the elastic solid radius of relative stiffness, making it possible to develop 
closed-form solutions for the backcalculation of the modulus of an elastic solid foundation using 
the AREA method.(99) Further details on these methods are not provided because the foundation 
is not modeled as an elastic solid in the MEPDG. 

Both the AREA and Best-Fit methods are relatively easy to use even though software programs are 
not available for either method. The AREA method has the advantage that it uses simple, closed-
form solutions, so a spreadsheet can be easily set up to backcalculate the k-value and the elastic 
modulus of the slab. A simple computer program can be written to solve for these parameters using 
the Best-Fit method. The advantage of the Best-Fit method is that backcalculation can be 
performed for any sensor configuration.  

Base Layer 

The methods described are applicable for PCC pavements modeled as slab-on-grade structures. 
This assumes no structural contribution is provided by the base or subbase layer. In fact, these 
layers can have a significant effect on the pavement response when the base layer is stiff. This 
results in an artificially high modulus of the PCC slab. Ioannides and Khazanovich developed an 
approach for the backcalculation of a two-layered slab-on-grade system.(100) The two layers are 
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modeled as either bonded or unbonded plates, and therefore, these layers are considered 
incompressible. Both the unbonded and bonded cases are discussed in the following subsections.  

Unbonded Case 
For the unbonded case, the two plates act independently even though the deflected shapes of the 
two plates are the same. The effective stiffness of the two plates combined (De) is equal to the 
sum of the stiffnesses of the upper plate (D1) and the lower plate (D2), as given by the figure 96 
equation. De can be determined using the backcalculated elastic modulus from the slab-on-grade 
analyses presented above using either the AREA or Best-Fit method. The effective stiffness is 
then determined using the figure 97 equation, which assumes that the thickness of the effective 
plate, he, is equal to the thickness of the upper plate, h1.(27) 

 
Figure 96. Equation. Concept of effective stiffness.(27) 

 
Figure 97. Equation. Effective stiffness determination.(27) 

The Poisson’s ratio of the effective plate, e, the upper plate, 1, and the lower plate, 2, are 
assumed to be equal (figure 98) and, therefore, the equation in figure 99 is valid.  

 
Figure 98. Equation. Equivalency of Poisson’s ratio for all plates.(27) 

 
Figure 99. Equation. Equivalency of plate stiffnesses.(27) 

Where: 

E1 = Elastic modulus of the upper plate, MPa (lbf/inch2). 
E2 = Elastic modulus of the lower plate, MPa (lbf/inch2). 

By introducing an additional input parameter , the stiffness of the two plates (figure 100) can 
be determined using the equations in figure 101 and figure 102. , known as the moduli ratio, is 
the ratio of the stiffness of the lower plate with respect to that of the upper plate. 

 
Figure 100. Equation. Moduli ratio.(27) 
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Figure 101. Equation. Computation of upper plate elastic modulus.(27) 

 
Figure 102. Equation. Computation of lower plate elastic modulus.(27) 

Bonded Case 
When the two plates are bonded, the effective stiffness of the two plates is no longer a 
summation of the upper and lower plates, but can be defined as shown in figure 103.  

 
Figure 103. Equation. Bonded case effective stiffness. 

With the thickness of the effective plate, he, equal to the thickness of the upper plate, h1, the 
elastic modulus backcalculated based on the slab on-grade pavement structure, Ee, can be used to 
determine the elastic modulus of the upper plate, E1, as shown in figure 104. 

 
Figure 104. Equation. Elastic modulus of the upper plate. 

The stiffness of the lower plate, E2, can then be found by multiplying the stiffness of the upper 
plate by . 

This procedure requires that two pieces of information be known at the time FWD testing is 
performed: (1) the bond condition between the slab and the base, and (2) the moduli ratio. 
Engineering judgment is needed in selecting an appropriate moduli ratio. Guidance in selecting a 
moduli ratio is provided by Khazanovich, Tayabji, and Darter, where a table of typical values for 

 is provided for a range of base materials.(27)  

Fortunately, it has been found that the influence of the moduli ratio on EPCC is not significant for 
most projects. The modulus of the base is more sensitive to changes in . The use of an inaccurate 
moduli ratio that does not affect the backcalculated modulus of the slab could still produce an 
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inaccurate elastic modulus for the base. Again, previous studies have shown that as long as the ratio 
is within reasonable limits, the results of backcalculation are insensitive to the ratio.(101,27) 

As previously noted, the bond condition between the base and the slab must be known to use the 
two-layered, slab-on-grade analysis. If the slab is assumed to be fully bonded when it actually is 
unbonded, then unrealistically high moduli will be obtained for the PCC and the base. Likewise, 
if the slab is assumed to be fully unbonded when it actually is bonded, then unrealistically low 
moduli will be obtained. The assumed bond condition should be reevaluated and adjusted 
accordingly if unrealistic moduli are determined. 

Applicability for MEPDG Use  

The Best-Fit method was determined to provide more consistent results and has been 
recommended by other researchers.(51,27) The k-values and slab moduli used to populate the 
LTPP database were also determined using the Best-Fit method. These values were then used in 
the development of the MEPDG. The advantage the Best-Fit method has over the AREA method 
is that the equations can easily be placed in a spreadsheet, making the backcalculation of the 
moduli very simple. 

Another matter to consider when performing backcalculation is defining which sensor configuration 
will provide the best results based on the backcalculation method to be used. When using the Best-
Fit method, it has been found that the four-sensor configuration yielded more reasonable results a 
greater percentage of the time than the seven-sensor configuration (the seven- and four-sensor 
configurations are listed in table 7).(51) Therefore, it is recommended that the four-sensor 
configuration be used for the Best-Fit method. 

Table 7. Distances of each sensor from the applied load for the seven- and four-sensor 
configurations.(51) 

Sensor Configuration Sensor Position (mm) 
Seven 0, 203, 457, 610, 914, and 1,524 
Four 0, 305, 610, and 914 

25.4 mm = 1 inch 

The AREA and Best-Fit methods give comparable results, although the AREA method tends to 
produce k-values that are slightly higher than the values obtained from the Best-Fit method. This 
is largely because of the compressibility of the PCC slab.(27) However, given that good agreement 
was found between the Best-Fit method with the four-sensor configuration and the AREA method 
with the seven-sensor configuration, the latter method is also recommended for use in 
backcalculating moduli.(51,27) 

Accuracy and Reliability  

The reliability of the backcalculation results can be checked by comparing the predicted 
deflection basin with the measured deflection basin. The relative error between the measured 
deflection at each sensor and deflections calculated using the backcalculated parameters can be 
found using the equation in figure 105. The average of the absolute relative errors for all of the 
sensors is the absolute relative error of the deflection basin (figure 106). 
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Figure 105. Equation. Relative error between the measured and calculated deflections. 

Where: 

i = Relative error for sensor i, percent. 
wi = Calculated deflection at sensor location i, mm (inches). 
Wi = Measured deflection at sensor location i, mm (inches). 

 
Figure 106. Equation. Mean absolute relative error for deflection basin. 

Where: 

b = Mean absolute relative error for a deflection basin, percent. 
i = Relative error for sensor i, percent. 

n = Number of sensors used to define the deflection basin. 

A tolerance level of 2 percent for the mean absolute relative error for the deflection basin is 
considered acceptable.(27) 

A check on the validity of the backcalculation data should include not only a comparison of the 
measured and calculated deflection basins at each test location but also the variability of the 
backcalculated parameters along the test section. The coefficient of variation for the 
backcalculated k should be less than 20 percent along any particular section once reasonable 
outliers have been removed.(51) The coefficient of variation for the radius of relative stiffness 
should be less than 10 percent.(27) Factors that might result in coefficients of variation greater 
than this include changes in subgrade type, depth to bedrock, layer thicknesses, layer conditions, 
and slab curling conditions.(51,27)  

ANALYSIS AND MODELING ISSUES  

Various analysis and modeling issues affect the ability to accurately backcalculate E and 
k-values. The most prominent of these issues are discussed in following subsections. 

Temperature Effects 

Slab curling and/or warping can significantly influence the deflection response of PCC 
pavements, but none of the existing methods account for the effects of slab curling.(27,102) 
Khazanovich, Tayabji, and Darter showed k-values backcalculated at one location to be up to 
three times as high as a result of temperature gradients.(27) The magnitude of the effect of the 
gradient is a function of the pavement structure being tested. Vandenbossche found that 
temperature gradients have a greater influence on backcalculated k-values for thinner slabs 
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compared with thicker slabs because the deflections measured on thicker slabs are less sensitive 
to changes in support conditions.(102) Currently, there is no method available for correcting for 
the effects of slab curvature when backcalculating k-values. It is recommended that FWD testing 
be performed when there is no significant temperature gradient present to avoid any influence 
slab curling might have on the backcalculated EPCC and k-values.  

While temperature and moisture gradients can have an effect on the backcalculated EPCC and 
k-values, researchers have found that uniform changes in temperature have little to no 
effect.(102,103) Only large temperature fluctuations (temperatures outside of 7 to 32 °C (45 to 
90 °F)) substantially influence the backcalculated EPCC and k-values.(103) In general, changes in 
the uniform temperature produce very little variation above and beyond what is typically 
inherent to the equipment and pavement materials.  

Slab Size 

The backcalculation procedure presented is based on Westergaard’s solution for an infinite plate, 
but pavements have a finite length and width. Correction factors have been developed for 
determining the elastic modulus and k-value for the interior loading of a square slab by Crovetti 
using the following procedure:(104) 

• Step 1: Estimate  ( est ) using either the Best-Fit or AREA method. 

• Step 2: Calculate L/ est, where L is the length of the sides of the square slab. 

• Step 3: Calculate adjustment factors for the deflection directly under the load plate (do) 
and radius of relative stiffness ( ) using equations in figure 107 and figure 108. 

 
Figure 107. Equation. Adjustment factor for radius of relative stiffness.(104) 

 
Figure 108. Equation. Adjustment factor for the deflection directly under the load plate.(104) 

• Step 4: Calculate adjusted d0, where adjusted d0 is the measured d0 × (AFdo). 

• Step 5: Calculate adjusted , where adjusted  = est × (AF lest). 

• Step 6: Backcalculate EPCC and k-value using the adjusted d0 and the adjusted . 

This method was expanded upon to address rectangular slabs by using an L that represents a 
square slab having the same area as the rectangular slab, as shown in the figure 109 equation.(27) 
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Figure 109. Equation. Conversion to equivalent square slab.(27) 

Where: 

L = Length of square slab, m (ft). 
Lact = Actual slab length, m (ft). 
Wact = Actual slab width, m (ft). 

For longer slabs, where the slab length is greater than twice the width, the equivalent slab length 
is equal to the value calculated using the equation in figure 110.  

 
Figure 110. Equation. Conversion to equivalent square slab (slab length greater than twice 

the width). 

The k-value is then calculated using the figure 111 equation instead of the adjusted d0. 

 
Figure 111. Equation. Calculation of k-value. 

The k-value and the adjusted  can then be used to determine EPCC using the figure 88 equation. 

Corrections for slab length are not frequently used because it is difficult to define the effective 
length and width of the slab. The effective length and width are a function of the LTE at the 
adjacent joints. While this information might be available for the adjacent transverse joints, the 
load transfer across the lane/shoulder and centerline joints are typically not known. Therefore, 
defining the effective width becomes difficult. 

Load Level 

The load magnitude for roadways is typically sufficient that varying load levels does not affect 
the backcalculation results for PCC pavements. Evidence of this is provided in the study by 
Khazanovich, Tayabji, and Darter.(27) Larger loads would be necessary for airport pavements. 

Backcalculated Versus Laboratory Modulus 

Khazanovich, Tayabji, and Darter compared the backcalculated EPCC with the static chord 
modulus measured using ASTM C469 for cores pulled from LTPP rigid pavement sections with 
aggregate bases.(27,105) A very poor correlation was found, which can at least partly be attributed 
to curling/warping of the slab and the inability of the subgrade models to capture the actual 
subgrade response. The backcalculated moduli are also substantially greater than the measured 
static values. This is not surprising because a dynamic modulus is being compared with a static 
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modulus. The difference between a static and dynamic modulus is discussed in more detail in the 
following section. Part of this discrepancy might also be attributable to the difference in the 
magnitude of the stress where the stress-strain relationship is being defined. PCC is modeled as a 
linear elastic material, but it actually is a nonlinear inelastic material in both tension and 
compression. The magnitude of the backcalculated modulus lies somewhere between the initial 
tangent modulus obtained using ASTM C469 and the chord modulus because the stress 
magnitude used to define the initial tangent modulus is substantially lower than that used for the 
chord modulus.(105)  

Although the MEPDG requires a dynamic k-value, the input for PCC modulus is the static chord 
modulus measured based on ASTM C469.(7,105) The MEPDG recommends multiplying the 
backcalculated PCC elastic modulus by 0.8 to convert from a backcalculated modulus to a value 
measured in the laboratory using ASTM C469.(7,105) 

Dynamic Backcalculation  

Backcalculation methods often assume a quasi-static pavement response during FWD testing. 
This assumes the peak deflection at each sensor occurs at the same time as the peak load. What 
actually happens is that the peak load occurs first, followed by the peak deflections. There is a 
significant lag in time between the peak load and the peak deflection for the sensor under the 
load plate and among the peaks of the sensor deflections. The lag can be attributed to the inertia 
of the pavement system and damping effects.(52)  

Some of the seasonal variation in backcalculated moduli can be attributed to the use of static 
backcalculation procedures for the analysis of a dynamic problem. It has been found that not 
only the backcalculated k-value, but also the backcalculated PCC moduli, show seasonal 
variation for pavements in colder climates. The PCC elastic modulus increases when 
temperatures are colder. This increase is larger than what would typically be expected as a result 
of the change in the temperature. Part of this increase in moduli can be attributed to an increase 
in the mass of the plate moved by the FWD load and variation in the subgrade damping due to 
the effects of the temperature and moisture on the lower layers.(52) 

Khazanovich presented a closed-form solution to describe the dynamic behavior of a linear 
elastic, homogeneous, and isotropic plate on a dense liquid foundation based on Westergaard’s 
solution for an interior loading.(52) The damping effects of the foundation are characterized by a 
damping parameter, and a nondimensional mass parameter is used to adjust the dynamic 
pavement response as a result of the effects of the inertia of the pavement. A backcalculation 
procedure can be developed based on this solution. 

RECOMMENDATIONS FOR MEPDG USE  

The input parameters needed for the design of an overlay on top of a PCC pavement using the 
MEPDG that can be extracted from FWD data include the elastic modulus of the existing PCC 
and base layers, the subgrade k-value, and the PCC flexural strength. The moduli for each layer 
can also be backcalculated using layer elastic theory as described in chapter 4, but as previously 
discussed, it is better to define the stiffness of the lower layers with the backcalculated k-value. 
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Recommendations to consider when determining these inputs, based on FWD data, are provided 
in the following subsections. 

Effective k-Value  

As previously discussed, the ideal method for characterizing the subgrade in the MEPDG is by 
backcalculating the effective k-value, which represents the stiffness of all layers beneath the 
base. The user will find that the program still requires the moduli of each layer to be entered as 
well.(7) This is a glitch in the program. Even though the layer moduli are required to be entered, 
the values entered will not affect the design. The design will only consider the effective k-value. 
It is important to correctly enter in the other material characterization properties, such as the 
gradations of these layers, because this information is used along with the Enhanced Integrated 
Climatic Model (EICM) to estimate the seasonal effects on the k-value. When entering the 
k-value, the designer must also enter the month in which the k-value was measured. Seasonal 
corrections are then applied to the k-value based on the moisture conditions predicted through the 
EICM. It is assumed that the correction factors for the k-value are the same as the adjustment 
ratios that would be used for the moisture corrections of the resilient moduli if these values were 
entered instead of a k-value. 

It is important to note that the subgrade k-value determined from backcalculation of FWD data is 
a dynamic k-value, which may be up to three times higher than a static value.(106) Although the 
MEPDG requires a dynamic k-value, many design procedures require the use of a static k-value. 
For instance, in the AASHTO 1993 design procedure, the backcalculated k-value is divided by 
2.0 to obtain a static k-value for use in design.(32)  

PCC Elastic Modulus 

The elastic modulus of the existing slab must be determined for overlay designs and existing 
JPCP being considered for restoration. The elastic modulus can be determined by pulling a core 
and measuring the chord modulus based on ASTM C469 or by using FWD data to backcalculate 
the modulus.(105) A backcalculated modulus must be multiplied by 0.8 to convert from a dynamic 
to a static elastic modulus.  

For an unbonded overlay, the static elastic modulus of the PCC pavement that is determined 
using backcalculation or laboratory testing must be adjusted to reflect the overall condition of the 
pavement. The modulus is adjusted based on the condition of the pavement by multiplying it by 
the appropriate condition factor. Condition factors for a range of pavement conditions are 
provided in table 8. The pavement condition is defined based on the accumulated damage. The 
accumulated damage for a JPCP is a function of the percent slabs cracked (see table 9) and for a 
CRCP, it is based on the number of punchouts per mile (see table 10). The damage factor can 
then be used along with table 11 to provide an estimate of the pavement condition. 

For restoration, the elastic modulus is assumed not to increase over time because the strength and 
stiffness of old concrete will not significantly change. 
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Table 8. Recommended condition factor values used to adjust moduli of intact slabs.(6) 

Qualitative Description of 
Pavement Condition Recommended Condition Factor, C 

Good 0.42 to 0.75 
Moderate 0.22 to 0.42 
Severe 0.042 to 0.22 

 
Table 9 through table 11 provide guidelines to assess pavement condition. 

Table 9. Damage estimates for JPCP based on percent slabs cracked.(6) 

Percent Slabs Cracked Damage 
0 0.100–0.250 
10 0.270 
20 0.438 
30 0.604 
40 0.786 
50 1.000 

Table 10. Damage estimates for CRCP based on punchouts per mile.(6) 

Number of Punchouts 
Per Mile Damage 

0 0.10–0.15 
2 0.22 
4 0.34 
6 0.44 
8 0.53 
10 0.62 

> 10 > 0.62 
1 mile = 1.61 km. 

Table 11. Pavement condition rating based on damage estimates for JPCP and CRCP.(6) 

Category Damage 
Excellent 0.10–0.25 
Good 0.50–0.67 
Fair 1.00 
Poor > 1.00 
Very Poor >> 1.00 
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PCC Flexural Strength  

The PCC flexural strength of the existing slab must also be determined for an overlay design. 
This is best determined by measuring the split tensile strength of cores and then using the split 
tensile strength to estimate the flexural strength. These cores can also be used to determine the 
slab thickness because backcalculation is highly sensitive to layer thicknesses. As a possible 
level 3 input, Foxworthy’s correlation between the backcalculated modulus of the slab, as 
presented in the figure 112 equation, can be used to estimate the flexural strength.(103) This 
relationship was established based on limited data (n = 13) and should therefore be used with 
caution. The coefficient of determination for this relationship is R2 = 0.71. 

 
Figure 112. Equation. Estimate of flexural strength based on elastic modulus.(103) 

Where: 

FS = Flexural strength estimated for indirect tensile strength, lb/inch2. 
E = In situ modulus of elasticity, backcalculated from FWD data, lb/inch2. 

FUTURE RESEARCH NEEDS  

Substantial improvements could be made in the current backcalculation process to help reduce 
the variability found between backcalculated moduli calculated at the same location at different 
times. The development of correction factors that account for dynamic effects would help reduce 
seasonal variability. These correction factors would be used to account for the effects of changes 
in the inertia of the pavement system and damping of the subgrade. Curling/warping of the slab, 
on the other hand, can increase the variability of the backcalculated moduli calculated at the 
same test location throughout the day, although the magnitude of the variability fluctuates 
seasonally. With the large quantity of rehabilitation work that needs to be performed by many 
State agencies, it is not feasible to limit FWD testing to those time periods when gradients are 
not likely to be present. For this reason, the development of correction factors that account for 
the effects of temperature/moisture gradients in the slab on backcalculated moduli would be very 
useful. Some steps have already been taken to help address these issues.(52,102,104) 
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CHAPTER 6. FWD DATA ANALYSIS AND INTERPRETATION—
COMPOSITE PAVEMENTS 

INTRODUCTION 

In this chapter, FWD data analysis and interpretation of HMA/PCC pavements are discussed. 
Only pavements consisting of an intact PCC pavement overlaid with HMA are considered. Other 
types of pavements behave more as either a flexible or rigid pavement system; therefore, those 
methods discussed in chapter 4 or 5 are applicable. For example, if an existing PCC pavement is 
rubblized prior to overlaying with HMA, the resulting pavement behaves as a flexible pavement. 
Similarly, if an existing HMA pavement is overlaid with PCC (whitetopping), the resulting 
pavement is equivalent to a PCC pavement with an HMA base. Although the behavior of an 
HMA/PCC pavement is dominated by the underlying PCC pavement, the evaluation of FWD 
data collected on HMA/PCC pavements warrants special considerations because of the 
compression of the HMA layer that occurs when the load plate impacts the pavement surface.  

Asphalt resurfacing is one of the more commonly used methods for PCC pavement 
rehabilitation. As of 2008, composite pavements comprised almost 23 percent of all pavement 
types on the National Highway System, most of which were originally PCC pavements.(107) 
Thus, the evaluation of HMA/PCC pavements is an important topic for State departments of 
transportation, especially because the life of the composite pavements can be extended even 
further through the application of timely and effective maintenance and rehabilitation strategies. 

FWD testing plays an important role in the evaluation of HMA/PCC pavements. As with other 
pavement types, deflection testing can be used to evaluate the structural integrity of the underlying 
PCC slabs, the degree of foundation support, and the LTE across joints and cracks. As with PCC 
pavements, effective LTE across transverse joints and cracks is important for good performance of 
composite pavements. Poor LTE across joints and cracks leads to premature development of 
reflection cracking in the HMA overlay and faster deterioration of the reflected cracks.(108)  

The single factor that distinguishes the analysis of FWD testing conducted on composite 
pavements from that conducted on conventional PCC pavements is the effect of compression of 
the HMA layer. Backcalculation analyses conducted without considering the effects of the 
compression that occurs in the HMA layer leads to significant errors.(54) Moreover, compression 
of the HMA layer also poses a problem in LTE testing for composite pavements. For example, 
the additional apparent deflection resulting from the compression of the HMA layer leads to 
lower apparent LTE than actually exists. One way to minimize this effect is to take the loaded-
side deflection away from the load plate, as shown in figure 113. A similar approach is used in 
backcalculation to cope with the effects of the compression in the HMA layer. In this case, the 
recommended methods involve excluding the deflection under the load plate in the analysis. 
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©Construction Technology Laboratories, Inc. 
1 inch = 25.4 mm. 
DL = Deflection loaded. 
DUL = Deflection unloaded. 

Figure 113. Diagram. Layout of joint LTE testing on HMA/PCC.(108) 

Presented in this chapter are the approaches, available software, and modeling issues for 
backcalculation of composite pavements, along with recommendations on the use of FWD data 
with the MEPDG. Note that one way to avoid all complications caused by the presence of the 
HMA overlay is to remove all HMA before FWD testing, but this may not always be practical or 
cost effective, depending on the thickness of the overlay. Thus, for planning purposes, the ability 
to evaluate the FWD data from composite pavements is desirable. 

APPROACHES 

Backcalculation for composite pavements can be accomplished using methods similar to those 
discussed in chapter 5 for rigid pavements. As for bare PCC pavements, the available 
backcalculation methods include the AREA method and the Best-Fit method.(51) Again, the main 
factor that complicates backcalculation of composite pavements is the compression that takes 
place within the HMA layer. Methods have been developed for handling the compression of the 
HMA layer, and it has been demonstrated that when the compression of the HMA layer is 
properly handled, both the pavement layer stiffness and the subgrade k-value can be reliably 
backcalculated from FWD data.  

Several researchers have also demonstrated the feasibility of accomplishing backcalculation for 
composite pavements using ANNs to facilitate the calculation process.(109,110) The principal 
advantage of the ANN approach is that, based on the results of a limited number of training 
cases, the pavement response for any combination of input values can be determined almost 
instantaneously. The training cases are analyzed using the analysis tool that is capable of 
modeling all effects that are important for the subject pavement type. For example, for composite 
pavements, an analysis tool that is capable of modeling the compression in the HMA layer would 
be used. The ANN developed in this way can then be used as the rapid-solution tool to identify 



 

107 

the pavement layers and subgrade moduli that best fit the deflection data. Although this is a 
promising technology, no software is yet available for general use.  

AVAILABLE METHODS 

This section presents a description of two methods of backcalculation for composite pavements 
that are available for general use: the outer-AREA method and the Best-Fit method. While no 
ready-to-use software is available for either method, they are simple to implement. The outer-
AREA method, for example, can be easily implemented in a spreadsheet. 

Outer AREA Method 

The AREA method (discussed in chapter 5) is perhaps the most widely used method of 
backcalculation for rigid pavements. As described in chapter 5, AREA is the normalized area of 
the deflection basin.(50) Because the sensor deflections are first normalized by the deflection 
under the load plate (d0) in calculating the AREA, the results of backcalculation by the AREA 
method are sensitive to the d0 deflection. Therefore, the compression that occurs in the HMA 
layer is significant and must be taken into account. In one approach, the deflection under the load 
plate is corrected for the compression of the HMA layer to simulate the deflection profile of 
plain concrete pavement.(111) It was later found that excellent results can be obtained by 
performing the backcalculation without the deflection under the load plate (d0) and instead using 
only the deflections from sensors 305 mm (12 inches) and farther away from the load plate.(54) 
This approach, which is commonly called the outer-AREA method, was first introduced by Hall 
et al.(51) McPeak et al. also showed that the outer-AREA method works well in determining the 
k-value from FWD testing conducted on flexible pavements for the evaluation of PCC overlays 
of existing HMA pavements.(112) 

The calculation procedure for the outer-AREA method is the same as that for the AREA method, 
except that AREA is calculated without the d0 deflection, with the deflections normalized by the 
d12 deflection. The outer-AREA for seven sensors at uniform 305-mm (12-inch) spacings is 
determined as shown in figure 114. 

 
Figure 114. Equation. Outer-AREA for seven-sensor configuration. 

Where: 

dr = FWD deflections at distance r from the center of the load plate, mm (inches). 

Following the approach introduced by Hall et al., McPeak and Khazanovich derived the 
relationship (shown in figure 115) between the radius of relative stiffness ( ) and the outer-
AREA for the seven-sensor configuration.(51,54) 
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Figure 115. Equation. Relationship between the radius of relative stiffness ( ) and the 

outer-AREA for the seven-sensor configuration.(51,54) 

Once the radius of relative stiffness is determined, the k-value can be determined from any of the 
measured deflections using the relationship shown in figure 116.(51) 

 
Figure 116. Equation. k-value determination.(51) 

Where: 

k = Modulus of subgrade reaction, MPa/mm, (lbf/inch2/inch). 
P = Applied load, N (lbf). 
dr

* = Nondimensional deflection coefficient for deflection at radial distance r from the center of 
the load plate. 
dr = Measured deflection at radial distance r from the load, mm (inches). 

 = Radius of relative stiffness, mm (inches). 

The nondimensional deflection coefficient for deflection at radial distance r from the center of 
the load plate is given by the figure 117 equation.(51) 

 
Figure 117. Equation. Nondimensional deflection coefficient for deflection.(51) 

Where:  

a, b, c = Regression coefficients (see table 12). 
 = Radius of relative stiffness, mm (inches). 
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Table 12. Coefficients for nondimensional deflection coefficients.(51) 

Radial distance, 
inches a b c 

12 0.12188 0.79432 0.07074 
24 0.11634 2.06115 0.06775 
36 0.10960 3.62187 0.06568 
48 0.10241 5.41549 0.06402 
60 0.09521 7.41241 0.06255 
72 0.08822 9.59399 0.06118 

1 inch = 25.4 mm. 
Note: Coefficients are for use with U.S. customary units. 

Once the radius of relative stiffness ( ) and k-value are determined, the effective elastic modulus 
of the surface layers (PCC and HMA overlay combined) can be determined by rearranging the 
definition of  as follows in figure 118 and figure 119 equations. 

 
Figure 118. Equation. Radius of relative stiffness. 

 
Figure 119. Equation. Determination of elastic modulus.  

Where: 

Ee = Effective elastic modulus of the combined HMA and PCC layers, MPa (lbf/inch²). 
 = Radius of relative stiffness, mm (inches). 

he = Effective thickness of the HMA and PCC layers, mm (inches). 
 = PCC Poisson’s ratio. 

k = Modulus of subgrade reaction, MPa/mm (lbf/inch²/inch). 

Note that the backcalculated radius of relative stiffness reflects the combined stiffness of both the 
HMA and PCC layers. The backcalculation of a two-layer plate on grade is based on the 
approach proposed by Ioannides and Khazanovich.(100) In this approach, the two layers are 
modeled as a single equivalent plate that has the same stiffness as the original system. The 
equivalent plate has the thickness equaling the combined thickness of the two layers, and the 
modulus is selected such that the equivalent plate has the same flexural stiffness as the original 
system. In this situation, either a fully bonded or fully unbonded interface can be modeled under 
the assumptions of plate theory; thus, no through-thickness compression is assumed. In the case 
of HMA/PCC pavements, the two surface layers are assumed to be bonded. 
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For two bonded layers, the following relationship (figure 120) exists between the equivalent 
plate and the two actual pavement layers:(100) 

 

 
Figure 120. Equation. Relationship between the equivalent plate and the pavement 

layers.(100) 

Where: 

Ee = Effective elastic modulus of the combined HMA and PCC layers, MPa (lbf/inch²). 
he = Effective thickness of the HMA and PCC layers, mm (inches) = hHMA + hPCC. 
E1 = Elastic modulus of the upper plate (HMA), MPa (lbf/inch²). 
E2 = Elastic modulus of the lower plate (PCC), MPa (lbf/inch²). 
h1 = Thickness of the upper plate (HMA), mm (inches). 
h2 = Thickness of the lower plate (PCC), mm (inches). 
x = Depth to the neutral axis, mm (inches). 

 = Modular ratio = E2/E1. 

In the equation in figure 120, a similar Poisson’s ratio was assumed for the two bonded layers as 
a matter of convenience. 

The moduli of the HMA (EAC) and PCC layers can be determined from the backcalculated Ee by 
rearranging the figure 120 equation and substituting E1 for E2 and (h1+ h2) for he (figure 121). 

 
 

Figure 121. Equation. Determination of moduli of the HMA and PCC layers. 

One limitation of this approach is that the modular ratio  is unknown and must be assumed. 
However, as discussed in chapter 5, the backcalculated PCC modulus is relatively insensitive to 
the assumed value of  for a fairly wide range of values. This is illustrated in figure 122. 
However, the backcalculated HMA modulus could be off significantly, if the assumed value of 

 is incorrect.  
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©A.M. Ioannides 
1 inch = 25.4 mm. 

Figure 122. Graph. Sensitivity of the backcalculated moduli values to the assumed value of 
the modular ratio .(100) 

For the evaluation of the structural adequacy of the PCC layer, only the overall stiffness of the 
pavement layers and PCC modulus are significant; the HMA modulus does not directly affect the 
PCC stress calculation. In fact, for a composite pavement, the modulus of the existing PCC layer 
is the only bound layer for which backcalculated data are used as an input in the MEPDG.(7) 

Best-Fit Method 

In this approach, the modulus of the pavement layers and subgrade k-value are estimated by 
finding the combination that provides the best match between the calculated and measured 
deflections. As discussed in chapter 5, the problem is formulated as minimization of the error 
function, F, as shown in figure 123.(51) 

 
Figure 123. Equation. Minimization of the error function, F.(51) 

Where: 

E = Effective elastic modulus of the combined HMA and PCC layers, MPa (lbf/inch²). 
k = Modulus of subgrade reaction, MPa/mm (lbf/inch²/inch). 

i = Weighting factors. 
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wi = Calculated deflection at sensor location i, mm (inches). 
Wi = Measured deflection at sensor location i, mm (inches). 

The weighting factors could be set equal to 1, a function of measured deflection (Wi), or any 
other number. For the case of composite pavements, setting 0 equal to 0 for the d0 deflection 
and i equal to 1 for the remaining sensors gives equal weight to the sensors used and excludes 
the d0 deflection from the calculation. The details of the Best-Fit method are given in chapter 5. 

The radius of relative stiffness backcalculated by this approach again reflects the combined 
stiffness of the HMA and PCC layers. The same steps described for the outer-AREA method 
must be followed to obtain EHMA and EPCC from the combined pavement layer stiffness, based on 
the assumed value of the modular ratio . The Best-Fit method was determined to provide more 
consistent results and recommended for use in an LTPP data analysis study.(51)  

APPLICABILITY FOR MEPDG USE 

The MEPDG evaluates HMA/PCC pavements in two steps. First, the pavement system is 
analyzed as a rigid pavement to model continued cracking of the underlying PCC pavement. The 
HMA distresses are then modeled, including thermal cracking, fatigue cracking, and rutting, as 
well as the International Roughness Index. Assuming that the analysis is to be conducted for a 
new HMA overlay, the key input parameters for this analysis obtained from FWD data are the 
subgrade k-value, EPCC, and PCC modulus of rupture. Although, the PCC modulus of rupture can 
be estimated from backcalculated EPCC using an empirical correlation, limited core testing is 
highly recommended to verify the values.(103) The joint LTE is also used in reflection cracking 
prediction, but only qualitative results are used (good or poor).  

The backcalculation results for HMA/PCC pavements may contain greater variability than those 
for other pavement types, largely because the data may contain the results for tests conducted 
over joints or cracks in the underlying PCC pavement. For valid results, the locations of the 
joints in the underlying pavement should be identified and the testing conducted should be 
performed at midslab. Any significant deviations from the representative values may be an 
indication that the testing was conducted too close to underlying cracks or joints, and those 
results should be excluded in determining the average k-value and average E. For the evaluation 
of the structural adequacy of the underlying PCC pavement, the elastic modulus determined over 
the intact portion of the slab is needed.  

For rehabilitation design, the MEPDG allows the dynamic backcalculated k-value to be entered 
directly.(7) Both the representative k-value and month of testing are entered. However, the 
backcalculated k-value is an optional input; the user is still required to enter resilient moduli for 
all unbound layers and subgrade. The MEPDG processes the input as usual (for new design) and 
determines the seasonal k-values based on EICM results and using the E-to-k conversion 
procedure. If the backcalculated k-value is entered, the seasonal adjustment is made using the 
relative k-values obtained through the E-to-k conversion process as the scaling factors.  

For the HMA analysis, the seasonal resilient moduli are used, but no adjustment is made to 
account for any difference between the k-value from the E-to-k conversion process and the 
backcalculated k-value. To ensure consistency between the backcalculated k-value and the resilient 
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moduli used in the HMA analyses, an iterative procedure may be used to adjust the subgrade 
resilient modulus input, rather than simply entering the backcalculated k-value. This involves 
adjusting the input subgrade resilient modulus up or down to match the k-value from the E-to-k 
conversion process and the backcalculated k-value for the month of the FWD testing. If the 
backcalculated k-value is entered directly, there may be some discrepancy between the k-value 
used in the PCC analysis and the resilient moduli used in the HMA analysis; however, this minor 
discrepancy is not likely to have any significant effect on the predicted HMA overlay performance. 

RECOMMENDATIONS FOR MEPDG USE 

The evaluation of FWD data is perhaps more difficult for HMA/PCC pavements than for other 
pavement types because of the complications introduced by the compression of the HMA layer. 
On the other hand, the structural adequacy is not always the principal concern for HMA/PCC 
pavements. Placing even a relatively thin layer of HMA (75 to 100 mm (3 to 4 inches)) has the 
effect of reducing the critical stresses in the underlying PCC pavement, because of the following: 

• Additional stiffness provided by the HMA overlay. The HMA overlay bonds to the PCC 
layer to provide a significant increase in the structural capacity. 

• Significant reduction in temperature gradients. On PCC pavements, the curling stresses can 
make up more than 50 percent of the combined stresses during the critical periods, when 
the pavement is subjected to high temperature gradients (positive or negative). The most 
severe temperature changes occur in the top 75 mm (3 inches) of the pavement. Placement 
of an HMA overlay significantly reduces the magnitude of the temperature gradients. 

• Reduction in contact pressure. The HMA layer reduces the contact pressure on PCC 
pavement by spreading the load over a larger area. 

The combined effect of these factors is that the critical stresses in the PCC pavement drop to a 
fraction of those prior to overlaying, even for a minimum-thickness HMA overlay (e.g., 75 mm 
(3 inches)). Thus, the performance life of HMA/PCC is typically governed by material and 
functional factors, not structural failure of the underlying PCC pavement. The key distresses 
include rutting, reflection cracking, and deterioration of the reflected cracks. The structural 
evaluation of HMA/PCC pavements is mainly a design check to ensure that the stresses are well 
within the tolerable limits. Therefore, the backcalculation procedure for HMA/PCC does not 
need to be as comprehensive.  

Among the backcalculation procedures reviewed (including the most recent ANN-based 
procedures), the convenience and accessibility of the outer-AREA method outweigh the benefits of 
any advantages in accuracy the other methods may offer. For HMA overlay thicknesses up to about 
254 mm (10 inches), the backcalculated k-values obtained using the outer-AREA method closely 
match those obtained by other, more sophisticated methods. For the backcalculated elastic moduli 
values, the ANN-based method offers a slight advantage in accuracy, and that approach does not 
involve estimating the modular ratio  (EPCC/EHMA) in advance.(109) For the backcalculated moduli, 
the Best-Fit method does not offer a significant advantage over the outer-AREA method. Both 
methods involve estimating the modular ratio  to resolve the backcalculated effective E into 
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component moduli values; therefore, the slight advantage of the Best-Fit method in accuracy is not 
very meaningful. 

One issue not previously discussed is the handling of the presence of a stabilized base under the 
PCC pavement. For the HMA surface layer, the compression of the HMA actually provides 
additional information that could be used to determine the HMA modulus, if a structural model 
that considers through-thickness compression were used (e.g., an elastic layer program). 
However, for the stabilized layers beneath the PCC layer, there may be no way to precisely 
determine the layer modulus from the surface deflection data. Given that the bending stiffness of 
multiple pavement layers (plates) can be represented by an equivalent plate with an effective 
thickness (he) and modulus (Ee), it is not possible to resolve the backcalculated effective modulus 
into component moduli without having additional information, namely the modular ratio and 
interface bonding condition. Because these ratios can only be estimated, the precise 
determination of individual layer moduli is not possible. This may be an inherent limitation of 
the backcalculation process for composite pavements, but because PCC pavement properties are 
relatively consistent over the length of a project, a limited amount of core testing can be 
conducted to obtain the additional information needed to verify backcalculation results.  

In light of the discussion above, the following steps are recommended for the backcalculation of 
HMA/PCC pavements: 

• Use the outer-AREA method. 

• Conduct limited core testing to verify backcalculation results and the modular ratios 
assumed for backcalculation. 

As shown in figure 122, the backcalculated EPCC is not highly sensitive to the modular ratio  
over a relatively wide range of  values. The following empirical correlation between HMA 
modulus and temperature and typical PCC moduli for the region may be used to obtain a good 
estimate of  (figure 124):(111) 

 
Figure 124. Equation. Empirical correlation between HMA modulus and temperature.(111) 

Where: 

EHMA = Elastic modulus of HMA lbf/inch²/inch. 
tp = HMA mix temperature °F. 

The slab size correction need not be made for backcalculation results of HMA/PCC pavements. 
William showed that the deflection behavior of doweled pavements is similar to that of the 
infinite slabs assumed in the structural models used in backcalculation.(113) For HMA/PCC 
pavements, the HMA overlay contributes to the continuity of the pavement structure across 
transverse joints. Thus, no correction for the slab size is recommended for the backcalculation 
results for HMA/PCC pavements. 

β 
β 

β 

 ( ) 92544.1000164671.0451235.6log pAC tE ⋅−=



 

115 

FUTURE RESEARCH NEEDS 

Although the available analysis tools are lacking in their ability to fully model the behavior of 
HMA/PCC pavements, this limitation does not seriously impair the ability to evaluate FWD data 
for HMA/PCC pavements. That is, the limitations of the available tools do not have a significant 
practical impact on the ability to evaluate the characteristics of HMA/PCC pavements. The 
subgrade k-value can be determined reliably using the simplest of the available tools, the outer-
AREA method. Reasonable estimates can also be made for the PCC elastic modulus using the 
outer-AREA method. As with the other pavement types, a limited amount of core testing is highly 
recommended to evaluate the material properties and to validate the pavement layer moduli 
determined from FWD data. The typical reasons for rehabilitating HMA/PCC pavements are 
commonly related to material and functional issues. The continued deterioration of the underlying 
PCC pavement is rarely the principal mode of deterioration for HMA/PCC pavements. The results 
obtained using the available analysis tools are adequate for the purposes of conducting what is 
essentially a design check on rehabilitation design of HMA/PCC pavements. 

Nevertheless, improved models for both forward analysis and backcalculation would help more 
accurately model the behavior of composite pavements. The structural models based on plate 
theory do not correctly model the behavior of HMA/PCC pavements because the through-
thickness deformations are ignored. Elastic layer programs do not yield the k-value typically 
needed for the analysis of PCC pavements. An elastic layer program that allows the subgrade to 
be modeled as a Winkler foundation has been developed, which may be ideal for the 
backcalculation of HMA/PCC pavements.(109) Researchers have also demonstrated the advantages 
of using ANNs for backcalculation. Development of software specifically designed for the 
backcalculation of HMA/PCC pavements (complete with an automated process for data screening 
to identify problem data points) would facilitate the process of analyzing the FWD data. 
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CHAPTER 7. USING FWD DATA IN THE MEPDG—CASE STUDIES 

INTRODUCTION 

As part of this project, case studies featuring existing pavement sections were conducted to 
showcase the use of FWD data for the characterization of pavement layer properties for analysis 
with the MEPDG. The case studies demonstrate the use of FWD and laboratory testing in 
deriving strength-related input properties for the MEPDG and also allow comparisons of the 
input properties derived from the FWD and laboratory testing. These case studies help outline 
the pros and cons of laboratory versus FWD testing to develop strength-related input properties 
of in-service pavement layers for use in the MEPDG rehabilitation design.(7) 

Six case study projects were evaluated, representing the following six pavement types: 

• Flexible pavement. 
• Flexible pavement on rubblized PCC. 
• Rigid pavement on a granular base. 
• Rigid pavement on a stabilized base. 
• Rigid pavement on an existing HMA pavement. 
• Composite pavement (flexible pavement overlay on rigid pavement). 

Although several data sources were considered (i.e., MnROAD, LTPP Program, National Center 
for Asphalt Technology (NCAT), and sections of roadways that have been used for special 
studies by State highway agencies), ultimately, data from existing LTPP pavement test sections 
were used in the case studies. 

AVAILABLE CASE STUDY DATA—LTPP DATABASE 

To accurately assess how well FWD testing results can estimate the true in situ material 
properties for different pavement types, backcalculated material properties needed to be 
compared with material properties determined by more traditional field and laboratory testing 
procedures. Two basic approaches for accomplishing this task were to (1) find existing data 
sources (databases) or past special study projects that contain both material testing and FWD 
results, or (2) conduct sampling and testing at new project locations to collect data that can be 
analyzed under this study. Because six different pavement types are included in this study, a very 
large research effort would be required to conduct both FWD testing and field and laboratory 
testing at multiple projects. Consequently, known existing data sources, including the LTPP 
database, the MnROAD test sections, NCAT test sections, and various special State studies, were 
evaluated for possible use in this study. Ultimately, it was determined that the LTPP database 
provided the most complete and comprehensive data source for this project, and appropriate 
sections were identified to fit within the established pavement categories. 

Specifically, the sites in the Specific Pavement Studies (SPS)-1, -2, -5, and -6 experimental 
sections in the LTPP Program were reviewed for use as case study projects. Along with new 
flexible and rigid pavement designs (SPS-1 and -2), these sections also contained rehabilitated 
HMA and PCC pavements (SPS-5 and -6). Specific descriptions for each of the aforementioned 
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SPS categories (presented in the following sections) are reproduced here verbatim from the 
Long-Term Pavement Performance Information Management System: Pavement Performance 
Database User Reference Guide:(114) 

SPS-1: Structural Factors for Flexible Pavements. The experiment on the 
structural factors for flexible pavements study (SPS-1) examines the performance 
of specific AC-surfaced pavement structural factors under different environmental 
conditions. Pavements within SPS-1 must start with the original construction of 
the entire pavement structure or removal and complete reconstruction of an 
existing pavement. The pavement structural factors in this experiment include the 
in-pavement drainage layer, surface thickness, base type, and base thickness. The 
experiment design stipulates a traffic loading level in the study lane in excess of 
100,000 80-kN (18-kip) [equivalent single axle loads] ESALs per year. The 
combination of the study factors in this experiment results in 24 different 
pavement structures. The experiment is designed using a fractional factorial 
approach to enhance implementation practicality, permitting the construction of 
12 test sections at one site and a complementary 12 test sections to be constructed 
at another site within the same climatic region on a similar subgrade type. 

SPS-2: Structural Factors for Rigid Pavements. The experiment on the 
structural factors for rigid pavements study (SPS-2) examines the performance of 
specific JPCP structural factors under different environmental conditions. 
Pavements within SPS-2 must start with the original construction of the entire 
pavement structure or removal and complete reconstruction of an existing 
pavement. The pavement structural factors included in this experiment are in-
pavement drainage layer (edgedrains or no edgedrains), PCC surface thickness 
(254 to 279 mm [10 or 11 in]), base type (dense-graded untreated granular, lean 
concrete, and permeable asphalt treated), PCC flexural strength (3.8 or 6.2 MPa 
[550 to 900 lb/in2]), and lane width (3.66 and 4.27 m [12 to 14 ft]). The 
experiment requires that all test sections be constructed with perpendicular 
doweled joints at 4.9-m (15-ft) spacing and stipulate a traffic loading level in the 
lane in excess of 200,000 ESALs per year. The experiment is designed using a 
fractional factorial approach to enhance implementation practicality, permitting 
the construction of 12 test sections at one site and a complementary 12 test 
sections to be constructed at another site within the same climatic region on a 
similar subgrade type. 

SPS-5: Rehabilitation of Asphalt Concrete Pavements. The experiment on the 
rehabilitation of HMA pavements (SPS-5) examines the performance of eight 
combinations of HMA overlays on existing HMA-surfaced pavements. The 
rehabilitation treatment factors included in the study are the intensity of surface 
preparation, recycled versus virgin HMA overlay mixture, and overlay thickness. 
The experiment design includes all four climatic regions and the condition of the 
existing pavement. The experiment design stipulates a traffic loading level in the 
study lane in excess of 100,000 80-kN (18-kip) ESALs per year. 
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SPS-6: Rehabilitation of Jointed Portland Cement Concrete Pavements 
(JPCP). The experiment on the rehabilitation of JPCP pavements (SPS-6) 
examines the performance of seven rehabilitation treatment options as a function 
of the climatic region, type of pavement (plain or reinforced), and the condition of 
the existing pavement (note: an eighth scenario looks at just applying routine 
maintenance). The rehabilitation methods include surface preparation (limited 
preparation or full concrete pavement restoration) with a 102 mm- (4 in-) thick 
HMA overlay or without an overlay, crack/break and seat with two HMA overlay 
thicknesses (102 or 203 mm [4 or 8 in]), and limited surface preparation with a 
102 mm- (4 in-) thick HMA overlay with sawed and sealed joints. (p. 142–143) 

An assessment of the LTPP data availability using the LTPP DataPave (both online and disk-
based) interface revealed 18 SPS-1 sections, 14 SPS-2 sections, 18 SPS-5 sections, and 14 SPS-6 
sections that met all of the outlined LTPP criteria. In addition to those documented sections, the 
LTPP database also contained many “supplemental” sections that were also included in the 
LTPP database. Supplemental sections were typically State transportation department 
experimental projects that focused on investigating only one or two of the variables rather than 
all of the specific variables outlined in the LTPP project. The LTPP data also included key 
material testing results, performance monitoring data, climatic information, traffic loading data, 
and seasonal testing information. 

CASE STUDY SELECTION 

Although a number of different potential sections were considered for the case studies, it was 
determined that a relatively small number of sections contained data for all of the input 
information required in the MEPDG. Even those ultimately selected for the case studies (which 
were those having the most complete data) often did not have all of the desired data. 

This section describes the pavement projects that were selected for the case studies, as summarized 
in table 13. The detailed case studies themselves are included in volume II of this report. 

Table 13. Summary of selected case study pavement sections. 

Case Study 
LTPP 

Section Location 
Highway/ 

Facility Type Climate 
Flexible 30-0100 Great Falls, MT Interstate (rural) Dry-freeze 

Flexible on rubblized PCC 17-0600 Pesotum, IL Interstate (rural) Wet-freeze 
PCC on granular 32-0200 Lander County, NV Interstate (rural) Dry-freeze 
PCC on stabilized 05-0200 Saline County, AR Interstate (rural) Wet-

nonfreeze 
PCC on flexible 30-0100 Great Falls, MT Interstate (rural) Dry-freeze 

Composite (HMA/PCC) 19-0600 Des Moines, IA Interstate (rural) Wet-freeze 
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Case Study 1: Flexible Pavement 

As discussed in chapter 4, the required input material properties for HMA pavements in the 
MEPDG relevant to the use of FWD data and backcalculation results are the following:  

• Time-temperature dependent dynamic modulus E* for the HMA layer(s). 
• Resilient moduli for the base/subbase and subgrade materials. 
• Elastic modulus of the bedrock, if present. 

The LTPP database contained 18 applicable SPS-1 sections representing all 4 climatic zones in 
the United States (i.e., wet-freeze, wet-nonfreeze, dry-freeze, and dry-nonfreeze). After 
reviewing the preliminary flexible pavement sections, LTPP section 30-0100 (30-0113 
specifically) was selected as a flexible pavement rehabilitation case study. The test section, 
located on I-15 near Great Falls, MT, is a flexible pavement cross section with a HMA surface 
and aggregate base layer over subgrade. The original pavement, a 102-mm (4-inch) HMA 
surface on a 203-mm (8-inch) aggregate base, was constructed in 1997. Rehabilitation and repair 
work was performed in 2003 and 2004 (construction numbers 2 and 3, respectively). 

This section was representative of the following selection factors: 

• Dry-freeze climate zone. 
• Principal interstate—rural functional class. 
• “Fair” pavement condition. 
• Sand subgrade classification. 
• No (or deep) rigid layer. 

Case Study 2: Flexible Pavement on Rubblized PCC 

The MEPDG analysis of a flexible HMA overlay placed on a rubblized PCC pavement is very 
similar to the analysis of an HMA pavement placed on an aggregate base. The required MEPDG 
input material properties for this pavement type that are relevant to the use of FWD data and 
backcalculation results are the following:  

• Time-temperature dependent dynamic modulus E* for the HMA overlay layer. 
• Elastic modulus of the rubblized PCC layer. 
• Resilient moduli for the base/subbase and subgrade materials. 
• Elastic modulus of the bedrock, if present. 

There were 17 rubblized test sections (representing 7 States) included in the LTPP database as 
SPS-6 sections. Section 17-0600 was selected for the flexible pavement on rubblized PCC case 
study. Section 17-600, located on I-57 near Pesotum, IL, consists of 14 test sections, with test 
section 17-0663 being selected for use in the case study.  

The test section 17-0663 PCC pavement was originally constructed in 1964 (construction 
number 1), with rehabilitation/repair work performed in 1990 (May and June) and 1997 
(construction numbers 2, 3, and 4, respectively). Based on LTPP core data, the average original 
pavement cross section consisted of 254 mm (10 inches) of PCC (jointed reinforced concrete 
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pavement (JRCP)) and 178 mm (7 inches) of aggregate base. The JRCP was rubblized and a 
HMA overlay was placed in 1990. 

This section was representative of the following selection factors: 

• Wet-freeze climate zone. 
• Rural principal arterial–interstate functional class. 
• “Fair” pavement condition. 
• Fine-grained soil subgrade classification. 
• No (or deep) rigid layer. 

Case Study 3: Rigid Pavement on Granular Base 

When using the MEPDG procedure to develop an overlay design for an existing rigid pavement 
on a granular base, the following four-layer strength-related properties are required: 

• Elastic modulus of the existing PCC layer. 
• Resilient modulus of the existing base layer(s). 
• Subgrade k-value. 
• PCC flexural strength. 

The preliminary review of data sources indicated that such data were readily available in the 
LTPP database. For this pavement type, the SPS-2 database contained 14 applicable projects. 
Each of these SPS-2 projects contained four different test sections with aggregate bases. (Note 
that the four test sections represented unique combinations of pavement thickness, PCC flexural 
strength, and lane width.)  

LTPP test section 32-0200 was selected for the rigid pavement on granular base case study. The 
test section was a part of I-80 in Lander County, NV. According to the LTPP data, the JPCP 
consists of a 295-mm (11.6-inch) PCC surface layer, a 145-mm (5.7-inch) dense graded 
aggregate base, a 513-mm (20.2-inch) granular subbase, and a subgrade of which the top 
305 mm (12 inches) were treated with lime. 

This section was representative of the following selection factors: 

• Dry-freeze climate zone. 
• Principal Interstate–Rural functional class. 
• “Poor” pavement condition. 
• Sandy silt subgrade classification. 
• No (or deep) rigid layer. 

Case Study 4: Rigid Pavement on Stabilized Base 

When using the MEPDG procedure to design a rigid pavement on a stabilized base, the same 
layer strength-related properties required for the rigid pavement on a granular base pavement 
type are required. Those properties include the following: 
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• Elastic modulus of the existing PCC layer. 
• Elastic modulus of the existing base layer(s). 
• Subgrade k-value. 
• PCC flexural strength.  

Data required to verify the recommended FWD guidelines for this pavement type were also 
readily available from the SPS-2. For this pavement type, SPS-2 database contained 14 different 
projects, each of which contained 4 different test sections with a lean concrete base, and 4 test 
sections with a permeable asphalt treated base. Similar to the PCC pavement on a granular base, 
the four different test sections associated with each stabilized base type represented unique 
combinations of pavement thickness, PCC flexural strength, and lane width.  

LTPP project 05-0200, located on I-30 in Saline County, AR, was selected for the rigid pavement 
on stabilized base case study. The section consisted of 12 test sections, with test section 05-0218 
selected for the case study. The PCC pavement was originally constructed in September 1993. 
Based on LTPP core data, the typical cross section of section 05-0218 consisted of 203 mm 
(8 inches) of PCC (surface layer), 178 mm (7 inches) of a treated base (lean concrete), 102 mm 
(4 inches) of a granular layer, a woven geotextile interlayer, and the subgrade. 

Section 05-0218 was a rigid pavement representative of the following selection factors: 

• Wet-nonfreeze climate zone. 
• Rural principal arterial–interstate functional class. 
• “Poor” pavement condition. 
• Gravel subgrade classification. 

Case Study 5: Rigid Pavement on HMA Pavement 

The design of a rigid pavement on top of an existing HMA pavement (i.e., “whitetopping”) is 
equivalent to designing a PCC pavement with an HMA base, so the inputs required by the 
MEPDG are similar to those required by the other rigid pavement types. Specifically, the layer 
strength-related inputs required in the MEPDG approach include the following: 

• Elastic modulus of the existing HMA layer 
• Elastic modulus of the existing base layer(s) 
• Subgrade k-value.  

Data required for the rigid pavement overlay on an HMA pavement were obtained from the test 
section (30-0113) used in case study 1. Specific details on that pavement and data were provided 
in the previous description of case study 1.  

Case Study 6: Composite Pavement 

A composite pavement is defined as a PCC pavement that is overlaid with one or more HMA 
overlays. When analyzing composite pavements using the MEPDG procedure, the same input 
values required by the previously discussed cases studies were also required here.(7) Specifically, 
the required inputs for such an analysis were the following: 
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• Elastic modulus of the existing PCC layer. 
• Flexural strength of the existing PCC layer. 
• Resilient moduli for the base/subbase and subgrade materials. 

Although the load bearing of an HMA/PCC pavement is dominated by the underlying PCC 
pavement, the evaluation of FWD data collected on HMA-overlaid PCC pavements warrants 
special considerations because of the compression of the HMA layer. Therefore, for this 
pavement type, it was important to find case study projects in which the materials properties and 
construction procedures were well documented.  

Fourteen SPS-6 projects were included in the LTPP database. As mentioned previously, each 
SPS-6 project was used to investigate eight different rehabilitation options for JPCP 
pavements, three of which involved applying HMA overlays after completing various levels of 
pre-overlay repair. Specifically, the three rehabilitation options deemed useful to this study 
were the following:(115) 

• SPS-6 section 03: Minimum restoration followed by a 100-mm (4-inch) HMA overlay. 
(Minimum restoration typically consists of routine maintenance, which includes limited 
patching (filling potholes), crack repair and sealing, and stabilization of joints.) 

• SPS-6 section 04: Maximum restoration followed by a 100-mm (4-inch) HMA overlay 
with sawed and sealed joints. (Maximum restoration included activities such as 
subsealing, subdrainage, joint repair, full-depth repairs with restoration of load transfer, 
and shoulder rehabilitation.)  

• SPS-6 section 06: Maximum restoration followed by a 100-mm (4-inch) HMA overlay. 

In addition to the general SPS-6 sections, 13 additional supplemental SPS-6 sections 
representing 9 States were also available in the LTPP database.  

Project 19-0600 from the LTPP SPS-6 database served as the basis for the composite pavement 
case study. The 19-0600 project was located on I-35 near Des Moines, IA, and test section 
19-0659 was selected as a composite pavement rehabilitation case study. The test section was a 
composite pavement cross section with a HMA surface (overlay) on a JRCP and granular base 
layer over subgrade. The original JRCP pavement, a 254-mm (10-inch) PCC slab on a 203-mm 
(8-inch) base with 23.3-m (76.5-ft) joint spacing, was constructed about 1965. A 102-mm 
(4-inch) HMA overlay was placed in 1989. 

This section was representative of the following selection factors: 

• Wet-freeze climate zone. 
• Principal arterial–Interstate (rural) functional class. 
• “Fair” pavement condition. 
• Clay subgrade classification. 
• No (or deep) rigid layer. 
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SUMMARY OF CASE STUDY RESULTS 

The selected project sites were used to backcalculate layer properties from deflection data and to 
develop design inputs in the MEPDG design procedure. This was done to illustrate the use of 
FWD-based data in the MEPDG and to evaluate the possible differences in results between 
FWD-based inputs and laboratory (and/or default) design inputs. Brief summaries of the 
significant findings from each case study are provided in the following sections, with details of 
the case studies presented in volume II of this report. 

For the flexible backcalculation analyses, the following three backcalculation programs were 
used: MODTAG, MICHBACK©, and EVERCALC©. These programs were selected because 
they were widely used, readily available, and not proprietary. Three programs were employed to 
look into the effect of different inverse routines on backcalculated parameters and ultimately on 
rehabilitation design. For the rigid pavement backcalculation, the AREA method and outer-
AREA method (for HMA/PCC pavements) were used because these had an established basis for 
use and the closed-form equations were easily implemented in a spreadsheet. 

Case Study 1: Flexible Pavement 

Three backcalculation programs (MODTAG, MICHBACK©, and EVERCALC©) were used to 
analyze FWD deflection data from various test locations (stations) within the project. The 
deflection data showed considerable variability within the project. In addition, the RMS values 
obtained from the three backcalculation programs were generally very high. It is recommended 
that agencies conduct FWD tests at multiple locations and use the average of backcalculated layer 
moduli for the section. This should provide consistent service life predictions irrespective of the 
backcalculation program used and therefore result in a similar recommended overlay design. 

For this case study, the MEPDG results indicated that surface-down cracking was critical in the 
rehabilitation design of an HMA overlay over existing HMA pavements. Nevertheless, a 76-mm 
(3-inch) HMA overlay was satisfactory for nearly all of the input combinations. Within the 
ranges identified, the selection of inputs was more critical as one approaches the lower values for 
any layer. 

In addition, the following recommendations are made: 

• Until ongoing studies are completed, the correction factors for backcalculated properties 
of laboratory values developed by Von Quintus and Killingsworth should be applied to 
the backcalculation results.(87,116) 

• While the procedure needs to be verified, for the time being, an equivalent frequency of 
30 Hz should be used. This is calculated as 1/(FWD pulse duration) = 1/0.033 s = 30 Hz. 
Although this formula is technically incorrect, it is compatible with the equivalent 
frequency used for calculating E* to be used in MEPDG. 

Case Study 2: Flexible Pavement on Rubblized PCC 

The same three backcalculation programs used for the flexible pavement case study were used to 
analyze FWD deflection data from various test locations (stations) within the project. The 
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deflection data showed considerable variability within the project. In addition, the RMS values 
obtained from the MICHBACK© backcalculation program were very high. As with the previous 
case study, it is recommended that agencies conduct FWD tests at multiple locations and use the 
average of backcalculated layer moduli. This should provide consistent service life predictions 
irrespective of the backcalculation program used, and therefore result in a similar recommended 
overlay design. 

For HMA overlays on rubblized concrete pavements, the critical performance measure in the 
MEPDG software was surface rutting. The required HMA overlay thickness to achieve a 
90-percent reliability level was 178 mm (7 inches) for all analyses. However, if surface rutting 
was addressed through maintenance at some intermediate year (less than 20 years), a thinner 
HMA overlay would be appropriate. 

The surface rutting predictive model was mainly sensitive to HMA overlay thickness and HMA 
and rubblized layer moduli. Therefore, care should be taken in selecting the modulus for the 
rubblized layer. In this particular case, the rubblized PCC modulus was slightly lower than the 
suggested level 3 input in the MEPDG. It may be useful to combine the rubblized layer with the 
existing unbound base layer when using some backcalculation programs (for example 
MICHBACK©, in this case). The remaining unbound layer moduli should be entered as the 
adjusted backcalculated values (until ongoing studies are completed, the correction factors 
developed by Von Quintus and Killingsworth should be applied to the backcalculation results), 
but the existing HMA modulus determined by backcalculation cannot currently be used.(115) 

Case Study 3: Rigid Pavement on Granular Base 

The backcalculation of PCC elastic modulus and modulus of subgrade reaction was only possible 
for the first half of section 32-0203 (station 0 to 75.6 m (0 to 248 ft)) because of the 
inconsistency in the deflection basin profiles for the rest of the stations. However, the 
information included in the LTPP database for this section was sufficient to determine the load 
transfer characteristics and the support conditions for the entire section. 

The variation of the backcalculated k-value and the PCC elastic moduli along the section can be 
an indication that the backcalculation technique was capturing the overall stiffness, but it 
appeared to be overestimating the k-value and, therefore, underestimating the elastic modulus of 
the concrete for several of the test locations. The average laboratory-measured static PCC 
modulus 19,292,000 kPa (2.8 million lb/inch2) showed a good correlation with the average 
backcalculated static PCC elastic modulus of 21,359,000 kPa (3.1 million lb/inch2); however, the 
variation of the backcalculated values along the section was 22 percent, which was substantially 
higher than the 15 percent typically assumed acceptable. 

The composite k-value for the section was obtained based on the modulus that was determined 
for each layer and compared with the composite k-value from the backcalculation. The resulting 
static composite k-value was approximately 80 kPa/mm (300 lb/inch2/inch) for a base with 
145-mm (5.7-inch) thickness, which was much higher than the corresponding static composite 
k-value obtained from the backcalculation (50 kPa/mm (190 lb/inch2/inch). This was in keeping 
with other observations that the backcalculated modulus of the unbound materials tended to be 
smaller than the laboratory-determined modulus values. 
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The LTE values along the section were above a minimum acceptable level of 75 percent. This 
high level was constant over time, and it was not affected by cold temperatures, indicating the 
doweled joints were performing well. According to the void detection analysis, it appears that 
voids were not present beneath the slabs in this section of roadway. However, there was a 
possibility that some erosion began to develop in 2002. 

The studied section was in poor condition, with a large number of transverse cracks. Not all of 
the necessary MEPDG design inputs were available in the LTPP database for the studied section 
32-0203, or any other 32-0200 sections.(7) Therefore, based on the LTPP data, appropriate inputs 
for rehabilitation designs in the MEPDG are discussed in detail in the case study. 

Three different overlay rehabilitation designs were developed for this project: an HMA overlay, 
an unbonded JPCP overlay, and a bonded JPCP overlay. The thinnest design thickness (102 mm 
(4 inches)) was obtained by using a bonded JPCP overlay because it used the remaining 
structural capacity of the existing road. The design thickness of the unbonded overlay (178 mm 
(7 inches)) was determined considering the fact that the unbonded JPCP overlays worked 
independently and thus some restraints in thickness must be provided to guarantee its structural 
capacity. The MEPDG provided an unreasonably thick HMA overlay design (305 mm 
(12 inches)), with the critical performance parameter being surface rutting. Even when various 
modifications were made to the HMA mix design, the resulting HMA overlay thickness was 
considered unreasonably thick. If surface rutting were addressed through maintenance at some 
intermediate year (less than 20 years), then a thinner HMA overlay would be appropriate. 

No difference in the design thickness was found among the three design alternatives (laboratory/ 
material default values, adjusted backcalculated k-value and backcalculated PCC elastic 
modulus, and backcalculated PCC elastic modulus and k-value), indicating the reliability of 
using both the backcalculated dynamic elastic modulus for the PCC layer and the dynamic 
k-value for the supporting layers in the MEPDG design.  

The backcalculated k-value that represents the composite stiffness of all layers beneath the slab 
can be directly entered into the MEPDG without having a significant influence on the design 
thickness for the pavement structure analyzed. However, this does not definitively mean that the 
MEPDG takes the stiffness of the base layer into account in the k-value. It could be either due to 
the insensitivity of the design thickness on the input k-value or because the granular base 
contributes little to the composite stiffness of all layers beneath the slab. Other observations 
made regarding the calculation of k-value within the MEPDG program included the following: 

• For the HMA overlay design, varying the subbase stiffness had very little influence on the 
determined k-value, which seemed to suggest the stiffness of the subbase layer was not 
taken into account in the calculated k-value. In addition, the reported k-values in the output 
file were identical for cases with varying base layer stiffness, indicating the stiffness of the 
base was likely not included in the k-value calculation. Furthermore, it appears that the 
MEPDG ignored the entered dynamic k-value and calculated the k-values based on the 
entered layer moduli because the summarized values were the same regardless of what 
dynamic k-value was entered or when a dynamic k-value was not entered. 
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• For the unbonded PCC overlay, additional design runs seemed to indicate that the 
stiffness of the interlayer and the existing PCC was not considered in the calculation of 
the k-value. It does appear that the base layer was taken into account by the difference in 
k-values when using a stiff and weak base layer. In addition, the k-values agreed well 
with the entered dynamic k-value, suggesting that the MEPDG used the entered value for 
unbonded PCC overlay designs.  

• It appeared that the modulus of the base layer was considered in the calculation of the 
k-value for bonded JPCP overlay designs, which agreed with the assumptions made for 
bonded PCC overlays. It was also apparent that the calculated k-values matched the 
entered dynamic k-value. 

To summarize the preceding discussion, no explicit conclusion could be drawn with respect to 
defining the layers used in the composite effective dynamic k-values calculated within the 
MEPDG for each type of overlay design because of the conflicting results obtained. However, it 
can be concluded that the manually entered k-value were used for unbonded JPCP and bonded 
JPCP overlay designs but not for the HMA overlay design. No appreciable difference in terms of 
the design thickness was found among the three design alternatives indicating the reliability of 
using the backcalculated dynamic (or static) elastic modulus for the PCC layer and the dynamic 
k-value for the supporting layers in the MEPDG design. Furthermore, it was also found that the 
backcalculated k-value that represented the composite stiffness of all layers beneath the slab 
could be directly entered into the MEPDG without significantly influencing the design thickness 
for the pavement structure analyzed. However, this does not definitively mean that the MEPDG 
took the stiffness of the base layer into account in the k-value. It could be either due to the 
insensitivity of the design thickness on the input k-value or because the unstabilized granular 
contributes very little to the composite stiffness of all layers beneath the slab. 

Case Study 4: Rigid Pavement on Stabilized Base 

The most recent FWD test data for section 05-0218 were from 2004. Using the LTPP database, 
input parameters required for the overlay design were compiled. Not all required data were 
available for section 05-0218; therefore, sometimes data from other sections of project 05-0200 
were used.  

Using the FWD test data, the PCC elastic modulus and the dynamic effective k-value were 
backcalculated for the section. These values were calculated to be 42,580,200 kPa (6.18 million 
lb/inch2) and 100 kPa/mm (371 lb/inch2/inch), respectively. The backcalculated PCC elastic 
modulus was later corrected for the effect of the stabilized base layer. The corrected value of the 
PCC elastic modulus obtained was 16,536,000 kPa (2.4 million lb/inch2), which was closer to the 
measured value of 24,804,000 kPa (3.6 million lb/inch2). 

As with case study 3, the following three different overlay rehabilitation designs were developed 
for this project: an HMA overlay, an unbonded JPCP overlay, and a bonded JPCP overlay. The 
HMA overlay analysis produced an unreasonable overlay thickness of 381 mm (15 inches) for all 
underlying property scenarios. Several variations in mix properties were analyzed (such as 
varying binder grades, binder content, air void content, and so on) in efforts to minimize the 
resultant thickness, but rutting continued to control the design results. If rutting was not 
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considered, an HMA overlay thickness of 102 mm (4 inches) was obtained that successfully met 
the other performance criteria. 

The unbonded PCC overlay analysis produced a 178-mm (7-inch) PCC overlay using approaches 
based on the following: 1) laboratory-based inputs and 2) backcalculated PCC moduli and 
k-values. However, when using a modified PCC elastic modulus and base modulus (accounting 
for the stabilized base), a much thicker unbonded overlay (381 mm (15 inches)) was obtained. 
The modified elastic modulus value was as low as 16,536,000 kPa (2.4 million lb/inch2), which 
did not provide enough structural capacity to adequately carry the future traffic loadings. The 
bonded PCC overlay analysis produced a 76-mm (3-inch) PCC overlay for all underlying property 
scenarios. Other observations made during the design analysis process included the following: 

• For the HMA overlay design, it seemed impossible to draw a definite conclusion about 
the constituents contributing to the k-value being reported in the design output (and 
assumed to be used in the design calculations). The entered dynamic k-value did not 
appear to be used in the determination of k-value. The difference in the calculated 
k-values for low and high base stiffnesses was so slight that it appears that the base layer 
stiffness was not considered in the calculated k-value. 

• With the unbonded JPCP overlay design, a noticeable difference was found in the 
calculated k-value between a low and high existing PCC modulus, which might indicate 
that the stiffness of the existing PCC was involved in the calculation of the k-value. 

• The modulus of the base appeared to be considered in the calculation of the k-value for 
bonded PCC overlay designs, which agreed with the assumptions listed in the MEPDG. It 
was also apparent that the calculated k-values matched the entered dynamic k-values. 

• For this case study, a low PCC modulus only influenced the unbonded PCC overlay 
thickness requirement, more than doubling the required thickness. The PCC modulus did 
not appear to influence the other overlay design options. 

Case Study 5: Rigid Pavement on HMA Pavement 

Rigid pavement on HMA pavement design was carried out essentially as a new rigid pavement 
design. The analysis produced a 178-mm (7-inch) thick concrete overlay for this section based 
on a 20-year design period. 

Based on the results of the sensitivities conducted, it appeared that the MEPDG changed the 
original flexible pavement structure into an equivalent structure. The equivalent structure 
consisted of PCC with the same properties as the PCC overlay on top of a base layer with the 
same properties as the existing HMA; all of this was then supported by Winkler springs with a 
stiffness equal to the composite k-value established using all layers beneath the existing HMA. 

Case Study 6: Composite Pavement 

For this project, an HMA overlay thickness of 318 mm (12.5 inches) was required to achieve a 
90-percent reliability, with top-down cracking acting as the controlling criterion. This was 
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unreasonably thick and could be reduced by assuming a higher level of allowable top-down 
cracking distress or perhaps additional manipulation of the HMA mixture properties. 

In this case study, the selection of layer property inputs from backcalculation values had minimal 
influence on the overall design results. It appeared that the input dynamic k-value was not 
considered in the design. However, the MEPDG documentation indicates the HMA overlay 
performance is based on flexible pavement design, so this was consistent in that the design was 
controlled by the HMA overlay properties. Although the design was controlled by HMA overlay 
properties, the research team makes the following recommendations:  

• The design was insensitive to the trial PCC moduli. Therefore, the use of the dynamic 
backcalculation adjustment factor (0.8 for the PCC modulus) can continue until new ones 
are developed or an agency develops specific values.(6) The MEPDG program appeared 
to use static PCC elastic modulus values as entered inputs but the output files suggested it 
reverted to a dynamic value. Additional adjustment of the PCC modulus based on the 
overall pavement condition could be made, but it does not appear that this influence had 
an effect unless the pavement was in very poor condition. 

• The established modular ratios should be used unless specific testing data are available to 
determine project specific ratios.(27) 

• The subgrade modulus input should be correlated to the static backcalculated k-value. 
Both the flexible and rigid design analyses for a composite pavement appeared to use the 
input subgrade modulus, so this value should be based on the determined support 
conditions. The program did not appear to use the input dynamic k-value. 

• Including an aggregate base layer and determining a corresponding dynamic subgrade 
k-value did not appear to have a significant effect on the design results. The addition of a 
layer would also seem to suggest a change in the climatic adjustment, but it did not 
appear to be significant, particularly when considering the overall design results. 

SUMMARY 

Six case studies, using data from in-service pavements, were used to evaluate the way that FWD 
deflection data were used in the rehabilitation portion of the MEPDG. Specifically, deflection 
data and backcalculation results were used to characterize the existing HMA, PCC, stabilized 
and unstabilized bases, and aggregate and subgrade properties in the MEPDG design program. 
When laboratory testing results were compared with FWD results, the final designs were 
relatively insensitive to the differences in characterization of existing layer inputs; new material 
properties tended to control design results. Details of these case studies are found in volume II of 
this report, but this chapter has presented some of the primary observations and trends. While 
many of the designs were controlled by new pavement material properties, recommendations on 
how to use backcalculation data in the MEPDG were discussed. 
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CHAPTER 8. FWD DATA ANALYSIS AND INTERPRETATION 

INTRODUCTION TO THE GUIDELINES 

One of the primary objectives of this project was to develop guidelines for conducting FWD 
testing, analyzing the resultant deflection data, and interpreting the results for pavement 
rehabilitation design. Volume III of this report is a standalone guide that addresses each of those 
topics, providing general guidance and direction throughout the entire testing and analysis 
process. It is organized into the following chapters:  

• Chapter 1. Introduction: This chapter is a brief overview of the reasons for performing 
deflection testing and the information that can be obtained from deflection-testing data. It 
also explains the purpose and organization of the guidelines. 

• Chapter 2. Deflection Testing Guidelines: This chapter offers specific guidance for 
conducting FWD testing, including recommendations for selecting sensor configuration/ 
spacing, load levels, test locations and intervals, and measuring temperature (air, 
pavement surface, and in-pavement). It also presents some of the key factors affecting 
pavement deflections and data checks that can be performed to check the validity of the 
pavement deflection data. 

• Chapter 3. General Backcalculation Guidelines: This chapter provides guidelines for 
backcalculating deflection data, including tips for modeling typical and atypical 
pavement structures (such as when to combine or separate pavement layers, when to set 
the layer moduli, how to handle different bonding conditions, and so on), typical/default 
input values, reasonable outputs, and how to identify outliers. This chapter also includes 
results of studies that have verified backcalculated results with instrumented pavement 
sections and an example illustrating and interpreting the results of a commonly used 
backcalculation program for flexible pavement. 

• Chapter 4. Use of Deflection Data in the MEPDG: This chapter summarizes 
mechanistic-empirical pavement design principles, provides an overview of the MEPDG, 
and summarizes the inputs (including deflection data) for use in the MEPDG for the 
design of rehabilitated pavements. 

• Chapter 5. Summary: This chapter briefly recaps the information contained in the 
guidelines. 

The guidelines are structured to be a “how-to” or “step-by-step” guide for pavement engineering 
practitioners. 

RECOMMENDATIONS FOR NEXT-GENERATION TOOLS AND ANALYSES 

Backcalculation techniques and the available tools have evolved significantly since the early 
days of pavement deflection testing. Although analysis methods and tools continue to improve, a 
number of shortcomings have yet to be overcome, and several cutting-edge advancements have 
yet to make it to mainstream use. This section provides commentary on areas requiring 
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improvements in the backcalculation and interpretation process, along with a discussion of 
impending advancements, as observed during the course of this project. 

For flexible pavements, one should ideally be able to determine a curve of HMA layer modulus 
as a function of frequency using a (dynamic) frequency-based backcalculation algorithm, which 
would give a more direct estimation of the HMA layer modulus with frequency from actual field 
conditions rather than relying on a laboratory-derived curve such as the Witczak equation. 
However, care should be taken in interpreting and using such data with the existing MEPDG 
performance predictions because they were calibrated using laboratory-derived moduli. Although 
dynamic backcalculation methods can backcalculate layer moduli and thicknesses accurately 
from synthetically generated FWD data for pavement systems with three or more layers, they 
present some serious challenges when using field data.(46) The frequency-domain method can 
lead to large errors if the measured FWD records are truncated before the motions fully decay in 
time. Also, dynamic, time-domain backcalculation algorithms cannot directly determine the 
HMA modulus as a function of frequency. They either assume a constant HMA modulus (similar 
to static backcalculation) or a prescribed function of the HMA layer modulus with frequency 
(e.g., linear relation in the log-log space). 

The procedures available for the evaluation of the structural support conditions under a rigid 
pavement could potentially be improved to enhance the current analytical capabilities. For 
example, most methodologies assume a flat slab, but temperature and moisture gradients have 
been shown to affect the interpretation of FWD data when evaluating support conditions as well 
as monitoring joint performance (particularly for nondoweled joints) and detecting voids.(102) 
Improved guidelines are needed to define when FWD testing can be performed so data 
interpretation is not influenced as much by temperature/moisture/construction gradients. 
However, a procedure to account for this influence when testing a slab that is not flat would also 
be helpful. 

For rigid pavements, substantial improvements could be made in the backcalculation process to 
help reduce the variability found between backcalculated moduli calculated at the same location 
at different times. The development of correction factors that account for dynamic effects would 
help reduce seasonal variability. These correction factors would be used to account for the 
effects of changes in the inertia of the pavement system and damping of the subgrade. 
Curling/warping of the slab, on the other hand, can increase the variability of the backcalculated 
moduli calculated at the same test location throughout the day, although the magnitude of the 
variability will fluctuate seasonally. With the large quantity of rehabilitation work that needs to 
be performed by many State agencies, it is not feasible to limit FWD testing to the morning 
hours when gradients are not likely to be present. For this reason, the development of correction 
factors that account for the effects of temperature and moisture gradients in the slab on 
backcalculated moduli would be very useful. Some steps have already been taken to help address 
these issues.(104,52,102) 

Alternatively, a dynamic analysis could be performed. As discussed, dynamic backcalculation has 
been applied successfully for flexible pavement analysis, and advances are being made for rigid 
pavements as well. However, the use of a static analysis should be evaluated to determine whether 
performing a dynamic analysis is necessary for rigid pavements. Although a static analysis is being 
applied to a dynamic load condition, it might not be necessary to backcalculate the k-value based 
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on a dynamic analysis unless it were shown to help decrease unexplained variation. It should be 
noted that the dynamic k-value is required as input for the MEPDG program. 

Another limitation in modeling rigid pavements when evaluating support conditions is that it is 
based on a slab of infinite length and width. Crovetti developed procedures, which were later 
modified by Hall et al., to adjust for the effective slab size but this still does not consider the 
effect the transverse or longitudinal joint load transfer and edge support have in increasing the 
effective slab size.(104,51) This is another potential area for which improvements are needed. 

For HMA/PCC pavements, although the available analysis tools are lacking in their ability to 
fully model the behavior, this limitation does not seriously impair the ability to evaluate FWD 
data for these types of pavements. That is, the limitations of the available tools do not have a 
significant practical impact on the ability to evaluate the characteristics of HMA/PCC 
pavements. The subgrade k-value can be determined reliably using the simplest of the available 
tools, the outer-AREA method. Reasonable estimates can also be made for the PCC elastic 
modulus using the outer-AREA method. As with the other pavement types, a limited amount of 
core testing is highly recommended to evaluate the material properties and to validate the 
pavement layer moduli determined from FWD data. Core testing can also assist with determining 
appropriate modular ratios for the HMA and PCC used in the analysis to determine individual 
layer properties. 

The typical reasons for rehabilitating HMA/PCC pavements are related to material and 
functional issues. The continued load-related deterioration of the underlying PCC pavement is 
rarely the principal mode of deterioration for HMA/PCC pavements. The results that can be 
obtained using the available analysis tools are adequate for the purposes of conducting what is 
essentially a design check on rehabilitation design of HMA/PCC pavements. Nevertheless, 
improved models for both forward analysis and backcalculation would help more accurately 
model the behavior of composite pavements. The structural models based on plate theory do not 
correctly model the behavior of HMA/PCC pavements because the through-thickness 
deformations are ignored. Elastic layer programs do not yield the k-value typically needed for the 
analysis of PCC pavements. An elastic layer program that allows the subgrade to be modeled as 
a Winkler foundation has been developed, which may be ideal for the backcalculation of 
HMA/PCC pavements, although it is currently a proprietary program.(109) Researchers have also 
demonstrated the advantages of using ANNs for backcalculation. Development of software 
specifically designed for the backcalculation of HMA/PCC pavements (complete with an 
automated process for data screening to identify problem data points) would facilitate the process 
of analyzing the FWD data. 
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CHAPTER 9. SUMMARY 

The need to accurately characterize the structural condition of existing pavements has increased 
with the recent development and release of the MEPDG. An integral part of this process is the 
accurate characterization of material properties of each layer in the pavement structure, which 
can be determined either through laboratory testing procedures or through the testing of in situ 
pavement structures using various techniques, such as the FWD. In the past few decades, FWD 
testing has become a routine pavement evaluation method, and deflection data collected by the 
FWD can be quickly and easily used to characterize the properties of the paving layers, which 
are required inputs into the MEPDG for new flexible pavement design, new rigid pavement 
design, and rehabilitation design. 

This document is part of a three-volume report investigating the use of the FWD as part of 
mechanistic-empirical pavement design and rehabilitation procedures. In this volume, general 
pavement deflection-testing procedures and commonly used deflection analysis approaches and 
backcalculation programs are reviewed. Specific procedures for interpreting and analyzing 
deflection data for flexible, rigid, and composite pavement structures are described, along with 
specific modeling issues unique to each pavement structure. The relevance of the different 
procedures and approaches to the current MEPDG are explored, giving rise to the examination of 
the use of FWD testing results in six case studies. These six case studies used pavement sections 
from the LTPP database containing sufficient design, construction, and testing data results 
(laboratory testing and FWD testing) as a means of assessing the way that FWD deflection data 
are used in the rehabilitation portion of the MEPDG. Specifically, deflection data and 
backcalculation results were used to characterize the existing HMA, PCC, stabilized and 
unstabilized bases, and aggregate and subgrade properties in the MEPDG design program. 
Laboratory testing results were compared with FWD testing results, and the final designs were 
found to be relatively insensitive to the differences in characterization of existing layer inputs; 
that is, new material properties tended to control design results. Some of the significant findings 
and recommendations from the specific case studies are summarized in the following sections. 

CASE STUDY 1, FLEXIBLE PAVEMENT  

• For this case study, the MEPDG results indicated that surface-down cracking was critical 
in the rehabilitation design of an HMA overlay over existing HMA pavements. 
Nevertheless, a 76-mm (3-inch) HMA overlay was satisfactory for nearly all of the input 
combinations. Within the ranges identified, the selection of inputs was more critical as 
one approached the lower values for any layer.  

• Based on the design runs conducted for this case study, it is recommended that the 
correction factors developed by Von Quintus and Killingsworth for backcalculated 
properties of laboratory values should be applied to the backcalculation results until 
additional guidance becomes available.(87,116) 

• When the existing HMA modulus is based on FWD testing, 30 Hz should be used for the 
testing frequency input in the design program. This is consistent with the defined 
equivalent frequency. 
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CASE STUDY 2, FLEXIBLE PAVEMENT ON RUBBLIZED PCC 

• For HMA overlays on rubblized concrete pavements, the critical performance measure in 
the MEPDG software was surface rutting. The required HMA overlay thickness to 
achieve a 90-percent reliability level was 178 mm (7 inches) for all analyses. However, if 
surface rutting were addressed through maintenance at some intermediate year (less than 
20 years), a thinner HMA overlay would be appropriate. 

• The surface rutting predictive model was mainly sensitive to HMA overlay thickness and 
HMA and rubblized layer moduli. Therefore, care should be taken in selecting the 
modulus for the rubblized layer.  

• In addition to the recommendations made for case study 1, it may be useful to combine 
the rubblized layer with the existing unbound base layer (for existing rubblized layers) 
when using some backcalculation programs. 

CASE STUDY 3, RIGID PAVEMENT ON GRANULAR BASE 

• The studied section was in poor condition, with a large number of transverse cracks. 
Three kinds of overlays (HMA overlay, unbonded JPCP overlay, and bonded JPCP 
overlay) were designed for the rehabilitation. The MEPDG produced the thinnest design 
for the bonded PCC overlay, while it produced an unreasonably thick HMA overlay, even 
when modifications were made to the HMA mix design properties. 

• The manually entered k-value was used for unbonded JPCP and bonded JPCP overlay 
designs but did not appear to be used for the HMA overlay design. No appreciable 
difference in the design thickness was found among the three design alternatives by 
varying layer input values from laboratory or backcalculated results, indicating the 
reliability of using the backcalculated dynamic (or static) elastic modulus for the PCC 
layer and the dynamic k-value for the supporting layers in the MEPDG design. 
Furthermore, it was also found that the backcalculated k-value representing the composite 
stiffness of all layers beneath the slab could be directly entered into the MEPDG without 
significantly influencing the design thickness for the pavement structure analyzed. 

CASE STUDY 4, RIGID PAVEMENT ON STABILIZED BASE 

• Similar rehabilitation designs (for HMA overlays, unbonded overlays, and bonded 
overlays) were obtained when either the laboratory or backcalculated modulus values 
were used. The use of modified values to account for the stabilized base produced a 
thicker unbonded PCC overlay. 

• For the HMA overlay design, it seemed impossible to draw a definite conclusion about 
the constituents contributing to the k-value being reported in the design output (and 
assumed to be used in the design calculations). The entered dynamic k-value did not 
appear to be used in the determination of k-value. The difference in the calculated k-
values for low and high base stiffnesses was so slight that it appeared that the base layer 
stiffness was not considered in the calculated k-value. 
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• With the unbonded JPCP overlay design, a noticeable difference was found in the 
calculated k-value between a low and high existing PCC modulus, which might indicate 
that the stiffness of the existing PCC was involved in the calculation of the k-value. 

• The modulus of the base appeared to be considered in the calculation of the k-value for 
bonded PCC overlay designs, which agreed with the assumptions listed in the MEPDG. It 
was also apparent that the calculated k-values matched the entered dynamic k-values. 

CASE STUDY 5, RIGID PAVEMENT ON EXISTING HMA PAVEMENT 

• Based on the results of the analyses, it appeared that the MEPDG changed the original 
flexible pavement structure into an equivalent structure. The equivalent structure 
consisted of PCC with the same properties as the PCC overlay on top of a base layer with 
the same properties as the existing HMA; all of this was then supported by Winkler 
springs with a stiffness equal to the composite k-value established using all layers 
beneath the existing HMA. 

CASE STUDY 6, COMPOSITE PAVEMENT (HMA/PCC) 

• The selection of layer property inputs from backcalculation values had minimal influence 
on the overall design results. It appeared that the input dynamic k-value was not 
considered in the design of an HMA overlay of an existing composite pavement. 
However, the MEPDG documentation indicates the HMA overlay performance is 
determined using the flexible pavement design, so this was consistent in that the design 
was controlled by the HMA overlay properties. Although the rigid performance was 
stated to have been analyzed using that modeling method, the output k-value did not 
appear to be based on the entered dynamic k-value. Therefore, the entered moduli should 
be based on the determined values from backcalculation. 

• It was noted that the resultant design was relatively insensitive to the trial PCC moduli. 
Therefore, the use of the established dynamic backcalculation adjustment factor (0.8 for the 
PCC modulus) could continue until new factors are developed or an agency develops more 
specific values. The MEPDG program appears to use static PCC elastic modulus values as 
entered inputs but the output files suggest it then reverts back to a dynamic value.  

• The established modular ratios (reported by Khazanovich, Tayabji, and Darter) to 
determine layer moduli from the backcalculated composite pavement modulus should 
continue to be used unless specific testing data are available to determine project specific 
ratios.(27) 

• Including an aggregate base layer and determining a corresponding dynamic subgrade 
k-value did not appear to have a significant effect on the design results. 

More details on the conduct of the case studies are found in chapter 7 of this volume and in 
volume II. 
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Based on the analyses that were conducted for the case study investigations, guidelines were 
developed for the conduct of FWD testing and the interpretation of the results. Specific guidance 
is provided on establishing FWD testing plans, performing backcalculation of deflection data 
(including useful tips on dealing with both routine and atypical situations), and using deflection 
data in the MEPDG. These guidelines are found in volume III of this report. 

In addition, findings from the literature review and work on the case studies identified the need 
for continued improvements and developments in the analysis and interpretation of pavement 
deflection data. As described in chapter 8, these improvements lie in a number of specific areas, 
including the more direct consideration of climatic effects and slab size effects, the movement 
toward dynamic analyses (as warranted), the development of reliable corrections for dynamic 
loading conditions, and the development of improved models for both forward analysis and 
backcalculation for composite pavement structures.  



 

139 

REFERENCES 

1. Hveem, F.N. (1955) “Pavement Deflections and Fatigue Failures.” Highway Research 
Board Bulletin 114. Highway Research Board, Washington, DC.  

2. Hveem, F.N., Zube, E., Bridges, R., and Forsyth, R. (1962) “The Effect of Resilience-
Deflection Relationships on the Structural Design of Asphaltic Pavements.” Proceedings, 
International Conference on Structural Design of Asphalt Pavements. University of 
Michigan, Ann Arbor, MI. 

3. Stubstad, R.N. (2002) LTPP Data Analysis: Feasibility of Using FWD Deflection Data to 
Characterize Pavement Construction Quality. National Cooperative Highway Research 
Program Web Document 52. National Cooperative Highway Research Program, 
Washington, DC. 

4. Damnjanovic, I. and Zhang, Z. (2006) “Determination of Required Falling Weight 
Deflectometer Testing Frequency for Pavement Structural Evaluation at the Network 
Level.” Journal of Transportation Engineering 132(1), p. 76–85. American Society of 
Civil Engineers, Reston, VA. 

5. Alam, J., Galal, K.A., and Diefenderfer, B.K. (2007) “Network-Level Falling Weight 
Deflectometer Testing: Statistical Determination of Minimum Testing Intervals and 
Number of Drop Levels on Virginia’s Interstate System.” Transportation Research Record 
1990, p. 111–118. Transportation Research Board, Washington, DC. 

6. American Association of State Highway and Transportation Officials. (2004) Guide for 
Mechanistic-Empirical Design of New and Rehabilitated Pavement Structures, Parts 1–4. 
NCHRP Project 1-37A Final Report. National Cooperative Highway Research Program, 
Washington, DC. 

7. American Association of State Highway and Transportation Officials. (2008) Mechanistic-
Empirical Pavement Design Guide—A Manual of Practice. Publication MEPDG-1. 
American Association of State Highway and Transportation Officials, Washington, DC. 

8. Scrivner, F.H., Michalak, C.H., and Moore, W.M. (1973) “Calculation of the Elastic 
Moduli of a Two-Layer Pavement System from Measured Surface Deflections.” Highway 
Research Record 431, p.12–24. Highway Research Board, Washington, DC.  

9. Hoerner, T.E., Smith, K.D., Yu, H.T., Peshkin, D.G., and Wade, M.J. (2001) PCC 
Pavement Evaluation and Rehabilitation: Reference Manual. NHI Course 131062. 
National Highway Institute, Arlington, VA.  

10. Hudson, W.R., Elkins, G.E., Uddin, W., and Reilley, K.T. (1987) Evaluation of Pavement 
Deflection Measuring Equipment. Report No. FHWA-TS-87-208. Federal Highway 
Administration, Washington, DC. 



 

140 

11. Haas, R.C.G., Hudson, W.R., and Zaniewski, J.P. (1994) Modern Pavement Management. 
Krieger Publishing Company, Melbourne, FL. 

12. Highway Research Board (HRB). (1955) The WASHO Road Test, Part 2: Test Data 
Analysis and Findings. HRB Special Report 22. Highway Research Board, 
Washington, DC. 

13. Smith, R.E. and Lytton, R.L. (1984) Synthesis Study of Nondestructive Testing Devices for 
Use in Overlay Thickness Design of Flexible Pavements. Report No. FHWA/RD-83/097. 
Federal Highway Administration, Washington, DC. 

14. National Highway Institute. (1994) Pavement Deflection Analysis. Publication No. FHWA-
HI-94-021. NHI Course No. 13127. National Highway Institute, Arlington, VA. 

15. Dynatest® Consulting, Inc. (2010) Dynatest FWD/HWD Test Systems. Stark, FL. Obtained 
from http://www.dynatest.com/media/4180/3_dynatest_fwd_hwd.pdf (accessed 
March 17, 2016). 

16. Engineering and Research International, Inc. (ERI). (2016) FWD/HWD Testing. Savoy, IL. 
Obtained from http://www.erikuab.com/fwd-testing/ (accessed March 17, 2016). 

17. Bay, J.A. and Stokoe, K.H. (2000) “Continuous Profiling of Flexible and Rigid Highway 
and Airfield Pavements with the Rolling Dynamic Deflectometer.” Nondestructive Testing 
of Pavements and Backcalculation of Moduli. ASTM STP 1375. ASTM International, West 
Conshohocken, PA. 

18. Bay, J.A. and Stokoe, K.H. (1998) Development of a Rolling Dynamic Deflectometer for 
Continuous Deflection Testing of Pavements. Report No. FHWA/TX-99/1422-3F. Federal 
Highway Administration, Washington, DC.  

19. Steele, D., Hall, J., Stubstad, R., Peekna, A., and Walker, R. (2002) “Development of a 
High-Speed Rolling Wheel Deflectometer.” Proceedings, 2002 Annual Meeting of the 
FWD Users Group. Roanoke, VA. 

20. Grogg, M.G. and Hall, J.W. (2004) “Measuring Pavement Deflection at 55 MPH.” Public 
Roads 67(4), p. 18–21. Federal Highway Administration, Washington, DC. 

21. Asphalt Institute. (2000) Asphalt Overlays for Highway and Street Rehabilitation. Manual 
Series No. 17 (MS-17). Asphalt Institute, Lexington, KY. 

22. AASHTO R32-09. (2010) “Calibrating the Load Cell and Deflection Sensors for a Falling 
Weight Deflectometer,” Standard Specifications for Transportation Materials and Methods 
of Sampling and Testing, Part 1B: Specifications. Association of State Highway and 
Transportation Officials, Washington, DC.  

23. Von Quintus, H.L. and Simpson, A.L. (2002) Back-Calculation of Layer Parameters for 
LTPP Test Sections, Volume II: Layered Elastic Analysis for Flexible and Rigid 



 

141 

Pavements. Report No. FHWA-RD-01-113. Federal Highway Administration, 
Washington, DC. 

24. Khazanovich, L. and Gotlif, A. (2003) Evaluation of Joint and Crack Load 
Transfer―Final Report. Report No. FHWA-RD-02-088. Federal Highway Administration, 
Washington, DC. 

25. Vandenbossche, J.M. (2007) “Effects of Slab Temperature Profiles on the Use of Falling 
Weight Deflectometer Data to Monitor Joint Performance and Detect Voids.” 
Transportation Research Record 2005, p. 75–85. Transportation Research Board, 
Washington, DC.  

26. Lytton, R.L., Moore, W.M., and Mahoney, J.P. (1975) Pavement Evaluation Equipment. 
Report No. FHWA-RD-75-78. Federal Highway Administration, Washington, DC. 

27. Khazanovich, L., Tayabji, S.D., and Darter, M.I. (2001) Backcalculation of Layer 
Parameters for LTPP Test Sections, Volume 1: Slab on Elastic Solid and Slab on Dense-
Liquid Foundation Analysis of Rigid Pavements. Report No. FHWA-RD-00-086. Federal 
Highway Administration, Washington, DC.  

28. Grogg, M.G., Smith, K.D., Seeds, S.B., Hoerner, T.E., Peshkin, D.G., and Yu, H.T. (2001) 
HMA Pavement Evaluation and Rehabilitation: Reference Manual. NHI Course No. 
131063. National Highway Institute, Arlington, VA.  

29. Huang, Y.H. (1993) Pavement Analysis and Design. Prentice Hall. Upper Saddle River, NJ. 

30. Newcomb, D.E. (1986) Development and Evaluation of Regression Methods to Interpret 
Dynamic Deflections. PhD. Dissertation. Department of Civil Engineering, University of 
Washington, Seattle, WA. 

31. Horak, E. (1987) “The Use of Surface Deflection Basin Measurements in the Mechanistic 
Analysis of Flexible Pavements.” Proceedings, Sixth International Conference on 
Structural Design of Asphalt Pavements, Volume I. University of Michigan, Ann 
Arbor, MI. 

32 American Association of State Highway and Transportation Officials. (1993) Guide for 
Design of Pavement Structures. American Association of State Highway and 
Transportation Officials, Washington, DC. 

33. Ullidtz, P. (1987) Pavement Analysis. Elsevier Inc. Atlanta, GA.  

34. Ullidtz, P. (1998) Modelling Flexible Pavement Response and Performance. Polyteknisk 
Forlag, Narayana Press. Gylling, Denmark.  

35. Irwin, L.H. (2002) “Backcalculation: An Overview and Perspective.” FWD/Backanalysis 
Workshop, 6th International Conference on the Bearing Capacity of Roads, Railways, and 
Airfields. Lisbon, Portugal.  



 

142 

36. Rohde, G.T. and Scullion, T. (1990) Modulus 4.0: Expansion and Validation of the 
Modulus Backcalculation System. Report No. FHWA/TX-91/1123-3. Texas State 
Department of Highways & Public Transportation, Austin, TX. 

37. Van Cauwelaert, F.J., Alexander, D.R., White, T.D., and Barker, W.R. (1989) “Multilayer 
Elastic Program for Backcalculating Layer Moduli in Pavement Evaluation.” First 
International Symposium on Nondestructive Testing of Pavements and Backcalculation of 
Moduli. ASTM STP 1026. ASTM International, West Conshohocken, PA. 

38. Baladi, G.Y., Harichandran, R., Mukhtar, H., and Mahmood, T. (1994) Reduction of 
Rutting and Fatigue Cracking Under Heavy Vehicle Loads and Backcalculation of Layer 
Moduli, Volume 1: Literature Review. Report No. GLCTTR 57/93-01-1. Michigan 
Department of Transportation, Lansing, MI.  

39. Janoo, V.C. and Berg, R.L. (1996) PCC Airfield Pavement Response During Thaw-
Weakening Periods: A Field Study. Federal Aviation Administration, Washington, DC. 

40. Washington State Department of Transportation. (2005) EVERSERIES© User’s Guide: 
Pavement Analysis Computer Software and Case Studies. Washington State Department of 
Transportation, Olympia, WA.  

41. Lytton, R.L. (1989) “Backcalculation of Pavement Layer Properties.” Symposium on 
Nondestructive Testing of Pavements and Backcalculation of Moduli. ASTM STP 1026. 
ASTM International, West Conshohocken, PA.  

42. Press, W.H., Flannery, B.P., Teukolsky, S.A., and Vetterling, W.T. (1990) Numerical 
Recipes—The Art of Scientific Computing. Cambridge University Press, New York, NY. 

43. Lee, S.W., Mahoney, J.P., and Jackson, N.C. (1988) “Verification of Backcalculation of 
Pavement Moduli.” Transportation Research Record 1196, p. 85–95. Transportation 
Research Board, Washington, DC. 

44. Bush, A.J. and Alexander, D.R. (1985) “Pavement Evaluation Using Deflection Basin 
Measurements and Layered Theory.” Transportation Research Record 1022, p. 16–29. 
Transportation Research Board, Washington DC. 

45. Turkiyyah, G. (2003) Feasibility of Backcalculation Procedures Based on Dynamic FWD 
Response Data. Project Report. Washington State Department of Transportation, Olympia, 
WA. Obtained from http://www.wsdot.wa.gov/biz/mats/ pavement/EvercalcII.pdf 
(accessed January 9, 2007). 

46. Chatti, K., Ji, Y., and Harichandran, R.S. (2006). “Dynamic Backcalculation of Pavement 
Layer Parameters Using Frequency and Time Domain Methods.” Proceedings, 10th 
International Conference on Asphalt Pavements. Quebec City, Quebec, Canada. 

47. Meier, R.W. and Rix, G.J. (1994) “Backcalculation of Flexible Pavement Moduli Using 
Artificial Neural Networks.” Transportation Research Record 1448, p. 75–82. 
Transportation Research Board, Washington, DC.  



 

143 

48. Gucunski, N., Abdallah, I.N., and Nazarian, S. (2000). “ANN Backcalculation of Pavement 
Profiles from the SASW Test.” Pavement Subgrade Unbound Materials, and 
Nondestructive Testing, Proceedings of Sessions of Geo-Denver 2000. Geotechnical 
Special Publication No. 98. American Society of Civil Engineers, Reston, VA. 

49. Ioannides, A.M., Barenberg, E.J., and Lary, J.A. (1989) “Interpretation of Falling Weight 
Deflectometer Results Using Principles of Dimensional Analysis.” Proceedings, 4th 
International Conference on Concrete Pavement Design and Rehabilitation. Purdue 
University, West Lafayette, IN. 

50. Hoffman, M.S. and Thompson, M.R. (1981) Mechanistic Interpretation of Nondestructive 
Pavement Testing Deflections. Report No. FHWA/IL/UI-190. Illinois Department of 
Transportation, Springfield, IL. 

51. Hall, K.T., Darter, M.I., Hoerner, T.E., and Khazanovich, L. (1997) LTPP Data Analysis—
Phase I: Validation of Guidelines for k-Value Selection and Concrete Pavement 
Performance Prediction. Report No. FHWA-RD-96-198. Federal Highway Administration, 
Washington, DC. 

52. Khazanovich, L. (2000) “Dynamic Analysis of FWD Test Results for Rigid Pavements.” 
Nondestructive Testing of Pavements and Backcalculation of Moduli: Third Volume. 
ASTM STP 1375. ASTM International, West Conshohocken, PA.  

53. Chatti, K. and Kim, T.K. (2001) “Simple Dynamic Backcalculation Procedure for Falling 
Weight Deflectometer Testing of Rigid Pavements.” Transportation Research Record 
1764, p. 30–38. Transportation Research Board, Washington, DC. 

54. McPeak, T.J. and Khazanovich, L. (1997) “Backcalculation of Asphalt-Overlaid Concrete 
Pavements.” Aircraft/Pavement Technology in the Midst of Change. American Society of 
Civil Engineers, New York, NY. 

55. Anderson, M. (1989) “A Data Base Method for Backcalculation of Composite Pavement 
Layer Moduli.” Nondestructive Testing of Pavements and Backcalculation of Moduli. 
ASTM STP 1026. ASTM International, West Conshohocken, PA. 

56. Crovetti, J.A. and Darter, M.I. (1985) “Void Detection for Jointed Concrete Pavements.” 
Transportation Research Record 1041, p. 59–68. Transportation Research Board, 
Washington, DC. 

57. Darter, M.I., Barenberg, E.J., and Yrjanson, W.A. (1985) Joint Repair Methods for 
Portland Cement Concrete Pavements. NCHRP Report 281. Transportation Research 
Board, Washington, DC. 

58. Shahin, M.Y. (1985) “Use of Falling Weight Deflectometer Testing of Jointed Airfield 
Pavements,” Proceedings of the 3rd International Conference on Concrete Pavement 
Design and Rehabilitation. Purdue University, West Lafayette, IN. 



 

144 

59. Shahin, M.Y. (2005) Pavement Management for Airports, Roads, and Parking Lots. 
Springer Science+Business Media, LLC, New York, NY.  

60. Yu, H.T. and Khazanovich, L. (2001) “Effects of Construction Curling on Concrete 
Pavement Behavior.” Proceedings, 7th International Conference on Concrete Pavements. 
Orlando, FL. 

61. Rao, S. and Roesler, J.R. (2005) “Nondestructive Testing of Concrete Pavements for 
Characterization of Effective Built-In Curling.” Journal of Testing and Evaluation 33(5), 
p. 1–8. ASTM International, West Conshohocken, PA. 

62. Federal Aviation Administration. (2004) Use of Nondestructive Testing in the Evaluation of 
Airport Pavements. Advisory Circular AC 150/5370-11A. U.S. Federal Aviation 
Administration, Washington, DC. 

63. Boussinesq, J. (1885) Application des Potentiels a l’etude de l’equilibre et du Movement 
des Solides Elastiques. Gauthier-Villars, Paris, France. 

64. Burmister, D.M. (1943) “The Theory of Stresses and Displacements in Layered Systems 
and Applications to Design of Airport Runways.” Proceedings of the Highways Research 
Board. Volume 23. Highway Research Board, Washington, DC. 

65. Burmister, D.M. (1945) “The General Theory of Stresses and Displacements in Layered 
Systems.” Journal of Applied Physics 16(2, 3, and 5), p. 89–94. American Institute of 
Physics, Melville, NY. 

66. AMADEUS. (2000) AMADEUS Project: Advanced Models for Analytical Design of 
European Pavement Structures. RO-97-SC.2137. European Commission, Brussels, 
Belgium. 

67. Kausel, E. and Roesset, J.M. (1981) “Stiffness Matrices for Layered Soils.” Bulletin of the 
Seismological Society of America 71(6), p. 1,743–1,761. Seismological Society of 
America, El Cerrito, CA.  

68. Roesset, J.M. (1987) Computer Program UTFWIBM. The University of Texas, Austin, TX. 

69. Chang, D.W., Kang, Y.V., Roesset, J.M., and Stokoe, K.H. (1992) “Effect of Depth to 
Bedrock on Deflection Basins Obtained with Dynaflect and Falling Weight Deflectometer 
Tests.” Transportation Research Record 1355, p. 8–16. Transportation Research Board, 
Washington, DC.  

70. Kang, Y.V. (1998) “Multifrequency Back-Calculation of Pavement-Layer Moduli.” 
Journal of Transportation Engineering 124 p. 73–81. American Society of Civil Engineers, 
New York, NY.  

71. Chen, S.S. (1987) The Response of Multilayered Systems to Dynamic Surface Loads. Ph.D. 
Dissertation. University of California, Berkeley, CA. 



 

145 

72. Magnuson, A.H., Lytton, R.L., and Briggs, R. (1991) “Comparison of Computer 
Predictions and Field Data for Dynamic Analysis of Falling-Weight Deflectometer Data.” 
Transportation Research Record 1293, p. 61–71. Transportation Research Board, 
Washington DC. 

73. Al-Khoury, R., Scarpas, A., Kasbergen, C., and Blaauwendraad, J. (2001). “Spectral 
Element Technique for Efficient Parameter Identification of Layered Media. Part I: 
Forward Calculation.” International Journal of Solids and Structures 38, p. 1,605–1,623. 
Elsevier, Inc., Atlanta, GA. 

74. Michelow, J. (1963) Analysis of Stresses and Displacements in N-layered Elastic System 
Under a Load Uniformly Distributed on a Circular Area. California Research Corporation, 
Richmond, CA.  

75. Uzan, J. (1994) “Dynamic Linear Backcalculation of Pavement Material Parameters.” 
Journal of Transportation Engineering 120(1), p. 109–126. American Society of Civil 
Engineers, Reston, VA. 

76. Uzan, J. (1994) “Advanced Backcalculation Techniques.” Nondestructive Testing of 
Pavements and Backcalculation of Moduli: Second Volume. ASTM STP 1198. ASTM 
International, West Conshohocken, PA. 

77. Ong, C.L., Newcomb, D.E., and Siddharthan, R. (1991) “Comparison of Dynamic and 
Static Backcalculation Moduli for Three-Layer Pavements.” Transportation Research 
Record 1293, p. 86–92. Transportation Research Board, Washington, DC. 

78. Losa, M. (2002) “The Influence of Asphalt Pavement Layer Properties on Vibration 
Transmission.” International Journal of Pavements 1(1), p. 67–76. Sao Paulo, Brazil. 

79. Al-Khoury, R., Scarpas, A., Kasbergen, C., and Blaauwendraad, J. (2001) “Spectral 
Element Technique for Efficient Parameter Identification of Layered Media. Part II: 
Inverse Calculation.” International Journal of Solids and Structures 38, p. 8,753–8,772. 
Elsevier, Inc., Atlanta, GA. 

80. Matsui, K., Kikuta, Y., Nishizawa, T., and Kasahara, A. (2000) “Comparative Studies of 
Backcalculated Results from FWDs with Different Loading Duration.” Symposium on 
Nondestructive Testing of Pavements and Backcalculation of Moduli. ASTM STP 1375. 
ASTM International, West Conshohocken, PA. 

81. Chatti, K. (2004) “Use of Dynamic Analysis for Interpreting Pavement Response in Falling 
Weight Deflectometer Testing.” Materials Evaluation 62(7), p. 764–774. American Society 
for Nondestructive Testing, Columbus, OH. 

82. Chatti, K., Ji, Y., and Harichandran, R.S. (2004) Development of a Dynamic 
Backcalculation Computer Program for Flexible Pavement Layer Parameters: Final 
Report. Michigan Department of Transportation, Lansing, MI. 



 

146 

83. Turkiyyah, G.M. (2004) Feasibility of Backcalculation Procedures Based on Dynamic 
FWD Response Data. WA-RD 586.1. Washington State Department of Transportation, 
Olympia, WA. 

84. Al-Khoury, R., Scarpas, A., Kasbergen, C., and Blaauwendraad, J. (2002) “Spectral 
Element Technique for Efficient Parameter Identification of Layered Media. Part III: 
Viscoelastic Aspects.” International Journal of Solids and Structures 39, p. 2,189–2,201. 
Elsevier, Inc., Atlanta, GA. 

85. Harichandran, R.S., Mahmood, T., Raab, A., and Baladi, G.Y. (1994) “Backcalculation of 
Pavement Layer Moduli, Thicknesses and Bedrock Depth Using a Modified Newton 
Method.” Nondestructive Testing of Pavements and Backcalculation of Moduli: Second 
Volume. ASTM STP 1198. ASTM International, West Conshohocken, PA. 

86. Irwin, L.H., Yang, W.S., and Stubstad, R.N. (1989) “Deflection Reading Accuracy and 
Layer Thickness Accuracy in Backcalculation of Pavement Layer Moduli.” First 
International Symposium on Nondestructive Testing of Pavements and Backcalculation of 
Moduli. ASTM STP 1026. ASTM International, West Conshohocken, PA.  

87. Von Quintus, H. and Killingsworth, B. (1997) Design Pamphlet for the Determination of 
Design Subgrade in Support of the AASHTO Guide for the Design of Pavement Structures. 
Publication No. FHWA-RD-97-083. Federal Highway Administration, Washington, DC. 

88. Ullidtz, P. (2000) “Will Non-linear Backcalculation Help?” Nondestructive Testing of 
Pavements and Backcalculation of Moduli: Third Volume. ASTM STP 1375. ASTM 
International, West Conshohocken, PA. 

89. Roesset, J.M., Stokoe, K.H., and Seng, C.R. (1995) “Determination of Depth to Bedrock 
from Falling Weight Deflectometer Test Data.” Transportation Research Record 1504, 
p. 68–76. Transportation Research Board, Washington, DC. 

90. Lee, Y.C., Kim, Y.R., and Ranjithan, S.R. (1998) “Dynamic Analysis-Based Approach to 
Determine Flexible Pavement Layer Moduli Using Deflection Basin Parameters.” 
Transportation Research Record 1639, p. 36–42. Transportation Research Board, 
Washington, DC. 

91. ASTM D3496-99. (2005) Standard Practice for Preparation of Bituminous Mixture 
Specimens for Dynamic Modulus Testing. (Withdrawn 2010), ASTM International, West 
Conshohocken, PA, 2005. 

92. Foxworthy, P.T. and Darter, M.I. (1986) “Preliminary Concepts for FWD Testing and 
Evaluation of Rigid Airfield Pavements.” Transportation Research Record 1070, p. 77–88. 
Transportation Research Board, Washington, DC. 

93. Foxworthy, P.T. and Darter, M.I. (1986) “A Comprehensive System for Nondestructive 
Testing and Evaluation of Rigid Airfield Pavements.” Transportation Research Record 
1070, p. 114–124. Transportation Research Board, Washington, DC. 



 

147 

94. Barenberg, E.J. and Petros, K.A. (1991) Evaluation of Concrete Pavements Using NDT 
Results. Report No. UILU-ENG-91-2006. Illinois Department of Transportation, 
Springfield, IL.  

95. Hall, K.T. (1992) Backcalculation Solutions for Concrete Pavements. Prepared for SHRP 
Contract P-020. Transportation Research Board, Washington, DC. 

96. Ioannides, A.M. (1990) “Dimensional Analysis of NDT Rigid Pavement Evaluation.” 
Journal of Transportation Engineering 116(1), p. 23–36. American Society of Civil 
Engineers, New York, NY. 

97. Korenev, B.G. (1954) Problems of Analysis of Beams and Plates on Elastic Foundation. 
Gosudarstvennoe Izdatel’stvo Literatury po Stroitel’stvu i Arkhitekture, Moscow, Union of 
Soviet Socialist Republics. 

98. Losberg, A. (1960) Structurally Reinforced Concrete Pavement. Doktorsavhandlingar Vid 
Chalmers Tekniska Hogskola, Goteborg, Sweden. 

99. Hall, K.T. (1991) Performance, Evaluation, and Rehabilitation of Asphalt-Overlaid 
Concrete Pavements. Ph.D. Dissertation. University of Illinois at Urbana-Champaign, 
Urbana, IL. 

100. Ioannides, A.M. and Khazanovich, L. (1994) “Backcalculation Procedure for Three-
Layered Concrete Pavements.” Proceedings, Fourth International Conference on Bearing 
Capacity of Roads and Airfields. Minneapolis, MN. p. 77–92. 

101. Khazanovich, L., McPeak, T.J., and Tayabji, S.D. (2000) “LTPP Rigid Pavement FWD 
Deflection Analysis and Backcalculation Procedure.” Nondestructive Testing of Pavements 
and Backcalculation of Moduli: Third Volume. ASTM STP 1375. ASTM International, 
West Conshohocken, PA.  

102. Vandenbossche, J.M. (2002) Interpreting Falling Weight Deflectometer Results for Curled 
and Warped Portland Cement Concrete Pavements. Ph.D. Dissertation. University of 
Minnesota, Minneapolis, MN.  

103. Foxworthy, P.T. (1985) Concepts for the Development of a Nondestructive Testing and 
Evaluation System for Rigid Airfield Pavements. Ph.D. Dissertation. University of Illinois 
at Urbana-Champaign, Urbana, IL.  

104. Crovetti, J.A. (1994) Design and Evaluation of Jointed Concrete Pavement Systems 
Incorporating Free-Draining Base Layers. Ph.D. Dissertation. University of Illinois at 
Urbana-Champaign, Urbana, IL.  

105. ASTM C469/C469M-10. (2010) Standard Test Method for Static Modulus of Elasticity and 
Poisson’s Ratio of Concrete in Compression. ASTM International, West 
Conshohocken, PA. 



 

148 

106. Hall, K.T., Darter, M.I., and Kuo, C.M. (1995) “Improved Methods for Selection of K 
Value for Concrete Pavement Design.” Transportation Research Record 1505, p. 128–136. 
Transportation Research Board, Washington, DC.  

107. Federal Highway Administration. (2008) Highway Statistics 2008. U.S. Department of 
Transportation, Washington, DC. Obtained from http://www.fhwa.dot.gov/ 
policyinformation/statistics/2008/ (last accessed November 15, 2010).  

108. Construction Technology Laboratories, Inc. (2003) Procedures for Composite Pavement 
Evaluation: Final Report. Maryland State Highway Administration, Baltimore, MD.  

109. Khazanovich, L. and Roesler, J. (1997) “DIPLOBACK: Neural-Network-Based 
Backcalculation Program for Composite Pavements.” Transportation Research Record 
1570, p. 143–150. Transportation Research Board, Washington, DC. 

110. Guclu, A. and Ceylan, H. (2007) “Condition Assessment of Composite Pavement Systems 
Using Neural Network-Based Rapid Backcalculation Algorithms.” 86th Annual Meeting of 
Transportation Research Board. Preprint Paper No. 07-3356. Transportation Research 
Board, Washington, DC. 

111. Hall, K.T. and Darter, M.I. (1994) “Improved Methods for Asphalt-Overlaid Concrete 
Pavement Backcalculation and Evaluation.” Nondestructive Testing of Pavements and 
Backcalculation of Moduli: Second Volume. ASTM STP 1998. ASTM International, West 
Conshohocken, PA. 

112. McPeak, T.J., Khazanovich, L., Darter, M.I., and Beckemeyer, C. (1998) “Determination 
of In-Service Asphalt Pavement Subgrade Support for Concrete Pavement Design.” 
Proceedings of Fifth International Conference on the Bearing Capacity of Roads and 
Airfields. Norwegian University of Science and Technology, Trondheim, Norway. 

113. William, G.W. (1999) Backcalculation of Pavement Layers Moduli Using 3D Nonlinear 
Explicit Finite Element Analysis. Master’s Thesis. West Virginia University, 
Morgantown, WV.  

114. Elkins, G.E., Schmalzer, P., Thompson, T., and Simpson, A. (2003) Long-Term Pavement 
Performance Information Management System: Pavement Performance Database User 
Guide. Report No. FHWA-RD-03-088. Federal Highway Administration, Washington, DC.  

115. Ambroz, J.K. and Darter, M.I. (2005) Rehabilitation of Jointed Portland Cement Concrete 
Pavements: SPS-6—Initial Evaluation and Analysis. Report No. FHWA-RD-01-169. 
Federal Highway Administration, Washington, DC. 

116. Von Quintus, H. and Killingsworth, B. (1998) Analyses Relating to Pavement Material 
Characterizations and Their Effects on Pavement Performance. Report No. FHWA-RD-
97-085. Federal Highway Administration, Washington, DC. 

 



 

149 

BIBLIOGRAPHY 

Abdallah, I., Williams, R., and Nazarian, S. (2009) “Application of Data Fusion Using Fuzzy 
Logic Method to Nondestructive Evaluation of Pavements.” Transportation Research Board 
88th Annual Meeting. Preprint Paper No. 09-3078. Transportation Research Board, 
Washington, DC.  

Abdallah, I., Nazarian, S., and Yuan, D. (2004) “Using Seismic Moduli in Structural Design of 
Flexible Pavements.” Proceedings, Geo-Trans 2004, Volume I. Geo-Institute of the American 
Society of Civil Engineers, Reston, VA.  

Alavi, S., LeCates, J.F., and Tavares, M.P. (2008) “Falling Weight Deflectometer Usage.” 
National Cooperative Highway Research Program Synthesis of Highway Practice 381. 
Transportation Research Board, Washington, DC.  

Alexander, D.R. and Barker, W.R. (1994) “Backcalculation of Material Properties Based on 
Non-Linear Material Behavior.” Proceedings, 4th International Conference, Bearing Capacity of 
Roads and Airfields, St. Paul, MN.  

Algernon, D. and Hiltunen, D. (2009) “Real-Time Imaging of NDT Data in Combination with 
Scanning Techniques.” Transportation Research Board 88th Annual Meeting. Preprint Paper No. 
09-3423. Transportation Research Board, Washington, DC.  

Ali, H.A. and Tayabji, S.D. (1998) Mechanistic Evaluation of Test Data From LTPP Flexible 
Pavement Test Sections, Volume I: Final Report. Report No. FHWA-RD-98-012. Federal 
Highway Administration, Washington, DC.  

Ali, H.A. and Tayabji, S.D. (1998) Mechanistic Evaluation of Test Data From LTPP Flexible 
Pavement Test Sections, Volume II: Final Report—Appendices. Report No. FHWA-RD-98-020. 
Federal Highway Administration, Washington, DC.  

Ali, N.A. and Khosla, N.P. (1987) “Determination of Layer Moduli Using a Falling Weight 
Deflectometer.” Transportation Research Record 1117, p. 1–10. Transportation Research Board, 
Washington, DC.  

Al-Khoury, R., Scarpas, A., Kasbergen, C., and Blaauwendraad, J. (2000) “Dynamic 
Interpretation of Falling Weight Deflectometer Test Results: Spectral Element Method.” 
Transportation Research Record 1716, p. 49–54. Transportation Research Board, 
Washington, DC.  

Al-Khoury, R., Scarpas, A., Kasbergen, C., and van Gurp, C. (2001) “New Procedure for 
Pavement Parameter Identification from Falling Weight Deflectometer Test.” Transportation 
Research Record 1764, p. 39–43. Transportation Research Board, Washington, DC.  

Al-Khoury, R., Scarpas, A., and van Gurp, C. (2002) “Asphalt Complex Moduli Determination 
Via FWD Test.” Proceedings, Ninth International Conference on Asphalt Pavements. 
International Society for Asphalt Pavements, St. Paul, MN.  



 

150 

Allen, D.L., Graves, R.C., and Fleckenstein, L.J. (1991) Laboratory and Field Evaluations and 
Correlations of Properties of Pavement Components. Report No. KTC-92-10. Kentucky 
Transportation Cabinet, Frankfort, KY.  

Alvarez, C. and Thompson, M. (1998) Mechanistic-Empirical Evaluation of the MN/Road 
Mainline Flexible Pavement Sections. Report No. FHWA-IL-UI-263. Illinois Department of 
Transportation, Springfield, IL.  

American Society of Civil Engineers. (2000) Pavement Subgrade, Unbound Materials, and 
Nondestructive Testing. GSP No. 98. American Society of Civil Engineers, Reston, VA.  

Anderson, M. and Drnevich, V.P. (1989) “A True Dynamic Method for Nondestructive Testing 
of Rigid Pavements with Overlays.” Proceedings, 4th International Conference on Concrete 
Pavement Design and Rehabilitation. Purdue University, West Lafayette, IN.  

Baladi, G.Y., Harichandran, R., Mukhtar, H., and Mahmood, T. (1994) Reduction of Rutting and 
Fatigue Cracking Under Heavy Vehicle Loads and Backcalculation of Layer Moduli: Final 
Report. Volume 2: Research Plan, Pavement Sections Selection, and Laboratory and Field Tests. 
Report No. GLCTTR 57/93-01-2. Michigan Department of Transportation, Lansing, MI.  

Baladi, G.Y., Harichandran, R., Mukhtar, H., and Mahmood, T. (1994) Reduction of Rutting and 
Fatigue Cracking Under Heavy Vehicle Loads and Backcalculation of Layer Moduli: Final 
Report. Volume 3: Analysis, Discussion, Conclusions, and Recommendations. Report No. 
GLCTTR 57/93-01-3. Michigan Department of Transportation, Lansing, MI.  

Baladi, G.Y., Harichandran, R., Mukhtar, H., and Mahmood, T. (1994) Reduction of Rutting and 
Fatigue Cracking Under Heavy Vehicle Loads and Backcalculation of Layer Moduli: Final 
Report. Volume 4: Appendix A: Field and Laboratory Test Data. Report No. GLCTTR 57/93-01-4. 
Michigan Department of Transportation, Lansing, MI.  

Baltzer, S. and Jansen, J.M. (1994) “Temperature Correction of Asphalt-Moduli for FWD-
Measurements.” Proceedings, 4th International Conference, Bearing Capacity of Roads and 
Airfields, St. Paul, MN.  

Bayomy, F.M., Al-Kandari, F.A., and Smith, R.M. (1996) “Mechanistically Based Flexible 
Overlay Design System for Idaho.” Transportation Research Record 1543, p. 10–19. 
Transportation Research Board, Washington, DC. 

Bayomy, F.M. and Nassar, W.M. (1997) “Mechanistic-Based Flexible Overlay Design System.” 
Proceedings, XIIIth World Meeting of the International Road Federation. International Road 
Federation, Washington, DC.  

Bayomy, F.M., Al-Kandari, F., and Nassar, W.M. (1997) “Computer Aided Overlay Design 
System for Flexible Pavements.” Proceedings, Eighth International Conference on Asphalt 
Pavements. University of Washington, Seattle, WA.  



 

151 

Bayrak, M.B. and Ceylan, H. (2008) “Neural Network-Based Approach for the Analysis of Rigid 
Pavement Systems Using Deflection Data.” Transportation Research Record 2068, p. 61–70. 
Transportation Research Board, Washington, DC. 

Bendana, L.J., Yang, W.S., McAuliffe, D., and Lu, J. (1994) Interpreting Data from the Falling-
Weight Deflectometer. Report No. FHWA/NY/RR-94/160. New York State Department of 
Transportation, Albany, NY.  

Briggs, R.C. (1991) “Use of the Falling Weight Deflectometer by the Texas State Department of 
Highways and Public Transportation.” Proceedings, Strategic Highway Research Program 
Products. American Society of Civil Engineers, New York, NY.  

Briggs, R.C. and Lukanen, E.O. (2000) “Variations in Backcalculated Pavement Layer Moduli in 
LTPP Seasonal Monitoring Sites.” Symposium on Nondestructive Testing of Pavements and 
Backcalculation of Moduli: Third Volume. ASTM STP 1375. ASTM International, West 
Conshohocken, PA.  

Brunton, J.M. and D’Almeida, J.R. (1992) “Modeling Material Nonlinearity in a Pavement 
Backcalculation Procedure.” Transportation Research Record 1377, p. 99–106. Transportation 
Research Board, Washington, DC.  

Bush, A.J., Brown, R.W., and Bailey, C.E. (1989) “An Evaluation Procedure for Rigid Airfield 
Pavements.” Proceedings, 4th International Conference on Concrete Pavement Design and 
Rehabilitation. Purdue University, West Lafayette, IN.  

Cary, C. and Zapata, C.E. (2009) “Evaluating the Utility of Existing Pavement Management 
System State Deflection Data for Use in the Implementation of the ME-PDG for Arizona.” 
Transportation Research Board 88th Annual Meeting. Preprint Paper No. 09-3199. 
Transportation Research Board, Washington, DC.  

Ceylan, H. (2008) “A Neural Network-Based Rapid Backcalculation Model for Composite 
Pavement Systems.” Transportation Research Board 87th Annual Meeting. Preprint Paper 
No. 08-2416. Transportation Research Board, Washington, DC.  

Chang, G.K. and Meegoda, J.N. (1999) “Micromechanical Model for Temperature Effects of 
Hot-Mix Asphalt Concrete.” Transportation Research Record 1687, p. 95–103. Transportation 
Research Board, Washington, DC. 

Chatti, K., Yun, K.K., Kim, H.B., and Utamsingh, R. (1995) Paccar Full-Scale Pavement Tests. 
Report No. GLCTTR 75-95/01. Michigan State University and Great Lakes Center for Truck and 
Transit Research, Ann Arbor, MI.  

Chatti, K. and Kim, T.K. (2000) “Effect of Frequency-Dependent Asphalt Concrete Layer 
Moduli on Pavement Response.” Symposium on Nondestructive Testing of Pavements and 
Backcalculation of Moduli: Third Volume. ASTM STP 1375. ASTM International, West 
Conshohocken, PA.  



 

152 

Chatti, K., Ji, Y., and Harichandran, R. (2004) “Dynamic Time Domain Backcalculation of 
Layer Moduli, Damping, and Thicknesses in Flexible Pavements.” Transportation Research 
Record 1869, p. 106-116. Transportation Research Board, Washington, DC.  

Chen, D.H., Fernando, E., and Murphy, M. (1996) “Application of Falling Weight Deflectometer 
Data for Analysis of Superheavy Loads.” Transportation Research Record 1540, p. 83–90. 
Transportation Research Board, Washington, DC.  

Choi, J.W., Wu, R., and Pestana, J.M. (2007) “Application of Constrained Extended Kalman 
Filter in Layer Moduli Backcalculation.” Transportation Research Board 86th Annual Meeting. 
Preprint Paper No. 07-1837. Transportation Research Board, Washington, DC.  

Chou, Y.J. and Lytton, R.L. (1991) “Accuracy and Consistency of Backcalculated Pavement 
Layer Moduli.” Transportation Research Record 1293, p. 72–85. Transportation Research 
Board, Washington, DC.  

Crovetti, J.A. (2002) Comprehensive Subgrade Deflection Acceptance Criteria—Executive 
Summary. Report No. WI/SPR-05-02. Wisconsin Department of Transportation, Madison, WI.  

Darter, M.I., Smith, K.D., and Hall, K.T. (1992) “Concrete Pavement Backcalculation Results 
from Field Studies.” Transportation Research Record 1377, p. 7–16. Transportation Research 
Board, Washington, DC.  

Darter, M.I., Titus-Glover, L., and Mallela, J. (2005) “Concrete Overlay Design of Flexible 
Pavement Using the NCHRP 1-37A Design Guide.” Proceedings, 8th International Conference 
on Concrete Pavements. Denver, CO.  

Dawson, T.A., Baladi, G.Y., Sessions, C.P., and Haider, S.W. (2009) “Backcalculated and 
Laboratory Measured Resilient Modulus Values.” Transportation Research Board 88th Annual 
Meeting. Preprint Paper No. 09-1943. Transportation Research Board, Washington, DC.  

Diefenderfer, B.K. (2008) Network-Level Pavement Evaluation of Virginia's Interstate System 
Using the Falling Weight Deflectometer. Final Report. VTRC 08-R18. Project No. 77209. 
Virginia Transportation Research Council and Virginia Department of Transportation, 
Charlottesville, VA.  

Dongre, R.N., D’Angelo, J.A., and Myers, L.A. (2006) “Conversion of Testing Frequency to 
Loading Time: Impact on Performance Predictions Obtained from Mechanistic-Empirical 
Pavement Design Guide.” Transportation Research Board 85th Annual Meeting. Preprint Paper 
No. 06-2394. Transportation Research Board, Washington, DC.  

Donovan, P. and Tutumluer, E. (2009) “Use of Falling-Weight Deflectometer Testing to 
Determine Relative Damage in Asphalt Pavement Unbound Aggregate Layers.” Transportation 
Research Board 88th Annual Meeting. Preprint Paper No. 09-2056. Transportation Research 
Board, Washington, DC.  



 

153 

Elfino, M.K., Choubane, B., and McQueen, R.D. (1995) “Pavement Evaluation in Virginia: State 
of the Practice.” Transportation Research Record 1505, p. 85–94. Transportation Research 
Board, Washington, DC.  

Elliott, R.P., Hall, K.D., Morrison, N.T., and Hong, K.S. (1990) The Development of Roadhog, A 
Flexible Pavement Overlay Design Procedure. NDT Overlay Design. Report No. FHWA/AR-
91/003. Arkansas State Highway and Transportation Department, Little Rock, AR.  

Farouki, O.T. and Matter, N.S. (1994) “Development and Evaluation of a New Backcalculation 
Computer Program Based on a Finite Element Model.” Proceedings, 4th International 
Conference, Bearing Capacity of Roads and Airfields. St. Paul, MN.  

Federal Highway Administration. (2000) LTPP Manual for Falling Weight Deflectometer 
Measurements Operational Field Guidelines. Version 3.1. U.S. Department of Transportation, 
Washington, DC.  

Fernando, E.G. and Liu, W. (2000) User’s Guide for the Modulus Temperature Correction 
Program (MTCP). Publication No. FHWA/TX-01/1863-2. Texas Department of Transportation, 
Austin, TX.  

Flintsch, G.W., Appea, A., Al-Qadi, I.L., and Loulizi, A. (2001) “Backcalculation Validation 
Through Field Instrumentation Response at the Virginia Smart Road.” Proceedings, Second 
International Symposium on Maintenance and Rehabilitation of Pavements and Technological 
Control. Auburn University, Auburn, AL.  

Flintsch, G.W., Al-Qadi, I.L., Loulizi, A., Lahouar, S., McGhee, K.K., and Clark, T. (2005) 
Field Investigation of High Performance Pavements in Virginia. Report No. VTRC 05-CR9. 
Virginia Department of Transportation, Richmond, VA.  

Fontul, S. and Antunes, M. (2003) “Structural Evaluation of Pavements Using Neural 
Networks.” Proceedings, Maintenance and Rehabilitation of Pavements and Technological 
Control. University of Minho, Guimaraes, Portugal.  

Foxworthy, P.T. and Darter, M.I. (1989) “ILLI-Slab and FWD Deflection Basins for 
Characterization of Rigid Pavements.” First International Symposium on Nondestructive Testing 
of Pavements and Backcalculation of Moduli. ASTM STP 1026. ASTM International, West 
Conshohocken, PA. 

Fwa, T.F. and Setiadji, B.H. (2008) “Backcalculation Analysis of Rigid Pavement Properties 
Considering Presence of Subbase Layer.” Transportation Research Board 87th Annual Meeting. 
Preprint Paper No. 08-0434. Transportation Research Board, Washington, DC.  

Fwa, T.F., Tan, C.Y., and Chan, W.T. (1997) “Backcalculation Analysis of Pavement-Layer 
Moduli Using Genetic Algorithms.” Transportation Research Record 1570, p. 134–142. 
Transportation Research Board, Washington, DC. 

Fwa, T.F., Tan, K.H., and Li, S. (2000) “Closed-Form and Semi-Closed Form Algorithms for 
Backcalculation of Concrete Pavement Parameters.” Symposium on Nondestructive Testing of 



 

154 

Pavements and Backcalculation of Moduli: Third Volume. ASTM STP 1375. ATM International, 
West Conshohocken, PA.  

Galal, K.A., Diefenderfer, B.K., and Alam, J. (2007) Determination by the Falling Weight 
Deflectometer of the In-Situ Subgrade Resilient Modulus and Effective Structural Number for 
I-77 in Virginia. Final Report. Virginia Transportation Research Council and Virginia 
Department of Transportation, Richmond, VA.  

Garg, N. and Thompson, M.R. (1998) Mechanistic-Empirical Evaluation of the MN/Road Low 
Volume Road Test Sections. Report No. FHWA-IL-UI-262. Illinois Department of 
Transportation, Springfield, IL.  

Gedafa, D., Hossain, M., Miller, R., and Van, T. (2009) “Estimation of Remaining Service Life 
of Flexible Pavements from Surface Deflections.” Transportation Research Board 88th Annual 
Meeting. Preprint Paper No. 09-2964. Transportation Research Board, Washington, DC.  

George, K.P. and Uddin, W. (1993) “Verifying Kneading Resilient Modulus of Soils with 
Backcalculated Values.” Transportation Research Record 1406, p. 116-123. Transportation 
Research Board, Washington, DC.  

Germann, F.P. and Lytton, R.L. (1989) “Temperature, Frequency, and Load Level Correction 
Factors for Backcalculated Moduli Values.” First International Symposium on Nondestructive 
Testing of Pavements and Backcalculation of Moduli. ASTM STP 1026. ASTM International, 
West Conshohocken, PA.  

Gopalakrishnan, K., Thompson, M.R., and Manik, A. (2006) “Rapid Finite-Element Based 
Airport Pavement Moduli Solutions Using Neural Networks.” International Journal of 
Computational Intelligence 3(1), p. 63–71. World Enformatika Society.  

Grenier, S. and Konrad, J.M. (2007) “Backcalculation of Asphalt Concrete Layer Thickness 
Using Static and Dynamic Interpretations of FWD Tests.” Transportation Research Board 86th 
Annual Meeting. Preprint Paper No. 07-0573. Transportation Research Board, Washington, DC.  

Hadidi, R., Gucunski, N., Zaghloul, S., Vitillo, N., and Shokouhi, P. (2006) “Development of 
Paving Layer ModuliTemperature Correction Models for Seismic Pavement Analyzer (SPA) in 
New Jersey.” Transportation Research Board 85th Annual Meeting. Preprint Paper No. 06-2722. 
Transportation Research Board, Washington, DC.  

Hadidi, R. and Gucunski, N. (2007) “A Probabilistic Approach to Falling-Weight Deflectometer 
Backcalculation.” Transportation Research Board 86th Annual Meeting. Preprint Paper No. 
07-3187. Transportation Research Board, Washington, DC.  

Hall, K.D. and Watkins, Q.B. (1995) “Comparison of AASHTO and Roadhog Flexible Pavement 
Overlay Design Procedures.” Transportation Research Record 1482, p. 94–101. Transportation 
Research Board, Washington, DC. 



 

155 

Hall, K.D. and Elliott, R.P. (1992) “ROADHOG―A Flexible Pavement Overlay Design 
Procedure (with Discussion and Closure).” Transportation Research Record 1374, p. 9–18. 
Transportation Research Board, Washington, DC. 

Hall, K.T., Darter, M.I., and Kuo, C.M. (1995) “Improved Methods for Selection of K Value for 
Concrete Pavement Design.” Transportation Research Record 1505, p. 128–136. Transportation 
Research Board, Washington, DC. 

Hall, K.T. and Mohseni, A. (1991) “Backcalculation of Asphalt Concrete-Overlaid Portland 
Cement Concrete Pavement Layer Moduli.” Transportation Research Record 1293, p. 112–123. 
Transportation Research Board, Washington, DC. 

Harichandran, R.S., Mahmood, T., Raab, A.R., and Baladi, G.Y. (1993) “Modified Newton 
Algorithm for Backcalculation of Pavement Layer Properties.” Transportation Research Record 
1384, p. 15–22. Transportation Research Board, Washington, DC.  

Hassan, H.F., Mousa, R.M., and Gadallah, A.A. (2003) “Comparative Analysis of Using 
AASHTO and WESDEF Approaches in Back-Calculation of Pavement Layer Moduli.” Journal 
of Transportation Engineering 129(3), p. 322–329. American Society of Civil Engineers, 
Reston, VA.  

Herrin, S.M., McQueen, R.D., Darter, M.I., Fuselier, G., and Grubbs, J.S. (2008) “25 Years of 
NDT Analysis: Runway 1L-19R at Washington Dulles International Airport.” Airfield and 
Highway Pavements: Efficient Pavements Supporting Transportation’s Future. American 
Society of Civil Engineers, Bellevue, WA. 

Hoffman, M.S. (2003) “Direct Method for Evaluating Structural Needs of Flexible Pavements 
With Falling-Weight Deflectometer Deflections.” Transportation Research Record 1860,  
p. 41–47. Transportation Research Board, Washington, DC.  

Hoffmann, O.J.M., Guzina, B.B., and Drescher, A. (2004) “Stiffness Estimates Using Portable 
Deflectometers.” Transportation Research Record 1869, p. 59–66. Transportation Research 
Board, Washington, DC. 

Holzschuher, C. and Lee, H.S. (2006) Falling Weight Deflectometer Handbook. Florida 
Department of Transportation, Tallahassee, FL. 

Hong, F., Pereira, F.M., and Prozzi, J.A. (2006) “Comparison of Equivalent Single-Axle Loads 
from Empirical and Mechanistic-Empirical Approaches.” Transportation Research Board 85th 
Annual Meeting. Preprint Paper No. 06-1874. Transportation Research Board, Washington, DC.  

Hossain, A.S.M.M. and Zaniewski, J.P. (1991) “Characterization of Falling Weight 
Deflectometer Deflection Basin.” Transportation Research Record 1293, p. 1–11. Transportation 
Research Board, Washington, DC.  

Hossain, A.S.M.M. and Zaniewski, J.P. (1991) “Detection and Determination of Depth of Rigid 
Bottom in Backcalculation of Layer Moduli from Falling Weight Deflectometer Data.” 



 

156 

Transportation Research Record 1293, p. 124–135. Transportation Research Board, 
Washington, DC. 

Hossain, M. and Scofield, L.A. (1992) “Correlation Between Backcalculated and Laboratory-
Determined Asphalt Concrete Moduli.” Transportation Research Record 1377, p. 67–76. 
Transportation Research Board, Washington, DC.  

Hossain, M.M. and Yang, W.S. (2000) “Determination of Concrete Pavement Surface Layer 
Modulus and Thickness Using Nondestructive Deflection Testing.” Structural Materials 
Technology IV—An NDT Conference. Technomic Publishing Company, Inc., Lancaster, PA.  

Howard, I.L. and Warren, K.A. (2008) “How Well Does the Falling Weight Deflectometer 
Simulate Traffic Loads for Thin Low Volume Pavements?” Transportation Research Board 87th 
Annual Meeting. Preprint Paper No. 08-1665. Transportation Research Board, Washington, DC.  

Hoyinck, W.T. and Kuijper, R. (1994) “Visco-Elasticity in Traveling Deflectometers.” 
Proceedings, 4th International Conference, Bearing Capacity of Roads and Airfields. St. 
Paul, MN.  

Huston, W.N., Mamlouk, M.S., and Perera, R.W.S. (1992) “Laboratory Versus Nondestructive 
Testing for Pavement Design.” Journal of Transportation Engineering 118(2), p. 207–222. 
American Society of Civil Engineers, Reston, VA.  

Irwin, L.H. and Richter, C.A. (2005) “History and Development of U.S. Procedures for Falling 
Weight Deflectometer Calibration.” Transportation Research Record 1905, p. 67–72. 
Transportation Research Board, Washington, DC.  

Jacoby, G. (2008) “Analysis and Interpretation of Falling Weight Deflectometer Data.” 
Proceedings, 23rd ARRB Conference. ARRB Group Limited, Victoria, Australia.  

Jiang, Y.J. and Tayabji, S.D. (2000) “Evaluation of Concrete Pavement Conditions and Design 
Features Using LTPP FWD Deflection Data.” Symposium on Nondestructive Testing of 
Pavements and Backcalculation of Moduli: Third Volume. ASTM STP 1375. ASTM 
International, West Conshohocken, PA.  

Johnson, A.M. and Baus, R.L. (1992) “Alternative Method for Temperature Correction of 
Backcalculated Equivalent Pavement Moduli.” Transportation Research Record 1355, p. 75–81. 
Transportation Research Board, Washington, DC.  

Johnson, A.M. and Baus, R.L. (1993) “Simplified Direct Calculation of Subgrade Modulus from 
Nondestructive Pavement Deflection Testing.” Transportation Research Record 1406,  
p. 133–141. Transportation Research Board, Washington, DC.  

Jooste, F., Kekwick, S.V., and Muthen, M. (1998) “Effect of Allowable Thickness Variation on 
Backcalculated Moduli.” Transportation Research Record 1639, p. 43–52. Transportation 
Research Board, Washington, DC.  



 

157 

Kang, Y.V. (2000) “Use of Multifrequency Backcalculation for Determining Moduli of a 
Pavement Structure.” Symposium on Nondestructive Testing of Pavements and Backcalculation 
of Moduli: Third Volume. ASTM STP 1375. ASTM International, West Conshohocken, PA.  

Khosla, N.P. (1986) Nondestructive Structural Evaluation of Pavements. Volume II—User’s 
Manual. Publication No. FHWA/NC-89/010. North Carolina Department of Transportation, 
Raleigh, NC.  

Khosla, N.P. and Ali, N.A. (1989) “A Mechanistic Method for Evaluation of Layer Moduli and 
Overlay Design.” First International Symposium on Nondestructive Testing of Pavements and 
Backcalculation of Moduli. ASTM STP 1026. ASTM International, West Conshohocken, PA. 

Killingsworth, B. and Von Quintus, H. (1997) Backcalculation of Layer Moduli of LTPP 
General Pavement Study (GPS) Sites. Report No. FHWA-RD-97-086. Federal Highway 
Administration, Washington, DC.  

Kim, J.R., Kang, H.B., Kim, D., Park, D.S., and Kim, W.J. (2007) “Evaluation of In Situ 
Modulus of Compacted Subgrades Using Portable Falling Weight Deflectometer and Plate-
Bearing Load Test.” Journal of Materials in Civil Engineering 19(6), p. 492–499. American 
Society of Civil Engineers, Reston, VA. 

Kim, O.K. and Nokes, W.A. (1993) Evaluation of Backcalculation Methods to Predict Pavement 
Layer Moduli. Report No. FHWA/CA/TL-94/11. California Department of Transportation, 
Sacramento, CA.  

Kim, S., Ceylan, H., Gopalakrishnan, K., and Heitzman, M. (2006) “Sensitivity Study of Iowa 
Flexible Pavements Using Mechanistic-Empirical Pavement Design Guide.” Transportation 
Research Board 85th Annual Meeting. Preprint Paper No. 06-2139. Transportation Research 
Board, Washington, DC.  

Kim, Y.R., Hibbs, B.O., and Lee, Y.C. (1994) “New Temperature Correction Procedure for 
FWD Deflections of Flexible Pavements.” Proceedings, 4th International Conference, Bearing 
Capacity of Roads and Airfields. St. Paul, MN. 

Kim, Y.R., Hibbs, B.O., and Lee, Y.C. (1995) “Temperature Correction of Deflections and 
Backcalculated Asphalt Concrete Moduli.” Transportation Research Record 1473, p. 55–62. 
Transportation Research Board, Washington, DC. 

Kim, Y.R., Khosla, N.P., Satish, S., and Scullion, T. (1992) “Validation of Moduli 
Backcalculation Procedure Using Multidepth Deflectometers Installed in Various Flexible 
Pavement Structures.” Transportation Research Record 1377, p. 128–142. Transportation 
Research Board, Washington, DC.  

Kim, Y.R., Lee, Y.C., and Ranjithan, S.R. (2000) “Flexible Pavement Condition Evaluation 
Using Deflection Basin Parameters and Dynamic Finite Element Analysis Implemented by 
Artificial Neural Networks.” Symposium on Nondestructive Testing of Pavements and 
Backcalculation of Moduli: Third Volume. ASTM STP 1375. ASTM International, West 
Conshohocken, PA.  



 

158 

Kothandram, S. and Ioannides, A.M. (2001) “DIPLODEF: A Unified Backcalculation System 
for Asphalt and Concrete Pavements.” Transportation Research Record 1764, p. 20–29. 
Transportation Research Board, Washington, DC.  

LaCroix, A.T., Kim, Y.R., and Ranjithan, S.R. (2008) “Backcalculation of Dynamic Modulus 
from Resilient Modulus of Asphalt Concrete with an Artificial Neural Network.” Transportation 
Research Record 2057, p. 107–113. Transportation Research Board, Washington, DC.  

Lee, Y.H., Lee, C.T., and Bair, J.W. (1998) “Modified Deflection Ratio Procedures for 
Backcalculation of Concrete Pavements.” Airport Facilities: Innovations for the Next Century. 
Proceedings of the 25th International Air Transportation Conference. American Society of Civil 
Engineers, Reston, VA.  

Litwinowicz, A. (2004) “Pavement Deflection Testing and Evaluation by Back Analysis: Time 
for a Reality Check?” Road & Transport Research: The Journal of Australian and New Zealand 
Research and Practice 13(3), p. 25–35. ARRB Transport Research, Victoria, Australia.  

Liu, W. and Scullion, T. (2001) MODULUS 6.0 for Windows: User’s Manual. Publication No. 
FHWA/TX-05/0-1869-2. Texas Department of Transportation, Austin, TX.  

Livneh, M. (2001) “Thickness-Deficiency Determination for Overlay Design of Flexible 
Pavements.” Proceedings, Second International Symposium on Maintenance and Rehabilitation 
of Pavements and Technological Control. Auburn University, Auburn, AL.  

Loizos, A., Boukovalas, G., and Karlaftis, A. (2003) “Dynamic Stiffness Modulus for Pavement 
Subgrade Evaluation.” Journal of Transportation Engineering 129(4), p. 434–443. American 
Society of Civil Engineers, Reston, VA.  

Loizos, A. and Boukovalas, G. (2005) “Pavement Soil Characterization Using a Dynamic 
Stiffness Model.” International Journal of Pavement Engineering 6(1), p. 5–15. Taylor & 
Francis Limited, London, United Kingdom.  

Lu, Q., Jones, D., and Harvey, J.T. (2007) Reflective Cracking Study: Backcalculation of HVS 
Test Section Deflection Measurements. Report No. CA091073M. California Department of 
Transportation, Sacramento, CA.  

Lu, Q., Signore, J.M., Basheer, I., Ghuzlan, K., and Ullidtz, P. (2008) “Calback: Enhancing 
Caltrans Mechanistic-Empirical Design Process With New Backcalculation Software.” 
Transportation Research Board 87th Annual Meeting. Preprint Paper No. 08-2303. 
Transportation Research Board, Washington, DC.  

Lytton, R.L., Germann, F.P., Chou, Y.J., and Stoffels, S.M. (1990) Determining Asphaltic 
Concrete Pavement Structural Properties by Nondestructive Testing. NCHRP Report No. 327. 
Transportation Research Board, Washington, DC.  

Maestas, J.M. and Mamlouk, M.S. (1992) “Comparison of Pavement Deflection Analysis 
Methods Using Overlay Design.” Transportation Research Record 1377, p. 17–25. 
Transportation Research Board, Washington, DC.  



 

159 

Maher, A., Gucunski, N., and Bennert, T. (2005) Implementation of Mechanistic Pavement 
Design: Field and Laboratory Implementation. Final Report. Report No. ELF-RU7072. Federal 
Highway Administration, Washington, DC.  

Mahoney, J.P., Winters, B.C., Jackson, N.C., and Pierce, L.M. (1993) “Some Observations 
About Backcalculation and Use of a Stiff Layer Condition.” Transportation Research Record 
1384, p. 8–14. Transportation Research Board, Washington, DC.  

Mahoney, J.P., Pierce, L.M., and Copstead, R.L. (1996) Estimation of Seasonal Effects for 
Pavement Design and Performance. Volume 3. Report No. FHWA-FLP-95-008. U.S. Forest 
Service and Federal Highway Administration, Washington, DC.  

Mahoney, J.P., Coetzee, N.F., Stubstad, R.N., and Lee, S.W. (1989) “A Performance 
Comparison of Selected Backcalculation Computer Programs.” First International Symposium 
on Nondestructive Testing of Pavements and Backcalculation of Moduli. ASTM STP 1026. 
ASTM International, West Conshohocken, PA.  

Maina, J.W. and Yokota, H. (2000) “Dynamic Backcalculation and Overlay Design Based on 
FWD Data.” Symposium on Nondestructive Testing of Pavements and Backcalculation of 
Moduli: Third Volume. ASTM STP 1375. ASTM International, West Conshohocken, PA.  

Maina, J.W., Matsui, K., Kikuta, Y., and Inoue T. (2004) “Dynamic Backcalculation of 
Pavement Structure Using Multiple Sets of Time-Series Data.” Proceedings of Geo-Trans 2004, 
Volume I. Geo-Institute of the American Society of Civil Engineers, Reston, VA.  

Malla, R.B. and Joshi, S. (2007) “Resilient Modulus Prediction Models Based on Analysis of 
LTPP Data for Subgrade Soils and Experimental Verification.” Journal of Transportation 
Engineering 133(9), p. 491–504. American Society of Civil Engineers, Reston, VA.  

Mallela, J. and George, K.P. (1994) “Three-Dimensional Dynamic Response Model for Rigid 
Pavements.” Transportation Research Record 1448, p. 92–99. Transportation Research Board, 
Washington, DC. 

Mallick, R.B., Das, A., and Nazarian S. (2005) “Fast Nondestructive Field Test Method to 
Determine Stiffness of Subsurface Layer in Thin Surface Hot-Mix Asphalt Pavement.” 
Transportation Research Record 1905, p. 82–89. Transportation Research Board, 
Washington, DC.  

Mamlouk, M.S., Zaniewski, J.P., Houston W.N., and Houston S.L. (1990) “Overlay Design 
Method for Flexible Pavements in Arizona.” Transportation Research Record 1286, p. 112–122. 
Transportation Research Board, Washington, DC.  

Mamlouk, M.S., Houston, W.N., McBrien, E.F., Houston, S.L., and Zaniewski J.P. (1988) 
Rational Characterization of Pavement Structures using Deflection Analysis. Volume I—
Research Results & Findings. Report No. FHWA-AZ88-254. Arizona Department of 
Transportation, Phoenix, AZ.  



 

160 

Marchionna, A., Fornaci, M.G., and Malgarini M. (1987) “Evaluation of Flexible Pavements and 
Overlay Design Based on FWD Tests.” Proceedings, Sixth International Conference, Structural 
Design of Asphalt Pavements. Ann Arbor, MI.  

Matsui, K., Maina, J.W., Dong, Q., and Sasaki, Y. (2003) “A Fast Dynamic Backcalculation of 
Layer Moduli Using Axi-Symmetric Approach.” International Journal of Pavements 2(2),  
p. 75–87. University of Mississippi, University, MS.  

Matsui, K., Maina, J.W., and Nishizawa, T. (2005) “Structural Evaluation of Concrete 
Pavements Based on Static and Dynamic Backanalysis.” Proceedings, 8th International 
Conference on Concrete Pavements. Denver, CO.  

Matsui, K., Hachiya, Y., Maina, J.W., Kikuta, Y., and Nagae, T. (2006) “Influence of Seed Layer 
Moduli on Finite-Element Method Based Modulus Backcalculation Results.” Transportation 
Research Board 85th Annual Meeting. Preprint Paper No. 06-2816. Transportation Research 
Board, Washington, DC.  

Mehta, Y. and Roque, R. (2003) “Evaluation of FWD Data for Determination of Layer Moduli 
of Pavements.” Journal of Materials in Civil Engineering 15(1), p. 25–31. American Society of 
Civil Engineers, Reston, VA. 

Meier, R.W. and Rix, G.J. (1995) “Backcalculation of Flexible Pavement Moduli from Dynamic 
Deflection Basins using Artificial Neural Networks.” Transportation Research Record 1473, 
p. 72–81. Transportation Research Board, Washington, DC.  

Meier, R.W., Alexander, D.R., and Freeman, R.B. (1997) “Using Artificial Neural Networks as a 
Forward Approach to Backcalculation.” Transportation Research Record 1570, p. 126–133. 
Transportation Research Board, Washington, DC.  

Meshkani, A., Abdallah, I.N., and Nazarian, S. (2003) “Feasibility of Backcalculation of 
Nonlinear Flexible Pavement Layer Parameters from Nondestructive Testing.” Transportation 
Research Record 1860, p. 16–25. Transportation Research Board, Washington, DC.  

Mohammad, L.N., Gaspard, K., Herath, A., and Nazzal, M.D. (2007) Comparative Evaluation of 
Subgrade Resilient Modulus from Non-destructive, In Situ, and Laboratory Methods. Report No. 
FHWA/LA.06/417. Louisiana Department of Transportation and Development, Baton Rouge, 
LA, and Federal Highway Administration, Washington, DC.  

Molenaar, A. (2009) “Backcalculation Procedure for Stiffness Modulus of Cement-Treated Base 
Layers Using Computational Intelligence-Based Models.” Transportation Research Board 88th 
Annual Meeting. Preprint Paper No. 09-0523. Transportation Research Board, Washington, DC.  

Motta, L., Medina, J., Macedo, J.A.G., and Albernaz, C.V. (1997) “Comparative Studies of 
Deflectometry with Benkelman Beam and FWD Supported by Mechanistic Analysis and 
Repeated Load Testing.” Proceedings, Eighth International Conference on Asphalt Pavements. 
University of Washington, Seattle, WA.  



 

161 

Mun, S. and Kim, Y.R. (2009) “Backcalculation of Subgrade Stiffness Under Rubblised PCC 
Slabs Using Multilevel FWD Loads.” International Journal of Pavement Engineering 10(1), 
p. 9–18. North Carolina State University, Raleigh, NC, and Taylor & Francis Limited, London, 
United Kingdom.  

Nazarian, S. and Boddapati, K.M. (1995) “Pavement-Falling Weight Deflectometer Interaction 
Using Dynamic Finite-Element Analysis.” Transportation Research Record 1482, p. 33–43. 
Transportation Research Board, Washington, DC. 

Nazef, A. and Choubane, B. (2002) “Survey of Current Practices of Using Falling Weight 
Deflectometers.” Proceedings, 2002 Pavement Evaluation Conference. Richmond, VA.  

Nazzal, M.D., Abu-Farsakh, M.Y., Alshibli, K.A., and Louay, M.N. (2007) “Evaluating the 
Light Falling Weight Deflectometer Device for In Situ Measurement of Elastic Modulus of 
Pavement Layers.” Transportation Research Record 2016, p. 13–22. Transportation Research 
Board, Washington, DC. 

Newcomb, D.E., Lee, S.W., Mahoney, J.P., and Jackson, N.C. (1989) “The Use of Falling 
Weight Deflectometer Data in Monitoring Flexible Pavement Systems.” First International 
Symposium on Nondestructive Testing of Pavements and Backcalculation of Moduli. ASTM STP 
1026. ASTM International, West Conshohocken, PA.  

Newcomb, D.E., Van Deusen, D.A., Jiang, Y., and Mahoney, J.P. (1995) “Considerations of 
Saturated Soil Conditions in Backcalculation of Pavement Layer Moduli.” Transportation 
Research Record 1473, p. 63–71. Transportation Research Board, Washington, DC. 

Nishizawa, T., Himeno, K., Marliyama, T., and Saika, Y. (1994) “Comparison of Static and 
Dynamic FEM Analyses in Connection with Backcalculation of Pavement Layer Moduli Based 
on FWD Deflection Data.” Proceedings, 4th International Conference on Bearing Capacity of 
Roads and Airfields. St. Paul, MN.  

Nokes, W.A. (1993) Evaluation of Mechanistic Procedures for Assessment of Structural Section 
Performance. Report No. FHWA-CA/TL-93-03. California Department of Transportation, 
Sacramento, CA.  

Noureldin, A.S. (1993) “New Scenario for Backcalculation of Layer Moduli of Flexible 
Pavements.” Transportation Research Record 1384, p. 23–28. Transportation Research Board, 
Washington, DC. 

Orr, D. (2003) “Detection of Nonresilient Behavior in Pavements with a Falling Weight 
Deflectometer.” Transportation Research Record 1860, p. 26–32. Transportation Research 
Board, Washington, DC.  

Ovik, J.M., Birgisson, B., and Newcomb, D.E. (2000) “Seasonal Variations in Backcalculated 
Pavement Layer Moduli in Minnesota.” Symposium on Nondestructive Testing of Pavements and 
Backcalculation of Moduli: Third Volume. ASTM STP 1375. ASTM International, West 
Conshohocken, PA.  



 

162 

Park, S.W. and Kim, Y.R. (1997) “Temperature Correction of Backcalculated Moduli and 
Deflections Using Linear Viscoelasticity and Time-Temperature Superposition.” Transportation 
Research Record 1570, p. 108–117. Transportation Research Board, Washington, DC.  

Parker, F. (1991) “Estimation of Paving Materials Design Moduli From Falling Weight 
Deflectometer Measurements.” Transportation Research Record 1293, p. 42–51. Transportation 
Research Board, Washington, DC. 

Perera, R.W., Gemayel, C.A., and Kohn, S.D. (1994) “Use of Nondestructive Testing in 
Evaluating Composite Pavements.” Proceedings, 4th International Conference on Bearing 
Capacity of Roads and Airfields. Vol. 2. Minneapolis, MN. 

Pierce, L.M., Jackson, N.C., and Mahoney, J.P. (1993) “Development and Implementation of a 
Mechanistic, Empirically Based Overlay Design Procedure for Flexible Pavements.” 
Transportation Research Record 1388, p. 120–128. Transportation Research Board, 
Washington, DC.  

Pologruto, M. (2001) “Procedure for Use of Falling Weight Deflectometer to Determine 
AASHTO Layer Coefficients.” Transportation Research Record 1764, p. 11–19. Transportation 
Research Board, Washington, DC.  

Prozzi, J.A. and Hong, F. (2006) “Seasonal Time Series Models for Supporting Traffic Input 
Data for Mechanistic-Empirical Design Guide.” Transportation Research Board 85th Annual 
Meeting. Preprint Paper No. 06-1450. Transportation Research Board, Washington, DC. 

Pumphrey, N.D. and White, T.D. (1989) Development of an Asphaltic Concrete Overlay Design 
Procedure for Rigid Pavements in Indiana. Report No. FHWA/IN/JHRP-89/14. Indiana 
Department of Transportation, Indianapolis, IN.  

Rada, G.R. and Witczak, M.W. (1994) “Dynamic Design of AC Overlays Using Deflection 
Testing.” Proceedings, 4th International Conference on Bearing Capacity of Roads and 
Airfields. St. Paul, MN.  

Rada, G.R., Richter, C.A., and Stephanos, P.J. (1992) “Layer Moduli from Deflection 
Measurements: Software Selection and Development of Strategic Highway Research Program’s 
Procedure for Flexible Pavements.” Transportation Research Record 1377, p. 77–87. 
Transportation Research Board, Washington, DC.  

Rada, G.R., Shepherd, K.L., Zeigler, T.D., and Smith, T.E. (1997) “Montana’s Automated 
Deflection Analysis Procedure.” Transportation Research Record 1570, p. 151–162. Transportation 
Research Board, Washington, DC.  

Rada, G.R., Witczak, M.W., and Rabinow, S.D. (1988) “Comparison of AASHTO Structural 
Evaluation Techniques Using Nondestructive Deflection Testing.” Transportation Research 
Record 1207, p. 134–144. Transportation Research Board, Washington, DC. 

Rahman, F., Hossain, M., Hunt, M.M., and Romanoschi, S.A. (2008) “Evaluation of Subgrade 
Resilient Modulus for Pavement Design Using Mechanistic-Empirical Pavement Design Guide.” 



 

163 

Transportation Research Board 87th Annual Meeting. Preprint Paper No. 08-2673. 
Transportation Research Board, Washington, DC.  

Reddy, M.A., Reddy, K.S., and Pandey, B.B. (2004) “Selection of Genetic Algorithm Parameters 
for Backcalculation of Pavement Moduli.” International Journal of Pavement Engineering 5(2), 
p. 81–90. Taylor & Francis Limited, London, United Kingdom.  

Richter, C. (1997) Improved Guidance for Users of the 1993 AASHTO Flexible Pavement 
Design Procedures. Publication No. FHWA-RD-97-091. Federal Highway Administration, 
Washington, DC.  

Richter, C.A. and Schwartz, C.W. (2003) “Modeling Stress- and Moisture-Induced Variations in 
Pavement Layer Moduli.” Transportation Research Record 1860, p. 33–40. Transportation 
Research Board, Washington, DC.  

Robinette, C. and Williams, R.C. (2006) “Pavement Design Analysis Using AASHTO 2002 
Design Guide Software.” Transportation Research Board 85th Annual Meeting. Preprint Paper 
No. 06-1703. Transportation Research Board, Washington, DC. 

Rohde, G.T. (1994) “Determining Pavement Structural Number From FWD Testing.” 
Transportation Research Record 1448, p. 62-68. Transportation Research Board, 
Washington, DC.  

Rozycki, D.K., Wilde, W.J., and Rasmussen, R.O. (2001) “A New Approach to Non-Destructive 
Evaluation of Pavement Structures using the Rolling Dynamic Deflectometer.” Seventh 
International Conference on Concrete Pavements—The Use of Concrete in Developing Long-
Lasting Pavement Solutions for the 21st Century. International Society for Concrete Pavements. 
College Station, TX.  

Rutherford, M. (1993) Road Rater Study. Report No. WA-RD 334.1. Washington State 
Department of Transportation, Olympia, WA.  

Rwebangira, T.R., Hicks, G., and Truebe, M. (1987) “Sensitivity Analysis of Selected 
Backcalculation Procedures.” Transportation Research Record 1117, p. 25–37. Transportation 
Research Board, Washington, DC.  

Sargand, S.M., Hazen, G.A., Wilson, B.E., and Russ, A.C. (1991) Evaluation of Resilient 
Modulus by Back-Calculation Technique. Report No. FHWA/OH-91/005. Ohio Department of 
Transportation, Columbus, OH.  

Schmalzer, P., Thompson, T., and Simpson, A. (2008) “Impact of Trends in Deflection with 
Repeated Load Application on Deflection Data Averaging.” Transportation Research Board 
87th Annual Meeting. Preprint Paper No. 08-2499. Transportation Research Board, 
Washington, DC.  

Schram, S. and Abdelrahman, M. (2006) “Improving Prediction Accuracy in Mechanistic-
Empirical Pavement Design Guide.” Transportation Research Record 1947, p. 59–68. 
Transportation Research Board, Washington, DC.  



 

164 

Scullion, T. and Michalak, C. (1991) Modulus 4.0: User’s Manual. Publication No. FHWA/TX-
91/1123-4. Texas State Department of Highways and Public Transportation, Austin, TX.  

Scullion, T., Uzan, J., and Paredes, M. (1990) “Modulus: A Microcomputer-Based 
Backcalculation System.” Transportation Research Record 1260, p. 180–191. Transportation 
Research Board, Washington, DC. 

Scullion, T., Briggs, R.C., and Lytton, R.L. (1989) “Using the Multidepth Deflectometer to 
Verify Modulus Backcalculation Procedures.” First International Symposium on Nondestructive 
Testing of Pavements and Backcalculation of Moduli. ASTM STP 1026. ASTM International, 
West Conshohocken, PA.  

Sebaaly, B.E., Mamlouk, M.S., and Davies, T.G. (1986) “Dynamic Analysis of Falling Weight 
Deflectometer Data.” Transportation Research Record 1070, p. 63–68. Transportation Research 
Board, Washington, DC. 

Sebaaly, P.E., Tabatabaee, N., and Scullion, T. (1992) “Comparison of Backcalculated Moduli 
from Falling Weight Deflectometer and Truck Loading.” Transportation Research Record 1377, 
p. 88–98. Transportation Research Board, Washington, DC.  

Sebaaly, P.E., Schoener, P., Siddharthan, R., and Epps, J. (1994) “Implementation of Nevada’s 
Overlay Design Procedure.” Proceedings, 4th International Conference, Bearing Capacity of 
Roads and Airfields. St. Paul, MN. 

Sebaaly, P.E., Bemanian, S., and Lani, S. (2000) “Nevada’s Approach to the Backcalculation 
Process.” Symposium on Nondestructive Testing of Pavements and Backcalculation of Moduli: 
Third Volume. ASTM STP 1375. ASTM International, West Conshohocken, PA. 

Sessions, C.P., Baladi, G.Y., Dawson, T.A., and Haider, S.W. (2009) “Laboratory Subgrade 
Resilient Modulus Design Values for Michigan.” Transportation Research Board 88th Annual 
Meeting. Preprint Paper No. 09-1067. Transportation Research Board, Washington, DC.  

Setiadji, B.H. and Fwa, T.F. (2007) “Consideration of Finite Slab Size in Backcalculation 
Analysis of Jointed Concrete Pavements.” Transportation Research Record 2005, p. 124–142. 
Transportation Research Board, Washington, DC.  

Shoukry, S.N. (2000) “Backcalculation of Thermally Deformed Concrete Pavements.” 
Transportation Research Record 1716, p. 64–72. Transportation Research Board, 
Washington, DC.  

Shoukry, S.N. and William, G.W. (1999) “Performance Evaluation of Backcalculation 
Algorithms Through Three-Dimensional Finite-Element Modeling of Pavement Structures.” 
Transportation Research Record 1655, p. 152–160. Transportation Research Board, 
Washington, DC.  

Shoukry, S.N., Martinelli, D.R., and Selezneva, O.I. (1997) “Dynamic Performance of 
Composite Pavements Under Impact.” Transportation Research Record 1570, p. 163–171. 
Transportation Research Board, Washington, DC.  



 

165 

Shoukry, S.N., Riad, M.Y., and William, G.W. (2005) Effect of FWD Testing Position on 
Modulus of Subgrade Reaction. Report No. WVU-2002-04. West Virginia University, 
Morgantown, WV.  

Siddharthan, R., Norris, G.M., and Epps, J.A. (1991) “Use of FWD Data for Pavement Material 
Characterization and Performance.” Journal of Transportation Engineering 117(6) p. 660–668. 
American Society of Civil Engineers, Reston, VA.  

Siddharthan, R., Sebaaly, P.E., and Javaregowda, M. (1992) “Influence of Statistical Variation in 
Falling Weight Deflectometers on Pavement Analysis.” Transportation Research Record 1377, 
p. 57–66. Transportation Research Board, Washington, DC. 

Sivaneswaran, N., Kramer, S.L., and Mahoney, J.P. (1991) “Advanced Backcalculation using a 
Nonlinear Least Squares Optimization Technique.” Transportation Research Record 1293, 
p. 93–102. Transportation Research Board, Washington, DC.  

Snaith, M.S. and Evdorides, H.T. (1994) “A Systematic Knowledge-Based Approach to the 
Structural Analysis of Pavements.” Proceedings, 4th International Conference on Bearing 
Capacity of Roads and Airfields. Minnesota Department of Transportation, St. Paul, MN. 

Stolle, D.F.E. (1996) “Comparison of Simplified Elastostatic and Elastodynamic Models for 
Falling Weight Deflectometer Data Interpretation.” Transportation Research Record 1540, 
p. 72–76. Transportation Research Board, Washington, DC.  

Stolle, D.F.E. and Hein, D.K. (2002) “Assessment of the Impact of Layer Moduli on Measured 
Surface Deflections.” Proceedings of the Pavement Evaluation 2002 Conference. Roanoke, VA. 

Strategic Highway Research Program. (1993) Layer Moduli Backcalculation Procedure: 
Software Selection. SHRP-P-651. Transportation Research Board, Washington, DC. 

Strategic Highway Research Program. (1993) SHRP’s Layer Moduli Backcalculation Procedure. 
SHRP-P-655. Transportation Research Board, Washington, DC.  

Stubstad, R.N., Jiang, Y.J., and Lukanen, E.O. (2006) Guidelines for Review and Evaluation of 
Backcalculation Results. Report No. FHWA-RD-05-152. Federal Highway Administration, 
Washington, DC. 

Stubstad, R.N., Jiang, Y.J., Clevenson, M.L., and Lukanen, E.O. (2006) Review of the Long-
Term Pavement Performance Backcalculation Results―Final Report. Report No. FHWA-HRT-
05-150. Federal Highway Administration, Washington, DC. 

Svec, O.J. and Yue, Z. (1994) “Use of Non-Circular Loading Plates for Better Backcalculation of 
Pavement Moduli.” Proceedings, 4th International Conference on Bearing Capacity of Roads 
and Airfields. St. Paul, MN. 

Tam, W.S. and Brown, S.F. (1989) “Back-Analyzed Elastic Stiffnesses: Comparison Between 
Different Evaluation Procedures.” First International Symposium on Nondestructive Testing of 



 

166 

Pavements and Backcalculation of Moduli. ASTM STP 1026. ASTM International, West 
Conshohocken, PA.  

Tholen, O., Sharma, J., and Terrel, R.L. (1985) “Comparison of Falling Weight Deflectometer 
with Other Deflection Testing Devices.” Transportation Research Record 1007, p. 20–26. 
Transportation Research Board, Washington, DC.  

Thompson, M.R. (1989) “ILLI-Pave Based NDT Analysis Procedures.” First International 
Symposium on Nondestructive Testing of Pavements and Backcalculation of Moduli. ASTM STP 
1026. ASTM International, West Conshohocken, PA. 

Thompson, M.R. (1992) “Report of the Discussion Group on Backcalculation Limitations and 
Future Improvements.” Transportation Research Record 1377, p. 3–4. Transportation Research 
Board, Washington, DC.  

Timm, D., Birgisson, B., and Newcomb, D. (1998) “Development of Mechanistic-Empirical 
Pavement Design in Minnesota.” Transportation Research Record 1629, p. 181–188. 
Transportation Research Board, Washington, DC. 

Timm, D.H., Priest, A.L., and McEwen, T.V. (2004) Design and Instrumentation of the 
Structural Pavement Experiment at the NCAT Test Track. NCAT Report 04-01. National Center 
for Asphalt Technology, Auburn, AL.  

Titus-Glover, L. and Stanley, M. (2008) “Characterizing Existing Jointed Plain Concrete 
Pavement Portland Cement Concrete Elastic Modulus for Rehabilitation Design.” Transportation 
Research Board 87th Annual Meeting. Preprint Paper No. 08-3112. Transportation Research 
Board, Washington, DC.  

Titus-Glover, L. and Stanley, M. (2008) “Rehabilitation Design of Jointed Plain Concrete 
Pavement: Characterizing the Existing Portland Cement Concrete Elastic Modulus.” 
Transportation Research Record 2084, p. 134–138. Transportation Research Board, 
Washington, DC.  

Touma, B.E., Crovetti, J.A., and Shahin, M.Y. (1991) “Effect of Various Load Distributions on 
Backcalculated Moduli Values in Flexible Pavements.” Transportation Research Record 1293, 
p. 31–41. Transportation Research Board, Washington, DC.  

Tran, N.H. and Hall, K.D. (2006) “Evaluation of Testing Protocols for Dynamic Modulus of 
Hot-Mix Asphalt.” Transportation Research Board 85th Annual Meeting. Preprint Paper No. 
06-1511. Transportation Research Board, Washington, DC.  

Turkiyyah, G. (2005) Feasibility of Backcalculation Procedures Based on Dynamic FWD 
Response Data. Report No. WA-RD 586.1. Washington State Department of Transportation, 
Olympia, WA.  

Uddin, W. (2001) “Development and Implementation of New Modulus Backcalculation 
Programs Using the PEDD Methodology.” Second International Symposium on Maintenance 
and Rehabilitation of Pavements and Technological Control. Auburn University, Auburn, AL.  



 

167 

Uddin, W., Chen, X., Yiqin, L., and Garza, S. (2004) “3D-FE Simulations and Validation of 
FWD Modulus Values Backcalculated for Asphalt Highways and Subgrade Sections.” Second 
International Symposium on Maintenance and Rehabilitation of Pavements and Technological 
Control. Auburn University, Auburn, AL.  

Uddin, W. and Garza, S. (2004) “3D-FE Modeling and Simulation of Airfield Pavements 
Subjected to FWD Impact Load Pulse and Wheel Loads.” Airfield Pavements: Challenges and 
New Technologies. American Society of Civil Engineers, Reston, VA.  

Uddin, W., Garza, S., and Boriboonsomsin, K. (2003) “A 3D-FE Simulation Study of the Effects 
of Nonlinear Material Properties on Pavement Structural Response Analysis and Design.” 
Maintenance and Rehabilitation of Pavements and Technological Control. University of Minho, 
Guimaraes, Portugal.  

Uddin, W. and Godiwalla, A. (1998) “Finite Element Simulation of Nondestructive Testing for 
Pavement Structural Evaluation.” Airport Facilities: Innovations for the Next Century. 
Proceedings of the 25th International Air Transportation Conference. American Society of Civil 
Engineers, Reston, VA.  

Uddin, W., Hackett, R.M., Joseph, A., Pan, Z., and Crawley, A.B. (1995) “Three-Dimensional 
Finite-Element Analysis of Jointed Concrete Pavement with Discontinuities.” Transportation 
Research Record 1482, p. 26–32. Transportation Research Board, Washington, DC.  

Uddin, W., Hackett, R.M., Noppakunwijai, P., and Pan, Z. (1996) “Three-Dimensional Finite-
Element Simulation of FWD Loading on Pavement Systems.” Meeting the Challenge: 
Rebuilding Inner City Airports. 24th International Air Transportation Conference. American 
Society of Civil Engineers, New York, NY.  

Uddin, W. and McCullough, B.F. (1989) “In Situ Material Properties from Dynamic Deflection 
Equipment.” First International Symposium on Nondestructive Testing of Pavements and 
Backcalculation of Moduli. ASTM STP 1026. ASTM International, West Conshohocken, PA.  

Uddin, W., Meyer. A.H., Hudson, W.R., and Stokoe, K.H. (1985) A Structural Evaluation 
Methodology for Pavements Based on Dynamic Deflections. Report No. FHWA/TX-
86/17+387-1. Texas State Department of Highways & Public Transportation, Austin, TX.  

Uddin, W., Meyer. A.H., Hudson, W.R., and Stokoe, K.H. (1985) “Project-Level Structural 
Evaluation of Pavements Based on Dynamic Deflections.” Transportation Research Record 
1007, p. 37–45. Transportation Research Board, Washington, DC.  

Uddin, W., Meyer. A.H., Hudson, W.R., and Stokoe, K.H. (1985) “A Rigid Pavement Structural 
Evaluation System Based on Dynamic Deflections.” Proceedings, Third International 
Conference on Concrete Pavement Design and Rehabilitation. Purdue University, West 
Lafayette, IN. 

Uddin, W., Pan, Z., Noppakunwijai, P., Plaxico, C.A., and Hackett, R.M. (1997) “Finite-Element 
Dynamic Analysis of Distressed Asphalt Pavements.” Proceedings, Eighth International 
Conference on Asphalt Pavements. University of Washington, Seattle, WA.  



 

168 

Uddin, W., Zhang, D., and Fernandez, F. (1994) “Finite Element Simulation of Pavement 
Discontinuities and Dynamic Load Response.” Transportation Research Record 1448,  
p. 100–106. Transportation Research Board, Washington, DC. 

Uhlmeyer, J.S., Mahoney, J.P., Hanek, G., Wang, G., Copstead, R.L., and Janssen, D.J. (1996) 
Estimation of Seasonal Effects for Pavement Design and Performance: Volume 1. Report No. 
FHWA-FLP-95-006. U.S. Forest Service and Federal Highway Administration, 
Washington, DC.  

Uhlmeyer, J.S., Mahoney, J.P., Hanek, G., Wang, G., Copstead, R.L., and Janssen, D.L. (1996) 
Estimation of Seasonal Effects for Pavement Design and Performance: Volume 2. Report No. 
FHWA-FLP-95-007. U.S. Forest Service and Federal Highway Administration, 
Washington, DC.  

Ullidtz, P., Battiato, G., Larsen, B.K., and Stubstad, R.N. (1987) “Verification of the Analytical-
Empirical Method of Pavement Evaluation Based on FWD Testing.” Proceedings, Sixth 
International Conference on Structural Design of Asphalt Pavements, Volume I. University of 
Michigan, Ann Arbor, MI.  

Ullidtz, P. and Coetzee, N.F. (1995) “Analytical Procedures in Nondestructive Testing Pavement 
Evaluation.” Transportation Research Record 1482, p. 61–66. Transportation Research Board, 
Washington, DC.  

Uzan, J., Briggs, R.C., and Scullion, T. (1992) “Backcalculation of Design Parameters for Rigid 
Pavements.” Transportation Research Record 1377, p. 107–114. Transportation Research Board, 
Washington, DC.  

Uzan, J. and Lytton, R.L. (1989) “Experiment Design Approach to Nondestructive Testing of 
Pavements.” Journal of Transportation Engineering 115(5), p. 505–520. American Society of 
Civil Engineers, Reston, VA.  

Van Deusen, D. (1996) Selection of Flexible Backcalculation Software for the Minnesota Road 
Research Project. Report No. MN-PR-96-29. Minnesota Department of Transportation, 
Maplewood, MN.  

Wang, F. and Lytton, R.L. (1993) “System Identification Method for Backcalculating Pavement 
Layer Properties.” Transportation Research Record 1384, p. 1–7. Transportation Research 
Board, Washington, DC.  

Wang, M.C., Schauz, W., Amend, J., and Greene, J.L. (1989) “USAF Wave Propagation NDT 
Method.” First International Symposium on Nondestructive Testing of Pavements and 
Backcalculation of Moduli. ASTM STP 1026. ASTM International, West Conshohocken, PA. 

Wang, W., Basheer, I., and Petros, K. (2006) “Jointed Plain Concrete Pavement Models 
Evaluation.” Transportation Research Board 85th Annual Meeting. Preprint Paper No. 06-2178. 
Transportation Research Board, Washington, DC.  



 

169 

Werkmeister, S. and Alabaster, D. (2007) “Estimation of Remaining Pavement Life of Low-
Volume Roads with Falling Weight Deflectometer Results: A Practical Method.” Transportation 
Research Record 1989, p. 261–269. Transportation Research Board, Washington, DC. 

Westover, T.M. and Guzina, B.B. (2007) “Engineering Framework for Self-Consistent Analysis 
of Falling Weight Deflectometer Data.” Transportation Research Record 2005, p. 55–63. 
Transportation Research Board, Washington, DC.  

Westover, T.M., Labuz, J.F., and Guzina, B.B. (2007) Resilient Modulus Development of 
Aggregate Base and Subbase Containing Recycled Bituminous and Concrete for 2002 Design 
Guide and Mn/Pave Pavement Design. Report No. MN/RC-2007-25. University of Minnesota 
and Minnesota Department of Transportation, Maplewood, MN.  

William, G.W. and Shoukry, S.N. (2000) Mechanistic Evaluation of the Depth to Bedrock and 
Its Effect on the Response of 3D Finite Element Pavement Models. GSP No. 98. American 
Society of Civil Engineers, Reston, VA.  

Xu, B., Ranjithan, S.R., and Kim, Y.R. (2003) “Using the Asphalt Pavement Layer Condition 
Assessment Program: Case Studies.” Transportation Research Record 1860, p. 66–75. 
Transportation Research Board, Washington, DC. 

Xu, B., Ranjithan, S.R., and Kim, Y.R. (2002) “New Relationships Between Falling Weight 
Deflectometer Deflections and Asphalt Pavement Layer Condition Indicators.” Transportation 
Research Record 1806, p. 48–56. Transportation Research Board, Washington, DC.  

Zaghloul, S. and Elfino, M. (2000) “Pavement Rehabilitation Selection Based on Mechanistic 
Analysis and Field Diagnosis of Falling Weight Deflectometer Data: Virginia Experience.” 
Transportation Research Record 1730, p. 177–186. Transportation Research Board, 
Washington, DC.  

Zaghloul, S., El Halim, A.A., Ayed, A., Vitillo, N.P., and Sauber, R.W. (2006) “Sensitivity 
Analysis of Input Traffic Levels on Mechanistic-Empirical Design Guide Predictions.” 
Transportation Research Board 85th Annual Meeting. Preprint Paper No. 06-0937. 
Transportation Research Board, Washington, DC. 

Zaghloul, S, Ayed, A., El Halim, A.A., Vitillo, N.P., and Sauber, R.W. (2006) “Investigation of 
Environmental and Traffic Impacts on Mechanistic-Empirical Pavement Design Guide 
Predictions.” Transportation Research Board 85th Annual Meeting. Preprint Paper No. 06-0946. 
Transportation Research Board, Washington, DC. 

Zaghloul, S., Helali, K., Ahmed, R., Ahmed, Z., and Jumikis, A.A. (2005) “Implementation of 
Reliability-Based Backcalculation Analysis.” Transportation Research Record 1905, p. 97–106. 
Transportation Research Board, Washington, DC.  

Zaniewski, J.P. and Hossain, M. (1992) “Effect of Thickness and Temperature Corrections on 
Prediction of Pavement Structural Capacity Using Falling Weight Deflectometer Data.” 
Transportation Research Record 1377, p. 193–199. Transportation Research Board, 
Washington, DC. 



170 

Zhang, W. and Ullidtz, P. (2002) “Back-Calculation of Pavement Layer Moduli and Forward-
Calculation of Stresses and Strains.” Proceedings, Ninth International Conference on Asphalt 
Pavements. International Society for Asphalt Pavements, St. Paul, MN.  

Zhang, Z., Stolarski, H.K., and Newcomb, D.E. (1994) Development and Simulation Software 
for Modelling Pavement Response at MN/Road. Report No. MN/RC-94/31. Minnesota 
Department of Transportation, St Paul, MN.  

Zhou, H. (2000) “Comparison of Backcalculated and Laboratory Measured Moduli on AC and 
Granular Base Layer Materials.” Symposium on Nondestructive Testing of Pavements and 
Backcalculation of Moduli: Third Volume. ASTM STP 1375. ASTM International, West 
Conshohocken, PA.  

Zhou, H., Rada, G.R., and Elkins, G.E. (1997) “Investigation of Backcalculated Moduli Using 
Deflections Obtained at Various Locations in a Pavement Structure.” Transportation Research 
Record 1570, p. 96–107. Transportation Research Board, Washington, DC.  

Zhou, H., Hicks, R.G., and Bell, C.A. (1990) “BOUSDEF: A Backcalculation Program for 
Determining Moduli of a Pavement Structure.” Transportation Research Record 1260,  
p. 166–179. Transportation Research Board, Washington, DC.

Zhou, H., Hicks, R.G., and Huddleston, I.J. (1989) “Evaluation of the 1986 AASHTO Overlay 
Design Method.” Transportation Research Record 1215, p. 299–316. Transportation Research 
Board, Washington, DC.  





HRDI-20/03-17(WEB)E


	Background
	Problem Statement
	Project Objectives
	Report Organization
	Introduction
	Purpose of Deflection Testing
	Pavement Deflection Measurement Devices
	Static Deflection Devices (Benkelman Beam)
	Steady-State Vibratory Deflection Devices
	Dynaflect
	Road Rater™

	Impulse Load Deflection Devices (FWD)
	Dynatest® FWD
	KUAB FWD
	Advantages and Disadvantages of Impulse Load Equipment

	Continuous Deflection Profiling Equipment
	RDD
	RWD


	Correlations Between Deflection-Measuring Equipment
	FWD Testing Patterns
	FWD Calibration
	Factors Affecting Deflection Values
	Pavement Structure
	Loading
	Load Magnitude
	Type of Loading

	Climate
	Pavement Temperature
	Testing Season


	Summary
	Introduction
	General Backcalculation Overview
	Backcalculation of Flexible Pavements
	Regression Equations
	1993 AASHTO Design Guide
	Method of Equivalent Thickness (MET)
	Optimization Method
	Iterative Method
	Dynamic Backcalculation Methods
	Artificial Neural Network (ANN) Analysis

	Backcalculation of Rigid Pavements
	AREA Method
	AREA Parameter
	Determining the Radius of Relative Stiffness
	Estimation of Subgrade Support
	Backcalculation of PCC Slab Parameters

	Best-Fit Method
	Dynamic Backcalculation of Rigid Pavements

	Backcalculation of Composite Pavements
	Outer-AREA Method
	Best-Fit Method
	Available Programs

	Other Uses of FWD Data
	Load Transfer at Joints and Cracks
	Void Detection in PCC Pavements
	Rehabilitation Design and Structural Analysis
	Effective Built-In Curl Analysis
	Materials-Related Distress Assessment

	Summary
	Approaches
	Forward Analysis
	MET
	Layered Elastic Solutions
	FEA Method
	Dynamic Solutions

	Backcalculation Analysis
	Closed-Form Method
	Iterative Deflection Basin Fit Methods
	Database Approach
	Statistical Analysis
	Dynamic Backcalculation Methods


	Backcalculation Computer Programs
	Static Backcalculation Programs
	Accuracy and Reliability
	Required Inputs
	Resulting Outputs
	User Friendliness
	Advantages and Disadvantages

	Dynamic Backcalculation Programs

	Data-Related Issues
	FWD Data Errors
	Seating Errors
	Random Errors
	Systematic Errors

	Noise and Truncation of FWD Sensor Signals

	Modeling Issues
	Static Versus Dynamic Response
	Linear Versus Nonlinear Material Response
	Bedrock or Stiff Layer Effect
	Temperature and Moisture Effects
	Other Effects
	Relevance to MEPDG Use
	HMA Materials
	Unbound Materials
	Chemically Stabilized Materials
	Using Static Backcalculation in the Current MEPDG Procedure
	Feasibility of Using Dynamic Backcalculation for Future Versions of the MEPDG

	Introduction
	Approaches
	Available Programs
	AREA Method
	Best-Fit Method
	Base Layer
	Unbonded Case
	Bonded Case

	Applicability for MEPDG Use
	Accuracy and Reliability

	AREA36
	AREA60
	AREA72
	Analysis and Modeling Issues
	Temperature Effects
	Slab Size
	Load Level
	Backcalculated Versus Laboratory Modulus
	Dynamic Backcalculation

	Recommendations for MEPDG Use
	Effective k-Value
	PCC Elastic Modulus
	PCC Flexural Strength

	Good
	Moderate
	Severe
	Future Research Needs
	Introduction
	Approaches
	Available Methods
	Outer AREA Method
	Best-Fit Method

	Applicability for MEPDG Use
	Recommendations for MEPDG Use
	Future Research Needs
	Introduction
	Available Case Study Data—LTPP Database
	Case Study Selection
	Case Study 1: Flexible Pavement
	Case Study 2: Flexible Pavement on Rubblized PCC
	Case Study 3: Rigid Pavement on Granular Base
	Case Study 4: Rigid Pavement on Stabilized Base
	Case Study 5: Rigid Pavement on HMA Pavement
	Case Study 6: Composite Pavement

	Summary of Case Study Results
	Case Study 1: Flexible Pavement
	Case Study 2: Flexible Pavement on Rubblized PCC
	Case Study 3: Rigid Pavement on Granular Base
	Case Study 4: Rigid Pavement on Stabilized Base
	Case Study 5: Rigid Pavement on HMA Pavement
	Case Study 6: Composite Pavement

	Summary
	Introduction to the Guidelines
	Recommendations for Next-Generation Tools and Analyses
	Case Study 1, Flexible Pavement
	Case Study 2, Flexible Pavement on Rubblized PCC
	Case Study 3, Rigid Pavement on Granular Base
	Case Study 4, Rigid Pavement on Stabilized Base
	Case Study 5, Rigid Pavement on Existing HMA Pavement
	Case Study 6, Composite Pavement (HMA/PCC)
	Blank Page
	Blank Page



