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Foreword 

TRB conducted a symposium on "Capabilities and Limitations of Nondestructive Deflection 
Testing (NDT) and Backcalculation for Estimating Stiffness of Paving Materials" in August 
1991. As part of that symposium, a workshop was held to reach consensus on current 
capabilities and limitations, and directions to pursue for improvements. 

This Record contains 13 technical papers presented at that symposium and 7 other papers 
related to the theme of the symposium. In addition, the Record contains reports prepared 
by Irwin, Thompson, and Smith, who led the discussion groups on practical limitations and 
what can be done to overcome them, backcalculation limitations and future improvements, 
and current and future applications of nondestructive deflection measurements, respectively. 

Darter et al. summarize the theory and practice of backcalculation for portland cement 
concrete pavements, present results from pavement testing around the United. States, and 
discuss portland cement pavement evaluation and design. Maestas and Mamlouk compare 
four backcalculation programs for determining material properties and asphalt concrete 
overlay needs. Janoo and Berg present results of a study in which frozen and thawed pavement 
sections are compared with respect to deflections and backcalculated layer moduli. 

Rada, Rabinow et al. present quality assurance software and methodology to evaluate 
falling weight deflectometer (FWD) data collected on the Strategic Highway Research Pro
gram (SHRP) Long Term Pavement Performance (LTPP) test sections. Rauhut and Jordahl 
discuss the variability of layer thicknesses and material properties on selected SHRP test 
sections and their effects on measured deflections and backcalculated moduli. Siddharthan 
et al. quantify the effects of random error in pavement deflection measurements on back.,. 
calculated pavement moduli and pavement performance parameters. Hossain and Scofield 
compare laboratory measured and in situ backcalculated asphalt moduli, discuss differences, 
and provide recommendations regarding their uses. 

Rada et al. describe SHRP's methodology for selecting software and developing a procedure 
to perform backcalculation on the FWD data contained in the SHRP database. Sebaaly et 
al. compare pavement moduli backcalculated from deflections obtained with the FWD and 
under moving trucks using strain gauges and multidepth deflectometers. Brunton and de 
Almeida describe an updated layered-elastic pavement modeling program incorporating a 
nonlinear subgrade model. U zan et al. present a procedure for backcalculating the rigidity 
of portland cement slabs and modulus of subgrade reaction from nondestructive test results 
at center slab or at a free edge and present results from selected SHRP sections. Briggs et 
al. present results of ground penetrating radar testing on SHRP L TPP sections and its role 
in reducing variability in backcalculated material properties. Kim et al. use the multidepth 
deflectometer to evaluate the accuracy of layered-elastic pavement models as used with the 
FWDs. 

Jackson and Murphy evaluate a procedure to load-zone light pavement structures using · 
the FWD. Zhou et al. discuss a procedure developed and used in Oregon to determine 
pavement material properties and overlay requirements. Yuan and Nazarian document the 
development of an algorithm using spectral analysis of surface waves to characterize stiffness 
of pavement materials and determine pavement layer thickness. Hossain and Scofield describe 
the use of nondestructive test and backcalculation techniques to characterize material prop
erties and perform pavement designs on cracked and seated PCC pavements. Nazarian and 
Chai examine the effect of errors and inaccuracies in nondestructive testing and their effects 
on pavement design. Jung and Stolle present an alternative to layered-elastic procedures 
for analyzing severely damaged and cracked pavements with nondestructive test devices. 
Zaniewski and Hossain discuss the sensitivity of structural analyses of pavements to variations 
in pavement layer thicknesses and temperature correction factors. 

vii 
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Report of the Discussion Group on 
Practical Limitations and What Can Be 
Done To Overcome Them 

LYNNE H. IRWIN 

This discussion group identified a number of limitations as
sociated with the state of the practice of backcalculation and 
nondestructive deflection testing (NDT). We did not attempt 
to make a distinction regarding whether the limitations were 
separately associated with backcalculation or NDT or were 
associated with both. 

LIMITATIONS 

The methodology is not sensitive to 

• Thin layers (the meaning of thin varies with depth be
neath the surface), 

• Adjacent layers of similar modulus, 
•Large modular ratios (soft layers beneath concrete are a 

particular problem), or 
• The degree of bonding between layers. 

The methodology is both too complicated and not sophis
ticated enough. 

The results are only representative of the point tested, at 
the time tested, under the conditions prevailing at the time. 

Parameters that are known to matter are not taken into 
consideration adequately, are not properly considered, or must 
be assumed, such as 

•Accurate layer thickness data, 
• Depth to bedrock or a hard layer, 
•The vertical gradient of modulus in the subgrade, 
• The gradient of temperature in the surface layer, 
•The moisture content of granular layers, 
•Poisson's ratio for the materials, and 
•The stress sensitivity of granular materials. 

There are no adequate criteria for evaluating the rea
sonableness of the moduli arising from backcalculation. 
Goodness-of-fit criteria are not adequate. 

Layered elastic models are not closely enough related to 
the realities of a pavement. (For instance, subgrades are not 
infinitely deep at constant modulus.) 

It is difficult to apply the methodology in an urban street 
environment. (Becaµse of subsurface utilities and utility cuts, 

Cornell University, 420 Riley-Robb Hall, Ithaca, N.Y. 14853. 

the correspondence of the models to the realities of the pave
ments is poor, traffic is a problem, and productivity is poor.) 

We do not know exactly when (time of day or year) or 
where (in or between the wheelpath) to perform FWD tests 
in order to get the "right" answer to questions such as overlay 
thickness design. 

Pavements suffer from too much variability, both in dis
tance (along and beneath the road) and over time. 

It is hard to apply the current science to the complexity of 
pavements. 

OVERCOMING THE LIMITATIONS 

Without any intent to be humorous or flippant, the group 
suggested we may need to overhaul our expectations for the 
methodology. Maybe we want more than it is able to provide. 

Ideas on ways to overcome the limitations fell into two 
major categories: (a) improvement of the equipment and 
(b) improvement of the analytical models. The group at
tempted to look into the future to try to identify how the 
methodology might be changed to make it more useful. 

Better Equipment 

Field testing should provide coverage over 100 percent of the 
pavement surface. This would help to identify the weak areas 
that are likely to fail first. The need for precision on the part 
of such an initial screening tool might be somewhat reduced. 
More detailed testing could be focused on the critical points 
thereby identified. 

Future testing methods should perhaps involve a rolling 
wheel load. The significance of this was not absolutely clear, 
but it is known that current methods do not involve any ro
tation of principal stresses (which occurs at a point as the 
moving wheel approaches). 

Future equipment should provide data on temperature 
gradients, moisture gradients, and density and modulus 
gradients. 

In terms of applications of the equipment the concept of 
"fingerprinting" (through initial NDT testing) was advanced. 
This could be followed by retesting, perhaps annually. The 
subsequent tests would be compared with the first tests to 
determine areas of changed conditions, rates of change, and 
so forth. 
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Better Analytical Methods 

In the future we need to integrate analytical and empirical 
approaches with pavement evaluation. The objective should 
be to yield answers to practical questions such as overlay 
thickness needs, remaining life, pavement strength, pavement 
maintenance needs, and so forth. 

. Future methods should be more able to deal with mixed 
traffic loading (cars and trucks). The use of the equivalent 
single-axle load should be reduced or eliminated. 

Future methods should be more capable of dealing with the 
various sources of variability (over time and space) and be 
able to yield answers based on reliability concepts. 

MAJOR VARIABLES 

The discussion group identified three major independent vari
ables that have to be addressed in pavement evaluation: en
vironment, traffic, and construction and maintenance quality. 
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There is also a need to provide the proper education and 
training for those who will do the pavement evaluation. This 
was believed to have the most potential for overcoming many 
of the limitations that were identified. 

The group discussed, but did not resolve, whether NDT 
and backcalculation were sciences or arts. We agreed, how
ever, that it has evolved over a period of 35 to 40 years, going 
back to the emergence of the Benkelman beam. The invest
ment that has Jed to the present state of the practice should 
be considered a sunk cost. Future developments should take 
into consideration current and anticipated needs and objec
tives. They should not necessarily be limited to minor refine
ments of the present methodology. 

The group believed that we should carefully consider why 
we are doing NDT and backcalculation. Then we should look 
for better ways to accomplish the objectives. In this context, 
better does not have to mean less expensive or less sophis
ticated, but it should mean that it would yield more accurate 
and more complete results with fewer limitations. 

In short, the methodology must be responsive to the 
mission. 
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Report of the Discussion . Group on 
Backcalculation Limitations and 
Future Improvements 

MARSHALL R. THOMPSON 

Initial breakout group discussions identified the more fre
quently encountered problems and limitations associated with 
the use of existing NDT data and BC procedures. They 
include 

1. How to accommodate depth to stiff layer effects, 
2. The need to accommodate nonlinear material behavior, 
3. The inability to detect the contribution of "thin layers," 

and 
4. The fact that BC moduli are "effective" moduli that 

reflect and include the impact of the pavement system, and 
are not unique material/soil properties. 

More details concerning specific issues covered in the break
out group deliberations are summarized below. 

k (MODULUS OF SUBGRADE REACTION) 
VERSUSE 

k is the preferred method of characterizing slab support for 
rigid pavement analyses and design. Slab theory can also ac
commodate an elastic modulus subgrade characterization, but 
the k characterization approach is more versatile and useful. 
BC procedures fork based on slab theory are available. Iden
tified difficulties in k BC procedures include the accommo
dation of "layered support systems" (subbase/subgrade) and 
defining the "degree of bonding" between the various layers 
of a composite pavement. A breakout group straw vote 
conducted at the end of the discussion indicated a prefer
ence fork. 

DATA BASE-ITERATIVE PROCEDURES 

Current BC procedures use either an iterative approach (each 
deflection basin is analyzed in an iterative manner until the 
assigned layer moduli provide calculated deflection basins that 
are comparable to the measured basin) or a data base ap
proach (layer moduli are established by matching the mea
sured deflection basin with a data base of precalculated basins 
based on a range of pavement layer and subgrade moduli). 

University of Illinois at Urbana-Champaign, 1211 Newmark Lab, 205 
N. Mathews, Urbana, Ill. 61801. 

The data base of deflection basins is established for given 
thickness and thus cannot readily accommodate thickness 
variability. The iterative approach can accommodate the 
pavement thicknesses and other material and cross-section 
details for the specific pavement section under consideration. 
Iterative approach advocates emphasize that the procedure 
does not force a moduli solution, but seeks moduli that are 
most appropriate for the pavement section. The group be
lieved that both procedures are needed and have relevant and 
appropriate applications. 

SPECTRAL ANALYSIS OF SURFACE WAVES 

Various symposium presentations indicated that significant 
improvements in hardware and computational capabilities and 
procedures have enhanced spectral analysis of surface waves 
(SASW) analysis techniques. A particularly useful SASW ca
pability is the identification of material layer boundaries 
(thickness). A frequently expressed concern is the ability to 
scale up the SASW BC low strain moduli to the strain levels 
associated with actual loading conditions. The group ex
pressed an appreciation of SASW capabilities and endorsed 
the continued pursuit of SASW BC applications. SASW can 
provide results that are helpful and useful in a broad-based 
NDT testing and BC effort. 

EXPERT SYSTEMS 

BC moduli based on the analyses of a given NDT data base 
are user dependent (i.e., different results may be achieved 
by different users). The use of expert systems in BC activities 
facilitates the achievement of more uniform results. Through 
the expert system, it is possible to use state-of-the-art tech
nology and provide competent guidance to the broad spec
trum of BC system users. The NCHRP MODULUS program 
and its application in SHRP is an example. Specific guidelines 
(incorporated into the BC computer programs) have been 
established to guide the SHRP regional contractors in their 
analysis of SHRP NDT data. The continued development of 
expert system applications in BC is encouraged. However, 
qualified materials/soils/pavement engineers should continue 
to be involved in BC developments and applications. BC mod
uli must always stand the test of reasonableness. 
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FUTURE IMPROVEMENTS 

Layer Thickness Determination 

BC layer moduli are dependent on the assigned layer thick
nesses (including the subgrade). High modulus layers (asphalt 
concrete and PCC) are particularly sensitive to this effect. 
Improved techniques for establishing pavement layer thick
nesses will provide for refined moduli estimates. Some prom
ising techniques discussed at the symposium were ground 
penetrating radar and SASW applications. 

Stress Dependent Material Characterization 

The resilient moduli of cohesive soils and granular materials 
are stress dependent. Many BC systems are based on constant 
modulus conditions. It was the group consensus that fu
ture developments in BC procedure development should en
courage the accommodation of stress dependent modulus 
conditions. 

Rigid Pavements-Composite Pavements 

The effect of FWD loading location (i.e., interior slab, trans
verse joint, corner, or edge), the definition of appropriate 
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slab support conditions (curling and warping effects and loss 
of slab support), and the characterization of a composite pave
ment section complicate BC procedures for rigid and com
posite pavements. Considerable additional effort is required 
to develop improved procedures and techniques to overcome 
these limitations. 

FWD Data-Pavement Performance 

Increased efforts should be directed toward establishing pro
cedures that use NDT pavement response data or derived 
quantities (e.g., asphalt concrete layer curvature estimates 
and deflection basin area) data to characterize pavement per
formance potential. For example, flexible pavement surface 
deflection is an excellent indicator of future performance, and 
FWD deflection variability can be used to capture within proj
ect structural section variability. 

Technology Transfer-Expert Systems 

Strong support should be provided to developing technology 
transfer concerning NDT testing, BC procedures and their 
applications and limitations, and other NDT data applications 
and uses. 
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Report of the Discussion Group on 
Current and Future Applications of 
Non destructive Deflection Measurements 

ROGER E. SMITH 

The group tried to address how and what applications of 
nondestructive deflection testing (NDT) measurements are 
used currently and envisioned in the future. Specific areas 
suggested for consideration were pavement performance, 
pavement management, pavement design, bridge evaluation, 
and material property determination. 

CURRENT USES 

Several current uses of NDT were identified. 

Design 

In pavement design, deflection testing is used in subgrade 
evaluation for new design and in overlay design to determine 
acceptable deflections, elastic layer characterization, and 
structural numbers. 

Construction 

During or shortly after construction, NDT is used to de
termine variations through the project with an emphasis on 
locating areas of localized problems and in relative char
acterization of structural capacity. 

Pavement Performance 

NDT measurements are used in analysis of performance in 
the following areas: seasonal load limits on paved and un
paved roads, nonlinearity of subgrade materials, joint load 
transfer across joints and cracks, and loss of support for port
land cement concrete pavement slabs. 

Pavement Management 

In pavement management, the following areas were identified 
as currently being used: quantification of effects of material 
modifications such as stabilization of subgrades, relative char
acterization of structural capacity, and need for rehabilitation 
or overlay based on changes in deflections. 

Texas Transportation Institute, Texas A&M University, College Sta
tion, Tex. 77840. 

FUTURE USES 

Several future uses were also identified. These are uses that 
the group plan, expect, or hope to use NDT measurements 
for in the future. 

Design 

Several participants expressed an interest in using NDT data 
for design. The areas of interest included mechanistic design, 
reliability-based design, verification of structural equivalence 
of different designs, determination of material properties, and 
evaluation of layer properties used in design. 

In addition, the following were identified particularly for 
rehabilitation design: structural capacity of existing pavement 
and evaluation of crack and seat overlay thickness. 

Construction 

In construction, the following areas were identified as ex
pected uses of NDT: acceptance criteria, especially for end 
result specifications, and the determination of layer thick
nesses, stiffnesses, moisture contents, and densities. 

Performance 

Several areas are planned for performance, including load 
restrictions, prediction of future performance, prediction of 
remaining life, and changes in layer properties. 

Pavement Management 

In pavement management, several items were identified in 
addition to those mentioned previously, including continuous 
NDT measurements, high-speed measurements, and forensic 
engineering (failure analysis). 

Bridges 

The following items were identified for bridges: delaminations 
in bridge decks and dynamic analysis for new bridges and over 
time. 
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CONCERNS 

The following were identified as particular concerns: 

• The NDT must provide uniform results if it will be used 
in end result specifications. 
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• The level of complexity of operation and interpreta
tion must be matched to the level of sophistication of the 
user. 

•The forward calculation problem must be addressed. 
• Implementation of NDT and research and development 

are occurring at the same time. 
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Concrete Pavement Backcalculation 
Results from Field Studies 

MICHAEL I. DARTER, KURT D. SMITH, AND KATHLEEN T. HALL 

Deflection testing and backcalculation have been conducted on 
all types of concrete highway and airfield pavements for many 
years. Backcalculation of the in situ slab elastic modulus and the 
effective k-value or elastic solid subgrade modulus (beneath the 
slab) from deflection basins was first proposed by Westergaard 
in 1925 and actually conducted in the 1930s. Over the past decade, 
backcalculation has greatly improved and is now extremely rapid, 
highly automated, and reliable. The results from concrete pave
ment deflection testing and backcalculation have been used for 
several purposes: to compute the load-carrying capacity of con
crete pavement for aircraft and truck loadings, to design structural 
overlays, and to detect loss of support beneath slab corners. Thus, 
deflection testing and backcalculation of in situ concrete pave
ment properties have proven to be very beneficial. The theory 
and practice of backcalculation for concrete pavements as they 
have developed over the years are summarized, results from a 
wide variety of pavements throughout the United States are pre
sented, and implications for evaluation and design of concrete 
pavements are discussed. 

Deflection data have proven to be very useful in the evalu
ation and structural rehabilitation of concrete pavements. De
flection testing has been conducted on all types of concrete 
pavements over the past 10 to 15 years on many highways 
and airfields throughout the United States. The Dynatest fall
ing weight deflectometer (FWD) has been used frequently on 
such pavements with weights ranging from 5 to 50 kips. The 
analysis of the deflection basins has greatly improved over 
the years and is now highly automated and reliable. 

The results from deflection testing of concrete pavements 
and backcalculation have been used for several purposes: to 
compute the load-carrying capacity of the concrete pavement 
for aircraft and truck loadings, to design structural overlays, 
and to detect loss of support beneath slab corners. These 
results have in turn been used in the selection and design 
of rehabilitation treatments for many highway and airfield 
projects. 

It is no longer necessary to remove slabs to conduct ex
pensive and time-consuming plate load tests, because the in 
situ (effective) k-value can best be computed from deflections 
measured at the top of the slab using the FWD. In addition, 
the in situ elastic modulus of the concrete slab can be directly 
backcalculated from the same data. If no cores or beams can 
be ta:ken from the pavement, the flexural strength of the 
concrete can be roughly estimated as well. These values can 
be used in the structural evaluation and design of overlays. 

The results of many backcalculation studies have led to the 
conclusion that the in situ k-value that actually supports the 

ERES Consultants, Inc., 8 Dunlap Court, Savoy, Ill. 61874-9501. 

slab is not necessarily the same as that obtained using the 
traditional procedures for obtaining the effective k-value on 
top of the base/subbase (where the k-value measured on top 
of the subgrade is increased depending on the thickness and 
stiffness of the base/subbase layers placed on the subgrade). 
It is, therefore, not appropriate to describe a k-value "on top 
of a base or subbase layer," only "a k-value beneath the slab." 
This has significant implications for design of new pavements 
and evaluation of existing pavements. 

This paper describes the theory and practice of backcal
culation for concrete pavements, presents results from many 
field studies on diverse pavement and subgrade sections, and 
discusses implications for evaluation and design of concrete 
pavements. 

BACKCALCULATION THEORY 
AND PROCEDURES 

Concrete pavements have long been characterized using plate 
theory, in which the slab is characterized by a thickness h and 
a modulus of elasticity E, and the foundation is characterized 
as a dense liquid k-value. Westergaard developed stress and 
deflection equations that have been verified and used to the 
present day in concrete pavement design (1,2). In addition, 
Hogg (3) and Holl ( 4) developed the theory to model a slab 
as a plate on an elastic solid foundation. Equations for de
flection- basins for a plate on a dense liquid and elastic solid 
subgrade were presented by Losberg in 1960 (5). 

Westergaard introduced the term "radius of relative stiff
ness" to describe the stiffness of a concrete slab relative to· 
that of the subgrade, given by the following equation: 

where 

ek = dense liquid radius of relative stiffness (in.), 
Epee = concrete elastic modulus (lb/in. 2), 
hpee = concrete thickness (in.), 
µpee = concrete Poisson's ratio, and 

k = modulus of subgrade reaction (Ib/in.2/in.). 

(1) 

Westergaard (1) actually proposed in 1925 that the subgrade 
k-value should be backcalculated from deflections at the sur-
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face of the slab rather than measured from load tests on the 
subgrade: 

It is true that tests of bearing pressures on soils have indicated 
a modulus, k, which varies considerably depending on the area 
over which the pressure is distributed. Yet, so long as the loads. 
are limited to a particular type, that of wheel loads on top of 
the pavement, it is reasonable to assume that some constant valu~ 
of the modulus, k, determined empirically, will lead to a suffi
ciently accurate analysis of the deflections and stresses .... The 
modulus, k, enters in the formulas for the deflections of the 
pavements, and may be determined empirically, accordingly, for 
a given type of subgrade, by comparing the deflections found by 
tests of full-sized slabs with the deflections given by the formulas. 

To support the statement that bearing tests produce varying 
k-values depending on the loaded area, Westergaard cited the 
results of field test reported by Bijls in 1923 (6), Goldbeck 
in 1925 (7), and Goldbeck and Bussard in 1925 (8). However, 
Westergaard's 1925 paper (J) contained only a center-slab 
deflection equation for a concentrated load. The center de
flection equation for a distributed load of radius a was pre
sented in Westergaard's 1939 paper (2): 

do= (s:ei) 
x { 1 + (z~) H2~.) + ~ - 1.25 J(t) '} (2) 

where 

d0 = maximum deflection at center of load (in.), 
P = load, 
a load radius, and 
-y = Euler's constant (0.57721566490). 

The first known attempts at backcalculation of slab and 
support properties were at the Arlington, Virginia, experi
mental tests conducted in the 1930s by the Bureau of Public 
Roads as part of a major test program to verify the Wester
gaard equations for stress and deflection. One portion of the 
program was to develop procedures to determine an appro
priate k-value. Two different procedures were evaluated: 
(a) load-deflection testing with a loaded plate directly on the 
subgrade and (b) load-deflection testing on top of the slab 
and the use of Westergaard's equations to determine a value 
for the in situ k-value and the in situ slab elastic modulus £. 
The description of the tests and the results of the studies were 
reported by Teller and Sutherland (9,10). 

The plate bearing tests conducted directly on the subgrade 
soil were done using several plate diameters between 2 and 
84 in. The test results demonstrated "the important effect of 
plate area on the pressure intensity required to produce a 
given plate displacement on the soil in question," particularly 
for plate diameters less than 26 in. (JO). 

The elastic modulus of the concrete slabs at the Arlington 
test site was determined by two methods: (a) laboratory 
testing of cores and beams from the pavement and 
(b) backcalculation from deflection measurements. Radius of 
relative stiffness values were determined by matching slab 
deflection basin measurements to contours developed by 
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Westergaard (J) for deflection versus distance from load. This 
required preparing two-dimensional diagrams of the deflec
tion basins and varying both the horizontal and vertical scales 
until the measured deflection basins matched the theoretical 
basins as closely as possible. The subgrade k-value could then 
be backcalculated using Westergaard's deflection equations, 
and the concrete slab modulus could be backcalculated from 
the definition of radius of relative stiffness. The backcalcu
lation results are shown in Table 1. Teller and Sutherland 
(JO) summarized the results of the backcalculation of k and 
E from interior, edge, and corner defections: 

For a given slab thickness, values of the radius of relative stiff
ness, e, are in good agreement for the three cases of loading 
(interior, edge, and corner). For conditions that are comparable 
there is rather good agreement also between the values of mod
ulus of subgrade reaction, k, as determined by pavement de
flection (on top of the slab), for the interior and edge loadings 
but the value for the corner loading is consistently lower. 

The values of the modulus of elasticity for the concrete, E, as 
determined from the slab deflections are in the same general 
range as the values that were obtained from the tests of the 
laboratory specimens (at edge and interior positions). 

Although Westergaard proposed backcalculating k-values 
from deflection measurements on full-size slabs in 1925, the 
fact· that he did not present a direct method for doing so, in 

. the words of J. P. Sale (11), "has through the years caused 
Corps' researchers and, we believe, many others considerable 
concern." The laborious method used to analyze the Arling
ton test data, in which theoretical and measured deflection 
basins were matched by hand, was certainly not suited to 
analysis of large deflection data sets. 

It is perhaps because of this lack of a backcalculation method 
that k-values came to be measured by subgrade plate load 
tests. When bases came into widespread use, it then seemed 
logical to increase the k-value to account for various base 
types and thicknesses. In time, because of the high costs and 
long testing times involved, actual plate load testing of subgrades 
and bases became more uncommon, and typical ranges of 
k-values were identified for various subgrade soils and bases. 
When very stiff (i.e., stabilized) bases began to come into 
use, it was naturally expected that the k-value would be 
very high because of the support that this type of base would 
provide. 

Backcalculation methods for multilayer elastic pavement 
systems first appeared in the 1970s, starting with Scrivner's 
solution for elastic moduli in a two-layer pavement system in 
1973 (12). Because of the integral nature of the deflection 
equations given by elastic layer theory (13,14), these back
calculation methods relied on rather complex graphical or 
computerized solution methods. 

A simple two-parameter approach to backcalculation of 
surface and foundation moduli for a two-layer pavement sys
tem was proposed by Hoffman and Thompson in 1981 for 
flexible pavements (15). They proposed the AREA, given by 
the equation below, to characterize the deflection basin: 

AREA = 6 * [1 + 2(d
12

) + 2(d
24

) + (d
36
)] (3) 

d0 do do 
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TABLE 1 Backcalculation of k-Value and Concrete Modulus from Interior and Edge 
Deflections and Comparison with Subgrade k-Value and Laboratory E Values, Arlington 
Test Site, 1930 (JO) 

Load Slab Effective 
Position Season Thick k-value Slab E 

Interior Late summer 6 in 195 psi/in 4,140,000 psi 
Winter 7 238 5,750,000 
Summer 7 222 4,670,000 
Winter 8 260 5,500,000 
Late fall 9 203 5,490,000 
Summer 9 220 4,210,000 
Means 223 4,960,000 

Edge Late summer 6 171 4,235,000 
Winter 7 212 5,125,000 
Winter 8 279 5,175,000 
Late fall 9 243 5,220,000 
Means 226 4,339,000 

Comparisons: Field static plate bearing tests (using 30-in plate and 0.05-i1' 
deflection) directly on subgrade soil: 

k-value = 166 Ganuary) to 233 Gune) psi I in. 

Laboratory static concrete E modulus tests determined from flexural 
tests on specimens cut from slabs: 

Dried for 12 months at normal atmosphere of the laboratory 
= 4,500,000 psi 

Immersed for 10 months in water at laboratory temperature 
= 6,000,000 psi 

where 

d0 = maximum deflection at the center of the load plate 
(in.) and 

d; = deflections at 12, 24, and 36 in. from plate center 
(in.). 

AREA has units of length, rather than area, since each of 
the deflections is normalized with respect to d0 to remove the 
effect of various load levels and to restrict the range of values 
obtained. AREA and d0 are thus independent parameters, 
from which the surface and foundation elastic moduli may be 
determined. Hoffman and Thompson developed a nomograph 
for backcalculation of flexible pavement surface and subgrade 
moduli from d0 and AREA. 

During the early 1980s, the AREA concept was applied to 
backcalculation of slab E values and subgrade k-values for 
many concrete pavements (16). The ILLISLAB finite element 
program was used to compute a matrix of maximum deflec
tions and AREA solutions by varying the k-value and E for 
a given slab thickness. A family of curves was then plotted, 
as shown in Figure 1, for a given slab thickness. Individual 
mid-slab deflection basins (AREA and maximum deflection) 
measured with the falling weight deflectometer could then be 
plotted on the matrix, and the slab E and foundation's k-value 
determined directly. This procedure was used to backcalculate 
hundreds of concrete pavement deflection basins during the 

1980s and produced very reasonable and consistent results for 
many highway and airfield projects. The only drawback to 
this approach was its excessive labor intensiveness. An im
provement in efficiency came in 1985 when the procedure was 
computerized by Foxworthy (17) using a vectoring scheme. 
However, the finite element program still had to be run 
several times to achieve a backcalculated k-value and 
slab E modulus (17). 

The next major advancement was the development of a 
closed-form solution for backcalculation of the slab E, subgrade 
k-value, and subgrade E to replace the graphical procedures 
used previously. This solution was made possible by research 
by Barenberg and Petros (18) and by Ioannides (19), which 
demonstrated that, for a given load radius and sensor ar
rangement, a unique relationship exists between AREA and 
the "dense liquid" radius of relative stiffness of the pavement. 
A different unique relationship was also shown to exist be
tween AREA and the "elastic solid" radius of relative stiffness 
of the pavement (in which the subgrade is characterized by 
an elastic modulus and a Poisson's ratio). In 1989, loannides 
et al. (20) demonstrated the application of this closed-form 
approach using the computer program ILLIBACK, which was 
developed to provide rapid analysis of deflection basins. 

Recently, Hall (21) developed highly accurate equations 
for the dense liquid and elastic radii of relative stiffness versus 
AREA, using the plate-on-a-dense-liquid and plate-on-an
elastic-solid deflection equations presented by Losberg (5). 
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FIGURE 1 Graphical simultaneous solution of E and k for a 
known slab thickness. 

The curve obtained for ek as a function of AREA is illustrated 
in Figure 2 and is given by the following equation: 

[ 
( 36 AREA) J 4

"

387 

ln 1812.279 

-2.55934 
(4) 

Either the ILLIBACK program or the equations presented 
in this paper may be used to backcalculate the slab E and 
subgrade k-value. AREA is calculated from deflection basin 
measurements (Equation 3) and used to determine ek (Equa-

20. 
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FIGURE 2 AREA versus dense liquid radius of 
relative stiffness (21). 
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tion 4). The k-value may then be determined using Wester
gaard's deflection equation (Equation 2). With .fk and k-value 
known, the slab Eh3 value may then be computed from the 
definition of .fk (Equation 1), and for a known slab thickness 
h, the concrete modulus E may be determined. 

To illustrate this backcalculation procedure, Figure 3 was 
developed for determination of k-value for a load of P 
= 9,000 lb and an FWD load plate radius a = 5.9 in. The 
maximum deflection d0 measured at loads within about 2,000 
lb more or less than 9,000 lb may be scaled to an equivalent 
9,000-lb maximum deflection (the AREA is the same re
gardless of whether the deflections are normalized to 9 ,000 
lb), or the k-value may be determined from Equation 2. Fig
ure 4 was developed for determination of slab E for a load 
radius of 5.9 in. and a concrete Poisson's ratio of 0.15. 

The validity of using center-slab backcalculated k-values 
and slab E values at the slab edge was studied by Foxworthy 
and Darter (17,22). Results from several pavement sections 
showed that when the backcalculated k-value and slab E val
ues obtained at the slab center were used at the slab edge, 
the edge deflections computed by ILLISLAB finite element 
program (for full contact conditions) agreed with the mea
sured FWD edge deflections, after adjustment for load trans
fer. The deflections at the slab edge were predicted very well 
using this procedure, and it was concluded that it was entirely 
appropriate to. backcalculate k and E from the center deflec
tions and to use these values at the edge for stress calculations. 
This result is consistent with the finding that center and edge 
k-values at the Arlington test site were very similar. 

Very little information is available from side-by-side tests 
to compare pavement responses backcalculated from FWD 
deflections measured on concrete pavement slabs to static 
plate load tests conducted on pavement subgrades. Foxworthy 
(17) compared backcalculated k-values and plate load k-values 
for seven sites and found that the backcalculated k-values 
excee.ded the plate load k-values by a factor of 2.3 on average. 
This phenomenon is probably the result of a combination of 
differences between the two test methods, including testing 
on the subgrade versus testing on the top of the concrete slab, 

Maximum deflection, d0 , mils 

12 ! . i 

10 _ _j_2§_0! 

! 3001 
8 I : 

I I 

6 i. ! 
'. 500: 

4 ! . i ·--

2 
:1000 1 

-r T·-· 
0 
23 24 25 

- - .1 ____ L_ - ! -- -· 
_ :.~--· 9:~o_o _~~u-~~s 

i a • 5.9 inches I 
-1--- I . 
!. .... ! 

1 ... J. 

I 
. i 

26 27 28 29 30 31 32 33 34 35 36 

. Deflection basin AREA, inches 

FIGURE 3 Determination of k-value from maximum 
deflection do and AREA. 



Darter et al. 11 

PCC ED
3 

, E psi, D inches 
1.0E+11 i:::=::::i====i===::c==::::r:=======:!====r::==::r::===c:~::r=-r:::?'CI.~-r=.==i 

1.0E+08'--~..._~..__~..__~_,__~_,__~_._~_,_~_._~__,_~_,_~_J.._~---'-~_J 

23 24 25 26 27 28 29 30 31 32 33 34 35 36 
Deflection basin AREA, inches 

FIGURE 4 Determination of slab E from k-value, AREA, and slab thickness. 

and the dynamic loading of the FWD versus the static loading 
of the plate load test. The possibility that static versus dynamic 
loading plays some role is also suggested by plate load tests 
conducted at the AASHO Road Test (23) in which repeated
load k-values on the subgrade were found to exceed static 
k-values on the subgrade by a factor of 1. 77. Dividing hack
calculated dynamic k-values by a factor of two to estimate 
static, plate load k-values for use in conventional design 
procedures (that require the static k-value) has yielded very 
reasonable results in analysis of many highway and airfield 
pavements over the past 10 years. 

FIELD RESULTS FOR SLAB E AND 
SUPPORT k-V ALUE 

Field evaluations were recently conducted on 95 in-service 
jointed plain concrete pavement (JPCP) and jointed rein-

forced concrete pavement (JRCP) highway pavements located 
throughout the United States for FHWA (24). These pave
ments represented a diverse set of designs and climatic con
ditions. Deflection testing was conducted on these pavements 
using a Dynatest Model 8000 FWD with a target load of 9 ,000 
lb. The deflection testing was conducted on 10 slabs for each 
project at slab centers and at joints and corners. The slab 
center locations were used to backcakulate in situ slab E and 
effective k-values using the plate theory concepts described 
in this paper. The backcalculation results are given 
in Table 2. This section summarizes the findings from the 
backcalculation. 

In Situ Slab E Modulus 

A histogram of all in situ slab E moduli obtained from back
calculation is shown in Figure 5. The mean of all values was 

TABLE 2 Backcalculation Results from Field Studies (24) 

SECTION 

MNl-1 
MNl-2 
MNl-3 
MNl-4 
MNl-5 
MNl-6 
MN 1-7 
MNl-8 
MNl-9 
MN 1-10 
MN 1-11 
MN 1-12 

SLAB 
THICK 

fifil 

9.0 
9.0 
8.0 
8.0 
8.0 
8.0 
9.0 
9.0 
9.0 
9.0 
8.0· 
8.0 

IN SITU CONCRETE 
SLAB E FLEX STR 
CMPSI) CPSI) 

7.09 NIA 
7.75 801 
6.66 NIA 
6.92 552 
9.13 NIA 
9.36 587 
8.30 NIA 
7.88 689 
6.67 NIA 
6.74 735 
8.03 NIA 
7.79 763 

IN SITU 
BASE SUBGRADE K-VALUE 
TYPE lYPE CPS I/IN) 

AGG A-6 191 
AGG A-6 172 
AGG A-6 217 
AGG A-6 222 
ATB A-6 304 
ATB A-6 314 
ATB A-6 207 
ATB A-6 278 
CTB A-6 291 
CTB A-6 285 
CTB A-6 245 
CTB A-6 239 

(continued on next page) 



TABLE 2 (continued) 

SLAB IN SITU CONCRETE IN SITU 

THICK SLAB E FLEX STR BASE SUBGRADE K-VALUE 

SECTION .(!Nl ~ ~ 1YPE 1YPE CPS I/IN) 

MN5 9.0 7.56 NIA AGG A-6 156 

MN2-1 9.0 6.78 682 AGG A-2-7 128 

MN2-2 8.0 8.01 NIA AGG A-2-6 127 

MN2-3 9.0 7.32 743 AGG A-2-6 162 

MN2-4 9.0 6.62 NIA AGG A-2-6 178 

MN3 9.0 8.81 NIA AGG A-4 256 

MN4 7.5 6.30 832 AGG A-2-6 222 

MN6 8.0 6.57 616 PATB A-2-4 199 

AZ 1-1 9.0 3.14 687 CTB A-4 546 

AZ 1-2 13.0 3.44 649 NONE A-6 492 

AZl-4 13.0 3.49 702 NONE A-6 344 

AZ 1-5 11.0 3.29 761 NONE A-6 439 

AZ 1-6 9.0 3.09 853 LCB A-6 621 

AZ 1-7 9.0 3.69 868 LCB A-6 584 

AZ2 10.0 5.56 725 LCB A-6 174 

CA 1-1 8.4 6.61 NIA CTB A-1-a 232 

CA 1-3 8.4 5.24 723 CTB A-2-4 349 

CA 1-5 11.4 5.28 918 CTB A-1-a 335 

CA 1-7 8.4 6.48 781 LCB A-1-a 433 

CA 1-9 8.4 6.95 802 CTB A-1-a 298 

CA 7 10.2 6.26 552 CTB A-2-4 326 

CA 2-2 8.4 7.04 730 PCTB A-4 1423 

CA 2-3 8.4 4.98 644 CTB A-4 572 

CAB 10.2 6.42 727 ATB A-7 339 

CA6 9.0 6.71 791 LCB A-2-4 294 

MI 1-la 9.0 5.45 745 AGG A-2-4 353 

MI 1-lb 9.0 5.79 NIA AGG A-2-4 300 

MI 1-4a 9.0 5.88 756 PATB A-2-4 468 

MI 1-7a 9.0 6.34 744 AGG A-2-4 292 

MI 1-7b 9.0 6.09 NIA AGG A-2-4 269 

MI 1-lOa 9.0 6.23 NIA ATB A-2-4 436 

MI 1-lOb 9.0 5.28 NIA ATB A-2-4 502 

MI3 10.0 4.38 810 PAGG A-2-4 186 

MI 4-1 9.0 4.83 596 AGG A-4 283 

MI 4-2 9.0 4.53 756 AGG A-4 189 

MIS 10.0 4.49 671 PAGG A-2-4 . 233 

NY 1-1 9.0 3.81 NIA ATB A-2-4 549 

NY 1-3 9.o 3.89 809 ATB A-2-4 503 

NY 1-4 9.0 3.89 658 AGG A-2-4 534 

NYl-6 9.0 4.02 NIA AGG A-1-a 619 

NY 1-8a 9.0 4.10 684 ATB NIA 638 

NY 1-Bb 9.0 3.88 NIA ATB A-2-4 548 

NY 2-3 9.0 5.10 864 AGG A-1-a 341 

NY 2-9 9.0 5.09 705 AGG A-1-a 471 

NY 2-11 9.0 6.12 812 AGG A-1-a 296 

NY 2-15 9.0 5.52 NIA AGG A-1-a 273 

OHl-1 9.0 4.43 686 AGG A-6 449 

OH 1-3 9.0 5.31 NIA ATB A-4 440 

OH 1-4 9.0 5.23 NIA ATB A-4 525 

OH 1-6 9.0 4.06 761 AGG A-4 431 

OH 1-7 9.0 4.43 848 AGG A-4 340 

OH 1-9 9.0 3.40 833 AGG A-6 351 

OH 1-10 9.0 4.51 788 AGG A-6 405 

PA 1-1 10.0 4.21 731 CTB A-2-4 731 

PA 1-2 10.0 3.39 720 PATB A-4 1040 

PA 1-3 10.0 3.23 709 PAGG A-4 538 

PA 1-4 10.0 4.53 870 PAGG A-2-4 747 

PA 1-5 10.0 3.62 704 AGG A-4 540 

(continued on next page) 
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TABLE 2 (continued) 

SLAB IN SITU CONCRETE IN SITU 
THICK SLAB E FLEX STR BASE SUBGRADE K-VALUE 

SECTION CINl CMPSll (PSI) 1YPE 1YPE (PSI/IN) 

NJ 2-1 10.0 6.72 700 AGG A-4 234 
NJ 3-1 9.0 5.40 681 PAGG A-1-a 356 
NJ 3-2 9.0 5.33 726 PATB A-2-4 210 

NC 1-1 9.0 4.63 736 AGG A-2-4 538 
NC 1-2 9.0 5.19 674 CTB A-2-4 347 
NC 1-3 9.0 3.97 705 CTB A-2-6 494 
NC 1-4 9.0 4.21 709 AGG A-2-6 570 
NC 1-5 9.0 5.50 674 CTB A-4 628 
NC 1-6 9.0 5.14 559 ATB A-2-6 672 
NC 1-7 8.0 5.09 644 AGG A-2-4 128 
NC 1-8 9.0 4.22 705 AGG A-2-6 513 
NC2 11.0 5.89 712 LCB A-4 293 

FL2 13.0 5.55 664 AGG A-3 378 
FL 3 9.0 4.16 599 LCB A-3 529 

CA 3-1 9.0 3.53 NIA CTB A-4 286 
CA 3-2 9.0 4.17 796 CTB A-4 312 
CA 3-5 9.0 4.38 842 CTB A-4 397 

Note: AGG =untreated aggregate base 
PAGG =permeable aggregate base 
A TB = asphalt-treated base 
PA TB = permeable asphalt-treated base 
CTB = cement-treated base 
PCTB = permeable cement-treated base 
LCC = lean concrete base 
SAND = sand base 

No. sections 
25..--~-,-~~~~~~~~~~~~~~~~~~--. 
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Backcalculated Slab E, psi (millions) 

FIGURE 5 Histogram of slab E values backcalculated from 
field studies. 

5.4 million lb/in. 2 with a range of 3 to 9.4 million lb/in. 2 • These 
slabs have a mean age of 15 years; therefore, the slab moduli 
should be expected to be greater than elastic moduli corre
sponding to typical 28-day-strength values assumed in design. 

A comparison of the mean in situ slab elastic moduli for 
each base type may be made from these data. The results 
shown below indicate no effect of base stiffness on the back
calculated slab moduli. 

Base Type 

Aggregate or no base 
Asphalt-treated 
Cement-treated 
Lean concrete 

No. of Sections In Situ Slab E (lb/in. 2) 

40 5,400,000 
19 5,700,000 
20 5,600,000 

7 5,100,000 

A correlation between in situ slab E and the estimated 
flexural strength of the concrete (from indirect tensile tests 
on cores) was attempted using the data from Table 2, but no 
correlation was found. However, this may be partially because 
only two cores were tested for each section for strength 
determination. A better correlation was achieved by Fox
worthy using data from nine pavement sections, as shown in 
Figure 6 (17). 

FS ~ 43.5 (i~,) + 488.5 (5) 

where 

FS = flexural strength, estimated from indirect tensile 
strength (lb/in. 2) and 

E = in situ modulus of elasticity, backcalculated from FWD 
data (lb/in. 2). 

When Foxworthy's prediction model was plotted on the 
E-versus-FS graph, the curve passed through the center of 
the scatter of data. This estimate is approximate and should 
be used with caution when it is not feasible to obtain and test 
concrete cores. 
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FS = 43B (E/106 1+488.5 

R2 = 0.71 
SEE = 38.1 
n = 13 

5.0 6.0 7.0 8.0 

Concrete Elastic Modulus, E ( 106 psi) 

FIGURE 6 Correlation of concrete flexural strength to backcalculated 
E-value from Foxworthy (17). 

In Situ k-Value 

A summary of the in situ k-values (below the slab) obtained 
from various sections, sorted by base type and subgrade type, 
is shown in Table 3. The following observations may be made 
concerning the results: 

1. The in situ k-value does not correlate well with subgrade 
soil classification. The mean k-value was computed for fine
grained and coarse-grained soils for each base type. Only the 
asphalt-treated base course showed a higher k-value for coarse
grained subgrade than fine-grained soil. The others were ap
proximately the same. 

2. Pavements with asphalt-treated, cement-treated, and lean 
concrete base layers generally have higher k-values than pave
ments with untreated bases, as shown in the frequency distri
butions in Figure 7. For example, a high percentage of sec
tions with treated bases had in situ k-values greater than 
500 lb/in. 2/in. 

3. The estimated static k-values are shown in parentheses. 
These were obtained by dividing the backcalculated k-values 
by two. For sections with no base or with granular base, the 
static k-values were similar to typical recommended values. 
For sections with treated bases, the mean values are lower 
than those that would normally be obtained by conventional 
methods (e.g., elastic layer program simulation of a plate 

TABLE 3 Summary of Backcalculated k-Values Obtained from Field 
Testing (24) 

Backcakulated 
Mean k-value Number of 

Base Type (psi/in) Range Sections 

No base 425 (213t 344-492 3 

Aggregate 318 (159) 127-61Q 35 

Permeable-
Aggregate 258 (129) 186-356 3 

Asphalt-
treated 447 (224) 207-672 14 

Permeable-
Asphalt 534 (267) 199-1040 6 

Cement-
treated 384 (192) 232-731 19 

Permeable-
Concrete 1423 (711) 1423 1 

Lean concrete 418 (209) 174-621 7 

*Estimated static k-value (backcalculated/2) 
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FIGURE 7 Histogram of backcalculated k-values from field 
studies for untreated aggregate and treated bases. 

load test) for determining the effective k-value on top of a 
treated base. 

IMPLICATIONS FOR PAVEMENT DESIGN AND 
EVALUATION 

For structural evaluation or overlay design, the in situ k-value 
and slab elastic modulus may be easily backcalculated using 
the techniques presented in this paper or by the ILLIBACK 
program. The k-value and slab E backcalculated from FWD 
deflections should be considered as the moduli that the layers 
exhibit under moving loads. If the pavement under design is 
subject to static loads, or if the design procedure requires the 
input of a static k-value (e.g., the FAA and AASHTO pro
cedures), the backcalculated k-value should be reduced by 
approximately 50 percent. The subgrade soil type (fine or 
coarse-grained) did not appear to significantly affect the in 
situ k-value. 

The flexural strength of the slab may be roughly estimated 
from the slab E modulus, but it is preferable to take cores, 
test them for indirect tensile strength, and estimate the flex
ural strength. These values, along with the transverse and 
longitudinal joint load transfer, may then be used to deter
mine the load-carrying capacity of the pavement as well as 
the required overlay thickness. 

For new design, where no slab of similar design exists in 
the vicinity from which backcalculated slab and support values 
may be determined, the following k-values and the slab mod
uli shown in Figure 5 may be used as reasonable approximate 
values. 

Base Type 

No base 
Aggregate 
Permeable aggregate 
Asphalt-treated 
Permeable asphalt 
Ce men t-trea ted 
Lean concrete 

Backcalculated 
Mean k-value 
(lb/in. 2/in.) 

425 
318 
258 
447 
534 
384 
418 

Estimated 
Static k-value 
(lb/in. 2/in.) 

213 
159 
129 
224 
267 
192 
209 
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Existing conventional methods for estimating k-values for 
use in new design may also produce reasonable results, es
pecially for slabs with no base or only untreated aggregate 
base. However, when a very stiff base is being constructed, 
the k-value used to design the concrete pavement should not 
be increased to the extent that conventional practice to date 
suggests. 

The k-value is not a unique material property but depends 
on several factors such as slab and loading parameters. The 
only legitimate way to define a k-value is "beneath a slab," 
and not "on top of a base layer." 

CONCLUSIONS 

The backcalculation procedures described in this paper pro
vide a rapid and reliable method to determine the in situ slab 
E modulus and the effective k-value supporting the slab. These 
slab and support values should be considered representative 
of the pavement's response to moving wheel loads. In situ 
k-values backcalculated from FWD deflections must be mod
ified for use in design procedures that are based on static plate 
load test k-values or for design for static loads. Dividing the 
FWD backcalculated k-value by approximately two gives a 
reasonable estimate of the static k-value. It is not necessary 
to remove slabs and conduct static plate load tests to obtain 
a reasonable static k-value for use in design. 

In situ slab E moduli were found to vary from 3 to 9 million 
lb/in. 2

, with a mean of 5.4 million lb/in. 2 , in the field tests 
summarized in this paper. The Arlington tests showed that 
the backcalculated slab moduli (for static loads) were very 
close to those obtained from static laboratory testing of sam
ples from slabs. 

Further research is needed to develop methods for back
calculation of the E moduli of two stiff layers over a dense 
liquid subgrade (e.g., a concrete slab and a treated base). It 
is recommended that when a slab and stiff base layer are 
present they be modeled as two plates over a dense liquid 
subgrade, instead of as one plate over a dense liquid subgrade. 

Further research is also needed to improve methods for 
estimation of the subgrade k-value for pavements with stiff 
bases. Currently there is no method available to determine 
the correct k-value for use in design of a new concrete pave
m~nt when backcalculation of existing similar pavements can
not be done. Conventional methods (plate bearing tests, cor
relation with soil properties, or estimation from elastic layer 
analyses) may produce reasonable results for slabs on grade 
or on untreated aggregate bases. However, increasing the 
k-value to account for a stiff base layer is likely to produce a 
value higher than the actual in situ value. 

One final comment is made regarding the use of elastic 
layer theory for backcalculating the moduli of concrete slabs 
and underlying layers. Although this method has been used 
with reasonable success by the authors and other researchers, 
the values obtained can be used only with elastic layer theory 
to compute interior stresses, strains, and deformations. They 
cannot be used to compute edge or corner stresses because 
the moduli are not compatible. In addition, no unique rela
tionship exists between the elastic subgrade k-value, because 
the k-value also depends on the loading configuration and 
other factors. 
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GLOSSARY 

The following definitions are given for terms used in this 
paper. 

•Static k-value on subgrade: determined from static plate 
load tests performed on the subgrade using a 30-in.-diameter 
plate, lb/in. 2/in. 

• In situ k-value beneath slab: backcalculated from FWD 
deflections on top of the slab at an interior position using 
Westergaard's center-slab deflection equation, lb/in. 2/in. 

• Static modulus of elasticity (E) of slab concrete: deter
mined from samples cut from the pavement and tested in 
flexure in the laboratory under static load. 

• In situ slab modulus of elasticity ( E): backcalculated from 
FWD deflections at the center of the slab using backcalcu
lation techniques. 
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Comparison of Pavement Deflection 
Analysis Methods Using Overlay Design 

JOSEPH M. MAESTAS AND MICHAELS. MAMLOUK 

Four pavement deflection analysis methods, in the form of per
sonal computer software programs, were evaluated and compared 
from the practitioner's perspective on the basis of calculated 
overlay design thickness, common characteristics, and perfor
mance. These programs are ELSDEF, MODCOMP2, 
MODULUS4, and ISSEM4. Each program applies the concept 
of backcalculation, which is the determination of in situ material 
properties of a pavement structure from its response to dynamic 
surface loading. A total of 29 in-service, flexible pavement sec
tions, requiring significant rehabilitation, were selected from areas 
of various environmental conditions, traffic loading, and sub grade 
soil types in Arizona. Through backcalculation, actual falling weight 
deflectometer field deflections were used to estimate layer moduli 
of all pavement sections. The moduli results were then used in 
the overlay design of each section in accordance with the 1986 
AASHTO Guide for Design of Pavement Structures. Although 
the four backcalculation programs are characteristically different, 
neither layer modulus nor overlay thickness results were statis
tically different in most cases. However, from a practical per
spective, backcalculation, as represented by these programs, is 
not adequate for use by the practitioner. Additional research is 
needed to refine the backcalculation process. 

The need to standardize and adopt a mechanistic overfay 
design procedure for flexible pavement has led to the prolif
eration of PC-compatible backcalculation software programs 
used for pavement structure evaluation and, potentially, for 
mechanistic overlay design. These programs require data from 
common, dynamic nondestructive (NDT) testing devices. 
Generally, a falling weight deflectometer (FWD) is preferred. 
Although NDT applications show much promise in pavement 
evaluation, more research is needed in the areas of backcal
culation and overlay design. 

Some general similarities among backcalculation programs 
are that they are iterative in nature, require essentially the 
same input parameters, and produce the elastic modulus for 
each pavement layer by equating measured NDT deflections 
with those calculated. Several recent studies have been con
ducted on various backcalculation programs. These studies 
address sources and effects of backcalculation error and per
formance comparisons of backcalculation programs. They have 
specifically evaluated the source, degree, and effect of error 
attributed to deflection measurement, the NDT device used, 
program user expertise, and the accuracy of program input 
data (i.e., depth to rigid layer, "seed moduli," moduli limits, 
etc.) (1-4). Many studies have compared certain backcal
culation programs on the basis of moduli results [see, for 

J. M. Maestas, Office of Engineering, FHWA, Room 3118, HNG-
42, 400 Seventh St., S.W., Washington, D.C. 20590. M.S. Mamlouk, 
Department of Civil Engineering, Arizona State University, Tempe, 
Ariz. 85287. · 

example, Ali and Khosla (5)]. However, a limited number of 
studies have evaluated the effect and comparison of various 
backcalculation programs on the basis of overlay design. Ma
honey et al. ( 6) compared certain backcalculation programs 
by overlay design using an assumed fixed traffic level and 
applying the asphalt strain criterion. 

If various backcalculation programs result in the same prac
tical overlay design for a particular pavement section, it may 
mean that we have reached the ultimate level of backcalcu
lation needed for the current highway practice. However, if 
various overlay designs are the result, caution should be ex
ercised when backcalculation is performed. Additional work 
would be needed to refine the backcalculation methodology. 
This paper serves to evaluate the backcalculation effect among 
various programs through the application of the AASHTO 
overlay design procedure using actual field data. This paper 
also provides an in-depth look into each program's relative 
capabilities and performance. The backcalculation programs 
used in this study were selected on the basis of their availa
bility to the authors, adequate cross section of common pro
grams, and compatibility with an IBM PC or equivalent. 

BACKGROUND 

Back calculation 

Backcalculation, the "inverse" problem of determining ma
terial properties of a flexible pavement structure from its re
sponse to surface loading, has not been fully resolved. No 
direct, closed-form solution is currently available to determine 
the layer moduli of a multilayered system given the surface 
deflections and layer thicknesses. Therefore, it is currently 
necessary to employ iteration or optimization schemes to cal
culate theoretical deflections by varying the material prop
erties (i.e., layer moduli) until a tolerable "match" of mea
sured deflections is made. Because Poisson's ratios of pavement 
layers do not significantly affect calculated deflections, they 
are not iteratively modified like the layer moduli. 

Several backcalculation computer programs are available 
and used by various highway agencies. Initial or "seed" layer 
moduli values are either assumed by the user or estimated by 
the program, and the corresponding deflections are computed 
by a particular analysis (multilayer elastic or finite element) 
subroutine in the program. The layer moduli are then adjusted 
using an iterative or optimization process until the computed 
deflections match the measured deflections within a certain 
tolerance. This is the extent of similarities among the pro
grams whose unique characteristics create many differences. 
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Some differences involve (a) iteration convergence meth
odologies, (b) consideration of nonlinear material behavior, 
(c) the need for and affect of seed moduli, (d) predesignated, 
allowable ranges of calculated layer elastic moduli, ( e) a 
variety of input parameters and assumptions, and (f) the depth 
to bedrock. 

Backcalculation is an ill-posed process in which minor de
viations between measured and computed deflections usually 
result in significantly different moduli. In many cases, self
compensation of moduli results in obtaining various combi
nations of moduli producing essentially the same deflection 
basin. Compensation between depth to bedrock and subgrade 
modulus can also occur. 

Overlay Design 

Current overlay design methods range from engineering judg
ment to mechanistic (or mechanistic-empirical) approaches. 
Evaluating the material properties of existing pavement layers 
is a prerequisite for any rational overlay design process. 

One of the most commonly used methods of overlay design 
is the AASHTO procedure. The 1986 AASHTO guide (7) 
recommends the use of layer moduli as a basis for material 
characterization. Layer moduli can be obtained by either lab
oratory testing or, where the latter is more practical, back
calculation. The AASHTO guide has recognized the im
proved accuracy of NDT in structurally evaluating existing 
pavement systems by allowing a method that uses a backcal
culation technique that applies the "multielastic theory" to 
calculate layer moduli. Since the backcalculation problem has 
not been fully resolved, errors in backcalculation might result 
in different overlay thickness designs for the same pavement 
structure. This uncertainty in overlay thickness might result 
in millions of dollars in material costs as a result of over- or 
underdesign of the pavement. 

Although the 1986 AASHTO guide emphasizes the use of 
a resilient modulus as a basis for material characterization, 
the procedure recommends the use of correlations of ques
tionable accuracy between the modulus and the structural 
layer coefficients (a;). Also, the AASHTO overlay procedure 
does not consider the depth to bedrock. Thus, if there is a 
compensation between the subgrade modulus and depth to 
bedrock, inconsistent overlay thicknesses will result. 

RESEARCH METHODOLOGY 

Selection of Test Sites 

To adequately compare backcalculation programs· on the basis 
of AASHTO overlay thickness, actual NDT data would be 
required from typical flexible pavement structural sections 
that require significant rehabilitation. To accomplish this, 29 
in-service test sites \Vere selected from the Arizona Depart
ment of Transportation (ADOT) construction schedule of 
pavement rehabilitation projects. These sites are located in 
areas with various traffic loading, environmental conditions, 
and subgrade soil types within the state (Figure 1). Prelimi
nary information regarding these sites, shown in Table 1, was 
obtained from existing ADOT materials pavement design 
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FIGURE 1 Location of test sites. 

memorandums. These sites are specific locations within the 
limits of projects scheduled for pavement rehabilitation be
tween late 1989 and the present. They are located only on 
Interstate and primary highways (United States and Arizona 
state routes). 

Test sites within the project limits were selected on the 
basis of the extent of rehabilitation, which included either mill 
and overlay or just overlay. After selecting test sites, required 
information for each site was obtained from ADOT's Pave
ment Management System, Project History, Subgrade R-value, 
and NDT deflection data bases. Specific site locations coincide 
with locations of actual deflection measurement data selected 
for backcalculation analysis. Cumulative, 10-year, 18-kip 
equivalent single axle load (ESAL) in the design lane for each 
site was obtained from the NDT deflection data base. De
flection and pavement data including the Arizona seasonal 
variation factor (SVF), percent pavement surface cracking, 
and pavement surface temperature during NDT were also 
obtained from the NDT deflection data base. The SVF is an 
Arizona climate-based, regional factor used to determine per
cent of time of saturation exposure and ultimately used to 
select the AASHTO layer drainage coefficients. Layer thick
nesses and material types of each site are shown in Table 2. 
Thicknesses of all surface layers were obtained from pavement 
coring results, whereas those of all other layers were of "plan" 
thicknesses obtained from the. Project History data base. The 
AASHTO soil classification of subgrade material at each site 
was obtained from the subgrade R-value data base. 

FWD Deflection Testing 

ADOT routinely performs project-level FWD deflection test
ing. All FWD deflection data are collected and maintained 
in a computer data base. Currently, five deflection tests are 
performed per mile for each lane. A set of seven deflections, 
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TABLE 1 Location and Characteristics of Test Sites 
Site No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

IO 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

Notes: 1. 

Route/ Milepost SVFI 
Direction 

1-8/EB 135.0 1.2 

1-10/EB 71.0 0.8 

1-10/WB 91.4 1.0 

1-10/WB 170.0 1.0 

1-10/EB 240.6 1.6 

1-10/WB 250.7 1.6 

1-10/EB 273.1 1.7 

1-10/WB 315.7 1.9 

1-10/EB 368.6 1.7 

1-17/SB 247.6 2.5 

1-40/WB 51.6 1. 7 

1-40/WB 213.0 2.9 

1-40/WB 255.6 1.7 

1-40/WB 307.6 1.8 

1-40/WB 333.3 2.0 

US60/WB 109.6 1.5 

SR75/NB 380.6 I. 7 

SR86/WB 168.2 1.7 

SR87/NB 265.0 3.8 

SR87/NB 363.0 1.8 

US89A/NB 531.6 1.7 

SR90/EB 315.8 2.2 

US95/NB 11.6 0.4 

SR99/NB 60.3 1.6 

USl60/EB 409.6 1.8 

SR387/NB 4.2 1.3 

1-IO/WB 78.0 0.8 

I-IO/EB 92.6 1.0 

I-IO/EB 376.0 1.7 

Arizona seasonal variation factor 
Mays roughness meter reading 

1990 Surface Cumulative 
Temperature ESAL3 

Cracking Rough- @NDT (1000) 
(%) ness2 ('F) 

1 76 72 6,840 

1 121 118 19,364 

25 100 80 21,758 

2 144 58 15,202 

2 125 100 28,439 

0 134 102 21,654 

0 109 77 17,118 

8 153 60 14,179 

8 141 107 10,689 

6 104 88 9,709 

4 183 82 21,072 

0 90 76 12,539 

0 99 100 14,119 

1 204 108 18,108 

0 224 106 16,849 

15 268 113 1,321 

20 264 99 98 

20 157 59 2,280 

2 190 58 2,488 

4 263 70 177 

4 145 50 258 

0 138 54 254 

3 201 99 1,156 

30 372 110 224 

15 341 100 868 

8 113 70 3,948 

2 95 100 19,364 

30 173 94 21,758 

6 243 107 10,689 

2. 
3. Projected 10-year equivalent single axle loads in the design lane 

which comprise a single deflection "bowl" or basin, are mea
sured by sensors placed at 1-ft spacings. Multiple load drops 
are made at various load heights during FWD testing at a 
single location providing a wide range of load levels. The 
particular deflection basins used in this study have already 
been "normalized" to 9 kips by ADOT. This normalized de
flection basin is an actual basin measured at the load level 
nearest to 9 kips and proportionally modified to coincide with 
a deflection basin produced at a load level of exactly 9 kips. 

Because specific test sites were selected from within actual 
pavement sections scheduled for rehabilitation, FWD deflec
tion data were readily available. In an effort to select a repre
sentative deflection basin of the pavement section, a single 
basin similar to the average basin for that particular pavement 
section was selected. A single deflection basin was selected 
for analysis instead of an average because the authors believe 
the average does not adequately represent an actual basin. 
Another consideration in selecting a particular deflection basin 
was the extent of cracking at the NDT location. Nearly every 
deflection basin selected to represent an individual test site 
was measured on pavement surface areas having 10 percent 
cracking or less. This was done in an effort to minimize errors 
associated with deflection testing of cracked pavements. The 
selected deflection basins were then used for the backcalcu
lation of layer moduli. 

Backcalculation 

Unique Characteristics and Observations of Programs 

The following common PC software programs were evaluated 
in this research: ELSDEF, MODCOMP2, MODULUS4, and 
ISSEM4. Table 3 includes a comparison of common charac
teristics of these backcalculation programs. To supplement 
Table 3, the following sections are included to briefly address 
some general information, unique characteristics, and obser
vations regarding the use of each program. 

ELSDEF The ELSDEF program, developed by Bush (8), 
incorporates ELSYM5 as a subprogram to calculate stresses, 
strains, and deformations in the pavement structure. This 
technique is explicitly a linear elastic analysis procedure. 
Subgrade thickness can be assumed as semi-infinite or given 
a certain thickness by the user. The program iteratively adjusts 
the layer moduli until the calculated deflections match the 
measured deflections within a certain error tolerance (see 
Table 3). To assist the user in satisfactory convergence, each 
set of iteration results offers layer moduli with and without 
consideration of designated moduli limits. In the sole case of 
this program, it may not be extremely important to use core 
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TABLE 2 Layer Thicknesses and Material Types 

Pavement Layer Number: AASHIU 
Site Material Ty1 e/Thickness (in.) Subgrade Soil 
No. 1 2 3 Classification 

1 AC/8.0 AB/4.0 SM/8.0 A-1-b(o) 

2 AC/6.4 AB/4.0 SM/15.0 NA 

3 AC/8.1 AB/4.9 SM/8.3 A-2-7(0) 

4 AC/6.0 AB/4.0 SM/15.0 A-6(2) 

5* AC/8.0 AB/4.0 CB/6.0 A-4(o) 

6* AC/8.0 AB/4.0 CB/6.0 A-6(5) 

7 AC/5.5 AB/3.0 SM/6.0 A-1-a(o) 

8 AC/5.3 AB/4.0 SM/24.0 A-1-b(o) 

9 AC/8.0 AB/4.0 SM/15.0 A-2-4(0) 

10* AC/11.5 AB/4.0 SM/11.0 A-2-7(0) 

11 AC/9.7 SM/3.0 -- A-1-b(o) 

12 AC/6.6 AB/2.0 SM/12.0 A-2-4(0) 

13 AC/13.5 SM/6.0 -- A-1-b(o) 

14 AC/6.6 BB/5.0 SM/4.0 A-2-4(0) 

15 AC/8.8 CB/10.0 SM/8.0 A-2-4(0) 

16 AC/4.5 -- -- NA 

17 AC/5.0 AB/4.0 SM/9.0 NA 

18 AC/4.0 AB/4.0 SM/15.0 A-2-7(0) 

19 AC/3.5 -- -- A-4(o) 

20 AC/2.0 AB/4.0 SM/15.0 NA 

21 AC/2.8 SM/6.0 -- NA 

22 AC/4.6 AB/4.0 SM/12.0 A-2-4(0) 

23 AC/4.7 cBn.o SM/14.0 A-7-6(31) 

24 AC/3.0 -- -- NA 

25 AC/4.0 -- -- A-3(o) 

26 AC/4.5 AB/6.0 SM/20.0 A-1-b(l) 

27 AC/10.0 AB/4.0 SM/10.0 NA 

28 ACn.5 AB/4.0 SM/13.3 A-2-4(0) 

29 AC/7.5 AB/6.0 SM/21.0 NA 

Legend: AC - Asphalt Concrete, AB-Aggregate Base 
BB - Bitwninous Treated Base.CB-Cement Treated Base 
SM - Select Material (Granular Subbase) 
NA - Not available to authors 
*Two layers were combined during backcalculation in order to change the S

layer system to a 4-layer system which were combined 

thicknesses for the surface or any other layers because input 
values are rounded to the nearest inch. ELSDEF is the only 
program of the four evaluated that allows the user to estimate 
the subgrade layer thickness between the range of 0 and 999 
in. and its moduli limits. For the purposes of this study, the 
following typical trial subgrade thicknesses of 999 in. repre
senting a semi-infinite layer, 240 in., and 120 in. were used 
to obtain the optimum (minimal deflection match error) set 
of layer moduli. Also, a semi-infinite subgrade layer can be 
designated by simply entering zero as its thickness. 

MODCOMP2 MODCOMP2, Version 2.4, originally de
veloped by Irwin (9), was used for this research. This back
calculation program also uses an iterative approach to com
pute a final set of layer moduli. In each iteration, the difference 
between each measured and calculated deflection expressed 
as a percentage of the measured deflection is compared with 
a specified tolerance (see Table 3). The program allows the 
use of up to eight layers and applies the root mean square 
(RMS) as the error criterion. It incorporates the Chevron 
elastic layer analysis as a subprogram to compute stresses, 
strains, and deformations in the pavement structure. No sub
routine exists explicitly for data entry. Input data required 

must be structured in accordance with a prescribed format. 
The program will terminate if the error tolerance is met or if 
the prespecified maximum number of iterations is reached. 

MODULUS4 MODULUS, Version 4.0, is a backcalcu
lation program developed by the Texas Transportation Insti
tute (JO). Its methodology applies a pattern search algorithm 
to minimize the sum of squares for error between measured 
and calculated deflections. This method replaces direct de
flection computation with an interpoJation process that guar
antees convergence. It detects nonlinearity in the subgrade 
and automatically selects the optimum number of sensors for 
backcalculation use. It incorporates the U.S. Army Corps of 
Engineers WES5 linear elastic program to compute stresses, 
strains, and deformations in the pavement system. As shown 
in Table 3, MODULUS4 is the only program evaluated that 
does not require user-designated "seed" moduli or maximum 
number of iterations per basin evaluation. It is also the only 
program that automatically calculates the subgrade depth on 
the basis of measured deflections and offers default values for 
load plate radius, number of deflections, and deflection sensor 
spacing. Not indicated in Table 3 is the fact that this program 
provides all measured and calculated deflections only for final 
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TABLE 3 Comparison of Common Characteristics Among Backcalculation 
Programs 

Program Backcalculabon Program 
Characteristic ELS DEF MODCOMP2 MODULUS4 ISSEM4 

INPUT: 

Error Tolerance• (10%) ...; x x 
Max No. of Iterations (3) ...; x (6) 
No. of Load Levels 15 16 x x 
Load Magnitude ...; ...; ...; x 
Load Plate Radius x x (5.91 in.) ...; 
Load Pressure ...; ...; x ...; 

No. of Deflections 110 18 (7) '17 
Deflection Readings ..; ..; ..; ..; 
Deflection Sensor 

Spacing ..; ..; (12 in.) ..; 
No. of Layers 15 -;s 14 'f4 
Pavement Layer: 

..; ..; ..; ..; Thickness -· Poisson's Ratio ..; ..; ..; ..; 
Modulus Limits ..; x ..; x 
Seed Modulus ..; ..; x ..; 
Fixed/Variable 

Modulus x ..; x x 
Linear/Nonlinear 

Response x ..; ..; x 

Subgrade Thickness 1999 in. Semi -infinite (Calculated) Semi-infinite 
Subgrade Modulus 

..; Limits x x x 
Subgrade Seed 

..; ..; ..; ..; Modulus 

OUTPUT: 
(Per Iteration) 
Deflections: 

Measured ..; ..; x x 
Calculated ..; ..; x x 
Percent Difference* ..; ..; x x 
Absolute Sum ..; x ..; x 
Root Mean Square x ..; x x 

Final Moduli: ..; ..; ..; ...; 
Percent Difference 
Between Iterations x x x Pre-set @3.5 

• Cumulative absolute difference between each measured and calculated deflection expressed as a 
percentage of the measured deflection 

v Default values which can be overwritten by the user. 
Applicable 

x Not Applicable 

moduli results, unlike some other programs that provide such 
data on a per-iteration basis. 

ISSEM4 In situ stress-dependent elastic moduli, 4 (maxi
mum layers) (ISSEM4) program was originally developed by 
Stubstad (11) with technical assistance from Florida and 
Arizona DOT engineers. It was originally designed to eval
uate only deflection data of the Dynatest FWD. ISSEM4 is 
the only program that applies nonlinear relationships for "fi
nite cylinders within conically-shaped volume of influence of 
the applied FWD load" as described in the user's guide. It 
iteratively backcalculates modulus values of a layered, non
linear elastic system. Process algorithms are based on Bous
sinesq's equations and a version of the equivalent thickness 
method (12). ELSYM5 is used as a subroutine to adjust the 
subgrade moduli until a match of measured and calculated 
deflections is made. ISSEM4 provides various analysis options 
or "iteration mode identifiers" that include fixing the modulus 
of the surface layer and calculating the surface layer thickness. 

The program analysis option selected for this research, con
sidered the most typical, was one that assumed that input 

layer thicknesses are correct and that all layer modulus values 
are to be calculated. Multiple iterations are performed by the 
program until the percent .difference between individual layer 
modulus values of two consecutive iterations is less than 3.5 
percent if the designated maximum number of iterations are 
performed or if divergence persists. This convergence error 
criterion is unique because it does not involve matching cal
culated and measured deflections. The following are unique 
characteristics of ISSEM4: 

1. ISSEM4 does not provide a comparison and analysis of 
measured and calculated- deflections as part of intermediate 
or final results. 

2. This program will not function if the evaluated pavement 
section does not have increasing layer thicknesses with depth. 
This lack of layers necessitated the consolidation of layers of 
like material, providing only two- and three-layer systems. 
This was a predominant problem because the typical test site 
pavement section had a 4-in.-thick base course layer (Layer 
2) that was usually thinner than the surface layer. 

3. Only five deflections, some NDT-measured and some 
interpolated by the program, are required for three- and four-
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layer systems. Four deflections are required for two-layer 
systems. 

4. Input data must be provided in metric units. 
5. In this study, results were almost always obtained only 

when sites were treated as two- and three-layer pavement 
systems. 

6. The program accepted seed modulus values of under
lying layers that were less than those of overlying layers; this 
occurred despite the warning in the program user's manual 
that such circumstances could render results unreliable. 

7. The program would not accept adjacent pavement layers 
that had identical seed modulus values. 

Selection of Parameters 

Common input layer moduli ranges, applicable only to 
ELSDEF and MODULUS4, and Poisson's ratios used in this 
study are shown in Table 4. For other backcalculation pro
grams not requiring moduli limits, final moduli were selected 
with the lowest convergence error or best "goodness of fit" 
results despite the moduli values being outside the practical 
moduli input limits in Table 4. Also, selection of input values 
of Poisson's ratios for the asphaltic concrete and bituminous 
base were based on the pavement surface temperature at the 
time of NDT. Such temperatures ranged from 50°F to l18°F. 
Since backcalculation programs are not significantly sensitive 
to Poisson's ratio input values, the following general rela
tionships for the bituminous-bound layers were applied with 
other values obtained by interpolation and extrapolation: 
Poisson's ratio = 0.30, 0.35, and 0.40 at 40°F, 70°F, and l00°F, 
respectively. Poisson's ratios used for all other layers were 
considered as commonly used values. 

Analysis and Comparison of Results 

A comparison of the overall average layer modulus results of 
each program is included in Figure .2. Figure 2 indicates that 
ELSDEF produced the lowest average modulus of the surface 
layer, whereas ISSEM4 produced the highest. Also, average 
modulus results of MODCOMP2 and MODULUS4 are sim
ilar for Layers 1 and 2. All four programs provided similar 
average modulus results of Layers 2 through 4. Figure 2 does 
not include ISSEM4 average modulus results of Layer 3; this 
layer was combined with Layer 2 or 4. Modulus results from 
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iterations yielding these minimal covergence error results were 
used in the overlay design portion of this research. 

Comparison of Program Error Criterion 

Because the error criterion of each program is different, ex
cept for ELSDEF and MODULUS4, a valid comparison of 
programs on the basis of given convergence error results 
was not possible. However, the absolute sum (ABS) of 
MODCOMP2 and ISSEM4 convergence error can be calcu
lated using final moduli results and an elastic layer program 
such as ELSYM5 and Chevron. These programs can calculate 
the theoretical deflections using pavement layer data (e.g., 
layer thickness, Poisson's ratio, moduli, etc.). The ABS of 
the differences between the theoretical and measured deflec
tions can be obtained and could provide a complete compar
ison of the programs on the basis of convergence error results. 

AASHTO Overlay Design 

Moduli Corrections and Selection of 
Design Parameters 

A PC-compatible AASHTO overlay design program, devel
oped by Mamlouk (13), was used for this study. Overlay 
design was performed by using standard AASHTO layer coef
. ficients from each program's final backcalculated layer moduli 
values of each site's pavement structural section. The only 
modulus correction applied involved only bituminous-bound 
layers. Using actual temperatures at NDT, this modulus cor
rection simultaneously computes the average asphalt pave
ment layer temperature and adjusts the modulus for the 
standard temperature of 70°F. This temperature correction 
procedure, as outlined in the AASHTO guide, was applied, 
assuming that the asphalt pavement surface temperature at 
the time of NDT is equal to the mean air temperature of the 
5 days before NDT. No modulus corrections were made on 
the predominant granular base and subbase layers to reflect 
variable stress states. Also, data required to estimate 
AASHTO's effective subgrade soil resilient modulus was not 
available to the authors. Instead, the actual backcalculated 
modulus value for the subgrade was directly used in each 
overlay design. 

After correcting the bituminous-bound layer moduli for 
temperature, structural layer coefficients for each non-

TABLE 4 Backcalculation and AASHTO Overlay Design Parameters 

Layer Material Modulus (ksi) Poisson's Souctural Coefficient 

Ratio 
Min. Max. at 70°F Min. Max. 

Asphaltic Concrete 50 1000 0.35 0.20 0.45 

Base: 

bituminous 5 400 0.35 0.10 0.30 

cement 90 1000 0.25 0.10 0.27 

granular 3 0.35 0.05 0.17 

Subbase: 

granular 3 110 0.35 0.05 0.15 

Sub grade 5 40 0.40 
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FIGURE 2 Comparison of pavement layer moduli among backcalculation programs. 

subgrade layer were obtained using the AASHTO correla
tions given their backcalculated or corrected modulus values, 
or both, as shown in Table 4. 

Using an empirical relationship developed by ADOT (14), 
base and subbase drainage coefficients were estimated as a 
function of drainage quality and the previously mentioned 
SVF. Drainage quality was assumed to be "fair" for all overlay 
designs. Because the primary objective is to compare back
calculation programs, the need to perform an exact overlay 
design to suit each site was not considered essential. Conse
quently, some required AASHTO overlay design parameters 
were assumed and used in each site's overlay design. These 
parameters are 99. 9 percent reliability, 0.45 overall standard 
deviation, 4.5 overlay initial serviceability index, 3.0 overlay 
terminal serviceability index, and 0.45 structural layer coef
ficient of overlay. However, the design ESALs, SVF, layer 
thicknesses, moduli, and coefficients were parameters char
acteristic to each site and used for each overlay design. 

Milling existing asphaltic concrete pavement prior to 
overlay was considered in the automated overlay design of 
applicable sites. Milling is a typical rehabilitation strategy 
employed by ADOT on most existing flexible pavements on 
the interstate highway system. In this study, milling 3 in. 
before overlay was assumed for these particular sites. 

Results 

Overlay thicknesses, rounded to the nearest Vz in., required 
for each test site are shown in Table 5. Table 5 also indicates 
whether milling was considered and includes the average 
overlay thickness of all test sites for each program. 

A comparison of overlay thickness results by backcalcula
tion program per site in Table 5 reveals significant differences 
between programs. Sites 1 through 3, 9, 11, 23, and 28 each 
have a maximum overlay thickness difference of over 3 in. 
From a practical perspective, these differences could translate 
into a significant amount of money on a large overlay con
struction project. 

ANALYSIS OF RESULTS 

An analysis of variance (ANOVA) was performed to test the 
null hypothesis that all programs are the same. A completely 
randomized design was applied where extraneous sources of 
variability were not controlled. Five ANOVAs were per
formed to individually consider the following factors: back
calculated modulus results of each layer and overlay thickness 
results. In considering a level of significance of 0.05 for this 
research, the results indicate that the backcalculation pro
grams are significantly different on the basis of subgrade layer 
modulus (£4) results. However, results also reveal that the 
backcalculation programs are not significantly different con
sidering the other individual factors (modulus results of 
Layers 1 through 3 and overlay thickness). 

Knowing only that the programs are significantly different 
on the basis of £ 4 , the procedure of multiple comparisons was 
further performed using Tukey's method as described in Ott 
(15) to determine how each program relatively differed on 
this basis. Multiple comparisons, using results of the ANOV A, 
determine the relative difference of the £ 4 sample means of 
each program on the basis of a particular critical value. Results 
of the multiple comparisons indicate that MODULUS4 yields 
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TABLE 5 Summary of AASHTO Overlay Design by Backcalculation 
Program and Test Site 

Site No. Milled? 

2 2.5 
3 3.0 
4 6.5 
5 7.5 
6 5.5 
7 7.0 
8 3.5 
9 0 

10 0 
11 9.0 
12 7.5 
13 0.5 
14 8.0 
15 2.5 
16 5.5 
17 0.5 
18 2.5 
19 5.5 
20 0 
21 3.0 
22 0 
23 0 
24 4.5 
25 5.0 
26 0 
27 2.5 
28 3.5 
29 1.0 

subgrade layer modulus results significantly lower than those 
of the other programs. 

In addition to the ANOVA, average overlay thickness re
sults were evaluated and found to be not statistically different, 
considering an allowable level of significance of 0.05. How
ever, in reality, the large differences in overlay thickness 
between programs per site are very serious. 

MODULUS4 results contributed to overlay design thick
nesses larger than those from other backcalculation programs, 
whereas ELSDEF resulted in smaller thicknesses, as shown 
in Table 5. The larger overlay thicknesses produced by 
MODULUS4 were attributed to its backcalculated subgrade 
moduli (£4) results that were determined to be significantly 
lower than those of other programs. These results are because 
MODULUS4 automatically calculates a subgrade thickness 
that was usually not semi-infinite, as was assumed in the cases 
of MODCOMP2 and ISSEM4. This lower subgrade thickness 
estimation resulted in higher strains in the subgrade, conse
quently reducing the layer modulus. In the AASHTO overlay 
design procedure, the lower the modulus, the higher the re
quired thickness. Because the AASHTO overlay design pro
cedure does not consider the subgrade thickness or depth to 
rigid layer, excessive overlay thicknesses will result when 
using backcalculation programs such as MODULUS4. 

SUMMARY AND CONCLUSIONS 

Several backcalculation programs are currently available and 
used to evaluate the structural condition of existing pave
ments. Because pavement structural evaluation results sig
nificantly affect overlay design results, the main objective of 
this study was to evaluate the effect of backcalculation pro
gram differences on overlay thickness. Secondary objectives 
were to conduct a comprehensive comparison of program 

MODCOMP2 MODULUS4 ISSEM4 

.5 5.5 0 
3.0 6.5 2.5 
3.0 8.5 4.0 
6.5 8.0 6.0 
7.5 9.0 7.0 
5.0 7.0 4.0 
7.0 9.5 7.5 
3.5 5.0 3.5 
0.5 3.5 0.5 

0 0 0 
3.5 8.0 9.0 
4.5 7.5 4.5 

0 0.5 0 
7.5 7.5 8.5 
4.5 5.5 7.5 
5.5 6.0 5.5 
0.5 1.0 0.5 
1.5 2.0 1.0 
5.5 6.0 5.5 
2.5 3.0 2.5 
3.5 4.5 3.0 

0 0.5 0 
2.5 1.5 4.0 
5.0 5.5 4.0 
5.0 6.0 4.5 

0 3.0 1.5 
3.0 4.5 3.5 
2.0 7.0 2.0 
1.0 2.5 0 

4. 3.52 

characteristics and performance and simulate the use of back
calculation programs by practitioners. 

Four common, PC-compatible, backcalculation programs 
(ELSDEF, MODCOMP2, MODULUS4, and ISSEM4) were 
compared and used to backcalculate layer moduli from 29 
typical, in-service, flexible pavement sites within projects that 
required significant rehabilitation. FWD field deflections from 
each test site were used to estimate layer moduli by back
calculation. The estimated moduli were used in the design 
of required overlays in accordance with the 1986 AASHTO 
design guide. 

Although the various backcalculation programs produced 
various layer moduli, these differences were not statistically 
significant except for the subgrade. The overlay thickness 
results between programs were not statistically different. 
However, the variability of overlay thickness results per site 
were serious considering practical applications. 

In summary, "state of the art" in backcalculation, as repre
sented by the programs evaluated in this research, is not ad
equate for use by the practitioner. Despite favorable statistical 
results, reliable and realistic results will not be obtained using 
such programs in conjunction with the AASHTO overlay de
sign method. Backcalculation programs must still be used with 
extreme caution. 

Additional research is needed to further refine the back
calculation process to reduce the effects of extraneous sources 
of error and dependence on user experience. When all effects 
on moduli results are identified and quantified, perhaps a 
more intricate statistical analysis can be applied when similarly 
comparing programs to accurately account for the effects of 
extraneous sources of error. The method of considering the 
depth to rigid layer should be improved and standardized 
among programs. Also, the criteria for evaluating the degree 
of deflection match should be standardized among all pro
grams. More research is needed to provide a more rational 
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overlay design procedure that relates the elastic layer moduli 
to overlay thickness without the need to apply empirical struc
tural layer coefficients. The correlation between AASHTO 
structural layer coefficients and layer moduli serves to "mask" 
or reduce the true differences between the programs evalu
ated on the basis of overlay design thickness results. The 
AASHTO procedure should be modified to compensate for 
the depth to the rigid layer in the overlay thickness design 
procedure. 
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Layer Moduli Determination During 
Freeze-Thaw Periods 

VINCENT C. JANOO AND RICHARD L. BERG 

In seasonal frost areas, a frozen pavement structure undergoes a 
complex change in its ability to support traffic as the subgrade 
and base thaw. In an attempt to quantify this change, several test 
sections of various cross sections were built in the Frost Effects 
Research Facility at the Cold Regions Research and Engineering 
Laboratory. These test sections were subjected to freeze-thaw 
cycles, and changes in their structural capacity were monitored. 
The performance of only one of these, TSl, is discussed. The 
structural capacity during the thaw cycles was characterized no
ndestructively using a falling weight deflectometer (FWD). Other 
measurements, such as frost and thaw depths, were obtained from 
subsurface temperature and resistivity gauges. The Corps of 
Engineers computer program WESDEF was used to backcal
culate layer moduli from the FWD data. On the basis of tem
perature and resistivity gauge measurements, the pavement layers 
were appropriately subdivided to reflect the thawed and frozen 
layers. The backcalculated moduli were used to calculate the 
horizontal strains at the bottom of the asphalt concrete layer and 
the vertical strain at the top of the subgrade. These results were 
compared with those of similar strains obtained when the thawed 
and frozen layers were combined into a single composite layer. 
It was found that the thicknesses of the frozen and thawed layers 
were critical in backcalculating layer moduli and damage to pave
ment structures. Larger errors were introduced. between mea
sured and theoretical deflection basins when the frozen and thawed 
layers were considered as a single composite layer. The horizontal 
strains at the bottom of the asphalt layer were not greatly affected 
by ignoring the thawed layer. The damage to pavements with 
respect to vertical strains was grossly underestimated when the 
thawed and frozen layers were not considered separately. 

Surface deflections obtained with a falling weight deflect
ometer (FWD) are now routinely used in evaluating the load
bearing capacity of highway and airport pavements. It has 
become an integral part of many "remaining life" and overlay 
design procedures. The modulus of the various layers are 
"backed out" using the measured FWD deflections and theory 
of elasticity. This procedure of backing out the layer moduli 
is referred to as backcalculation. Current backcalculation pro
cedures are characterized in one of the following groups: 
(a) multilayered (e.g., WESDEF, MODCOMP3, 
EVERCALC, ELSDEF, and MODULUS) and (b) equivalent 
thickness (e.g., ELMOD, SEARCH, and BOUSDEF). The 
pavement materials in most of the models are characterized 
as linear elastic, although it is generally recognized that most 
materials in a pavement system do not behave in this fashion. 

In this study, the pavement structure was divided into mul
tilayers. The materials in these layers were then characterized 
by two elastic constants: the layer stiffness (E;) and Poisson's 

Cold Regions Research and Engineering Laboratory, Corps of En
gineers, Department of the Army, Hanover, N. H. 03755-1290. 

ratio ,(u;). The idealization is shown in Figure 1. The back
calculation procedure officially used by the U.S. Army Corps 
of Engineers is WESDEF. The maximum number of layers 
that can be modeled by WESDEF is five, with the fifth layer 
automatically set as a rigid layer. Best backcalculated moduli 
results are obtained if the number of unknown layers is limited 
to three .. WESDEF uses the WESLEA layered elastic pro
grams for calculating stresses and strains and deflections in 
the pavement system. WESLEA was developed by Van Cau
welaert et al. (1) for the U.S. Army Corps of Engineers. 

The backcalculation of the various layer moduli is an it
erative procedure. The solution from WESDEF is a set of 
layer moduli(£;) values that will minimize the error between 
the measured and computed surface deflections. WESDEF is 
terminated when the absolute sum of the errors between the 
measured and calculated deflections is less than 10 percent or 
when the change in modulus is within the specified tolerance 
of 10 percent. This limit was developed by the Waterways 
Experiment Station (WES) on the basis of their experience 
with the 71-kN Road Rater. The Road Rater measured only 
four deflections, and it was judged that if the individual de
flection error was less than 2.5 percent, the computed de
flection basin was good. We used this 2.5 percent error for 
all the seven FWD sensors. Our criterion for a good fit was 
when the absolute sum of the errors was :::; 17 .5 percent. Past 
experience by WES found that the best fits between measured 
and calculated deflections were obtained when an artificial 
rigid layer was placed at a depth of 9.5 m from the surface. 
In WESDEF, the location of the rigid layer can be changed 
by the user. 

WESDEF has been used quite successfully in nonfrost areas, 
where the number of layers in a pavement structure remains 
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FIGURE 1 Idealization of 
pavement structure in 
backcalculation analysis. 
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fairly constant throughout the year. The pavement structures 
in these areas could be idealized as three and, at most, four 
layers without much loss of accuracy in the results. The sit
uation is much more complex in seasonal frost areas where 
pavement structures are subjected to freezing and thawing. 
During thaw, the pavement foundation can become saturated 
with water from the thawing ice lenses, thus creating weak 
layers in the base or subgrade. It is possible that a subgrade 
modeled as a single layer before freeze-thaw needs to be 
subdivided into three layers or more during thaw. Figure 2 
shows the annual possible changes in a pavement structure in 
a seasonal frost area. Most of the pavement damage in sea
sonal frost areas occurs during the winter or the spring thaw. 
The failure will manifest itself on the surface in the form of 
cracking or rutting (caused by deformation in the base or 
subgrade ). The period and severity of thaw weakening varies, 
depending on the soil type, degree of saturation, drainage 
conditions and pavement surface temperatures. Therefore, it 
is important that any backcalculation procedure used for 
modeling pavement behavior in seasonal frost areas has the 
flexibility to manage the complex layer changes. 

The backcalculation procedure, being iterative, leads to a 
number of combinations of layer moduli producing the same 
deflection basin. Therefore, the user must have a reasonable 
idea of the modulus of the various layers. Other critical in
formation required for backcalculation are layer material and 
thicknesses. Therefore, even though the FWD test is adver
tised as nondestructive, a carefully planned boring program 
should be a standard part of FWD testing. The results from 
the boring program should include (a) layer thicknesses; 
(b) material samples for resilient modulus testing; and 
(c) location of rigid layers, if any. 

As part of the development of a design-evaluation method 
for pavements in cold regions, several test sections were built 
in the Frost Effects Research Facility (FERF) at the U.S. 
Army Cold Regions Research and Engineering Laboratory 
(CRREL) and subjected to freeze-thaw cycles. During the 
thawing period, deflection measurements were conducted every 
day with an FWD. The use of FWD deflection data to char
acterize the thaw weakening of pavements in seasonal frost 
areas has been previously presented (2-5). The deflection 
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measurements obtained during the first and second thaw pe
riod were also used to mechanistically characterize (i.e., in 
terms of layer moduli and strains) the effect of the thawed 
layer on pavement performance. 

Initially we had planned to backcalculate the layer moduli 
from all the test sections. The test sections ranged from full 
depth to conventional pavements. Preliminary results showed 
large errors in the backcalculated moduli during the thaw 
period. This was especially true for the conventional pave
ment cross sections. We decided to use a simple full-depth 
pavement structure to study how WESDEF, or for that matter 
any of the other backcalculation procedures (multilayered), 
would work with thawed and frozen layers. 

DESCRIPTION OF TEST SECTION 

A test section (TS-1) was constructed in FERF; information 
on FERF can be found in Janoo and Berg (2) and Eaton (6). 
A detailed description of the test section can be found in 
Janoo and Berg (2). The test section was 610 cm2 and 160 cm 
deep with full-depth asphalt concrete pavements. TS-1 con
sisted of 15 cm of asphalt concrete over 145 cm of compacted 
clay soil. The natural foundation under TS-1 was a fine sand 
(SM) subgrade. Information from drill logs showed no rigid 
layers to a depth of approximately 20 m. 

The compacted clay soil was classified as an inorganic clay 
of high plasticity (CH) using the Unified Soil Classification 
System. On the basis of grain size analysis and Atterberg 
limits, the clay was classified as an F3 soil with respect to frost 
susceptibility. The compacted clay soil California bearing ra
tio (CBR) values ranged from 18 percent to 27 percent. 

The test section was instrumented with thermocouples, 
CRREL resistivity gauges and psychrometers. A detailed de
scription of the instrumentation can be found in Janoo and 
Berg (2). Frost and thaw locations were determined from the 
position of the 0°C isotherm. Frost penetration depths were 
also determined using the CRREL electrical resistivity gauges. 
These gauges were especially useful in locating thaw depths 
when the subsurface temperatures became nearly isothermal 
at 0.0°C. 

Asphalt Concrete Asphalt Concrete Asphalt Concrete 

Base/Subbase Frozen Base/ Thawed Base 
Subbase Frozen Base 

Subgrade Frozen Subgrade Frozen Subgrade 

Subgrade Subgrade 

Asphalt Concrete Asphalt Concrete 

Thawed Base Recovered Base/ 
Sub base - -~ -Thawed Recovered 

Subgrade Subgrade 

Frozen Subgrade 

Subgrade 

FIGURE 2 Change in pavement structure during freeze-thaw cycling. 
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TESTING PROGRAM 

The test section was frozen from the top down by placing 
cooling panels on the surface of the pavements. The 0°C 
isotherms in the test section during the first and second 
freeze-thaw cycle are presented in Figure 3. The tempera
ture measurements were taken at a single point and were 
assumed to be representative throughout the respective test 
sections. The test section was frozen to a depth of 122 cm for 
the first cycle and 152 cm for the second cycle. Thawing of 
the test section was done by removing the cooling panels, and 
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the pavement sections were heated by the ambient FERF 
temperature. 

Surface deflection measurements were taken once a day 
during the thaw periods using a Dynatest 8000 falling weight 
deflectometer. FWD measurements were taken at four lo
cations on the test section. These locations are illustrated in 
Figure 4. The FWD measurements were conducted using a 
30-cm-diameter plate. The geophones were located at 0, 17.5, 
30, 70, 110, 150,. and 245 cm from the center of the loading 
plate. The tests were conducted using four load levels, which 
ranged from 20 to 67 kN. 

21 Jul 90ct 

FIGURE 3 Zero degree isotherm in test section. 
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FIGURE 4 Typical FWD location points in test sections. 
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BACK CALCULATION OF: LA YER MODULI 

The layer moduli were backcalculated from a normalized 
40-kN deflection basin at the four locations in the test section 
(Figure 4). The normalization was done by plotting the load
deflection data from the first three load levels and applying 
a linear regression to the data. The representative deflection 
basin for each test section was obtained using BASIN and the 
normalized deflection basins from the four FWD points. 
BASIN, a computer program developed at WES, averages 
the deflections at each sensor location for a given load level 
and calculates an average deflection basin area. It then chooses 
a measured deflection basin that is closest to the averaged 
basin deflections and area as the representative basin. 

Before the application of the first freeze-thaw cycle, FWD 
measurements were conducted on the newly constructed test 
sections. The following are seed moduli and Poisson's ratios 
used in WESDEF for the various layers: 

Material Type 

Asphalt concrete 
Clay subgrade 
Natural sand 

Elastic Modulus 
(MPa) 

Poisson's 
Ratio 

subgrade 

2413.25 
03.43 

206.85 

0.35 
0.40 
0.40 

These were the suggested values in WESDEF. This feature 
of suggested modulus values of the various pavement mate
rials and their possible range is a useful tool for the new user. 

In the initial attempt, prior to freezing, TS-1 was idealized 
as a three-layer system. The layers were the asphalt concrete 
(AC) layer (15 cm), the compacted clay layer (145 cm), and 
an infinite sandy subgrade. The backcalculated values were 
as follows: AC, 3,292 ± 127 MPa; clay, 140 ± 17 MPa; sand, 
114 ± 23 MPa. The mean absolute error was 18.63 ± 11.8, 
which was greater than the 17.5 percent desired. In the second 
attempt, the clay layer was divided into two layers. The top 
and bottom layers were 74 and 71 cm thick. The backcal
culated values were as follows: AC, 3,445 ± 540 MPa; top 
clay, 132 ± 40 MPa; bottom clay, 159 ± 14 MPa; and sand, 
110 ± 20MPa. Themeanabsoluteerrorwas9.53 ± 6percent, 
which was well within the specified requirement of 17.5 per
cent. Although the error was reduced by half, the changes in 
the mean modulus were only 5 percent and 3 percent, re
spectively, for the AC-and the sand subgrade. The average 
of the two-clay layer moduli (145 MPa) was similar to the 
value of the single clay layer modulus calculated when the 
system was modeled as a three-layer system. With respect to 
the calculated strains using either the three- or four-layer 
system, the difference in the vertical strain at top of the subgrade 
was approximately 0.3 percent and less for the horizontal 
strain at the bottom of the AC layer. Because WESDEF is 
able to accommodate only up to four layers, the mean of the 
composite clay moduli was used as the baseline. The following 
are the moduli that were used as the prefrozen (baseline) 
moduli in TS-1: 

Material 

Asphalt concrete 
Unfrozen clay 
Sand subgrade 

Modulus (MPa) 

3,445 ± 540 
145 ± 50 
llO ± 20 

The backcalculated modulus of the natural sand subgrade 
was found to be lower than expected. However, since the 
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sand subgrade did not undergo any substantial freeze-thaw 
cycling, we assumed that the modulus of this layer remained 
the same throughout the two freeze-thaw cycles. The mean 
layer moduli for TS-1, in conjunction with NELAPAV (7), 
were used to calculate the horizontal strain at the bottom of 
the asphalt concrete layer (Z = -152 mm) and the vertical 
strain at top of the clay layer (Z = -153 mm) where Z is 
the depth from the surface. The load level used in calculating 
the strains was 40 kN. The computed strains were 0.00022 
and -0.00067 for the horizontal and vertical strains, respec
tively. These values were used as reference values during the 
freeze-thaw cycles. 

BACKCALCULATION OF LAYER MODULI 
DURING THAW PERIODS 

We selected several days during the first and second thaw 
period to -backcalculate the layer moduli for two cases. The 
first case involved backcalculating the layer moduli, if we 
assumed no knowledge of the thicknesses of the frozen or 
thawed layers. Basically, the frozen, thawed, and unfrozen 
layers were lumped as a single layer. The scenario is identified 
as Case 1 in all future discussions. In the second case, back
calculation of the layer moduli was made with the knowledge 
of the thicknesses of the frozen and thawed layers (Case 2). 

Before conducting the backcalculation of the various layer 
moduli, a literature review was done to obtain any data on 
the frozen and thawed moduli of base, subbase, subgrade, 
and asphalt concrete. The results of the review for the base, 
subbase, and subgrade materials are tabulated in Table 1. 
These moduli values were used as a guide for selecting-the--
seed modulus for the frozen and thawed clay layer. The data 
presented in Table 1 are from laboratory resilient modulus 
tests (8-13), with the exception of data furnished by Stubstad 
and Connors (12). The modulus values for frozen soils gen-
erally increase with decreasing temperatures. The lowest val-
ues are at about - 2°C and the highest are at a temperature 
of about - 8°C. Because the lowest resilient modulus values 
in the table are for temperatures about - 2°C, values lower 
than those shown here are expected to be closer to 0°C. 

Resilient modulus values for thawed materials generally 
increase with decreasing moisture content. The lowest values 
are near saturation and the highest values in the table are in 
the range of 50 percent to 80 percent of saturation. It was not 
possible to conduct laboratory resilient modulus tests on some 
of the fine-grained soils immediately after thawing because 
they were unstable. Therefore, the lowest values in the table 
are not the lowest that these materials may exhibit. 

Modulus values in the thawed state are also generally stress 
dependent. Values for fine-grained materials usually decrease 
with increasing stress but granular materials generally increase 
with increasing stress. Modulus values for all materials gen
erally increase with increasing density. 

The asphalt concrete modulus can be estimated using the 
Asphalt Institute (AI) equation 

log£= 5.553833 + 0.028829 ;,2:
33 

- 0.03476(VJ 

+ 0.07037(n10°F,io6) + 0.000005(t~t.3 + 0.4982510
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TABLE 1 ·Frozen and Thawed Resilient Modulus Values for Pavement 
Materials 

Resilient Modulus 
uses Frozen Thawed 

Material Classification <MPa) (MP a) 

Winchendon, MA GM-GP 930 - 56,390 
dense graded stone 

Albany County Airport GW-GM 100 - 34,970 34 - 272 
TWA, subbase 

Albany County Airport GW-GM 1,520 - 19,280 55 - 366 
TW B, subbase 

Minnesota Test Road GW 74 - 972 
Class 6 base 

Minnesota Test Road SW 1,448 - 46,098 25 - 5,433 
Class 3 subbase 

Albany County Airport SW-SM 340 - 24,100 43 - 259 
TW A, base course 

Winchendon, MA SM 650 - 20,590 21 - 158 
Graves sand 

Winchendon, MA SM 650 - 20,590 21 - 396 
Hart Bros. sand 

Winchendon, MA SM 1,300 - 56,840 27-141 
Hyannis sand 

Albany County Airport SM 41 - 209 
TW A, subgrade 

Albany County Airport SM 180 - 39,430 41 - 192 
TW B, subgrade 

Albany County Airport SM 42 - 240 
TW B, subgrade 
never frozen 

Winchendon, MA SM-SP 660 - 22,750 8 - 282 
Ikalanian sand 

Winchendon, MA SM-SC 1,050 - 45,590 31 - 164 
Sibley till 

Minnesota Test Road 1206 CL 924 - 10,928 6 - 1,455 
Subgrade 

Ft. Edward, NY CL-CH 450 - 6,220 7 - 149 
Ft. Edward clay 

Base Course (13) 20,685 
(12) 1,034 

Sub base (13) 20,685 
(12) 1,034 

Subgrade (13) 3,448 
(12) 1,034 
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where 

E = dynamic modulus of asphalt concrete, 
P200 = percent aggregate passing Number 200 sieve, 

f = frequency, 
Vv = percent air voids, 

h70oF, 10
6 = absolute viscosity at 70°F (poise x 106), 

Pac = asphalt content (percent by weight of mix), and 
tP = midpavement temperature (°F). 

The following assumptions were used in calculating the 
modulus of the AC using the preceding equation: 

P200 = 5 percent, 
Vv = 4 percent (the acceptable range was 3 to 5 

percent), 
T1 7ooF, 10

6 = 2.5-AC 20 asphalt (14), and 
Pac = 6 percent (the acceptable range was 5 to 7.5 

percent). 

The frequency (f) used was 20 Hz, which is commonly as
signed to FWD loading. Temperature measurements were 
taken at 5, 10, and 15 cm from the surface of the AC layer. 
The midpoint temperature was interpolated linearly between 
the three temperature measurements. 

To reiterate, Case 1 is the three-layer system. WESDEF 
was used to backcalculate the modulus of the asphalt concrete, 
composite (thawed and frozen and unfrozen) clay and the 
sand subgrade layers. When the frozen and thawed layers 
were accounted for in Case 2, there were different structures 
in the first and second thaw cycles. At the end of the first 
freeze cycle, the frost front was located at a depth of 122 cm 
from the asphalt concrete surface. Thaw was basically down
ward. The pavement structure was divided into five layers. 
The structure consisted of an asphalt concrete layer, a variable 
thickness thawed lawyer (he), a variable thickness frozen layer 
(h1), an unfrozen clay layer (hu1), and the infinite sand subgrade 
(Figure 5a). At the end of the second freeze cycle, the frost 
depth was down to 152 cm from the asphalt concrete surface. 
In the early stages of the second thaw cycle,· the pavement 
structure was idealized as that shown in Figure 5b. The struc
ture consisted of an asphalt concrete layer, a variable thick
ness of the thawed (he) and frozen layers (h1), and the sand 
subgrade. Partially through the second thaw cycle, thawing 
of the pavement structure was occurring simultaneously from 
the top and bottom. This pavement structure is shown in 
Figure 5c. 

The idealized pavement structures used in WESDEF are 
shown in Figure 6. In the first thaw cycle (Case 1), the struc
ture shown in Figure 5a was modeled by the structure shown 
in Figure 6a. Because of the limitation of four layers in 
WESDEF, it became necessary to combine the unfrozen clay 
layer with the sand subgrade. The modulus of this composite 
(clay/sand subgrade) layer was fixed at an average of the two
layer moduli of 128 MPa. In the early stages of the second 
thaw cycle, the pavement structure shown in Figure 5b was 
idealized by the structure in Figure 6b. The modulus of the 
layer below the frozen layer (sand subgrade) was fixed at 110 
MPa. For the late stages of the second thaw cycle, the limi
tation of four layers in WESDEF meant that the thawing layer 
below the frozen layer could not be included in the ideali
zation. It was idealized by the structure shown in Figure 6c. 

AC 

Thawed 
layer 

Frozen 
layer 

Unfrozen ]hut 
layer 

Sand 
subgrade 

(a) 

CASE 1 
1st freeze-thaw cycle 

AC 

Thawed 
layer 

Frozen 
layer 

Sand 
subgrade 

(b) 

CASE2 

AC 

Thawed 
layer 

Frozen 
layer 

Thawed 
layer 

Sand 
subgrade 

(c) 

2nd freeze-thaw cycle 

FIGURE 5 Actual pavement structures in TS-1 
during thaw cycles. 
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The results from the backcalculation follow. Every attempt 
was made to minimize the error between the measured and 
calculated deflections. The absolute arithmetic (AA) errors 
in the backcalculation of the layer moduli for both cases are 
shown in Figure 7. The AA errors for most of the days are 
larger in the first case than in the second. The error was 
reduced when the thawed and frozen layers were separated. 
It was found that the largest deflection errors occurred at the 
sixth and seventh sensors in Case 2, probably because of the 
constant values assigned to the composite subgrade in the 
later stages of thawing. Howeve.r, in both cases, with an ex
ception of a few days, the AA error exceeded our criterion 
of 17 .5 percent. The data in Figure 7 show the best fit between 
measured and calculated deflection basins that were attain
able with WESDEF. 

An attempt was made to isolate the source of the large 
errors in Case 1 (Figure 7). It was found that the backcal
culated sand subgrade modulus in Case 1 was similar to its 
mean prefrozen value. This value gives confidence to our 
assumption that the modulus of this. layer remains constant 
during the thaw cycles. The backcalculated modulus of the 
sand subgrade for the two thaw cycles is shown in Figure 8. 
We found that most of the values were within one standard 
deviation of its mean prefrozen value, which suggests that the 
errors are in the upper layers; it also reinforces the need to 
separate the frozen and thawed layers in the backcalculation 
process. 

The backcalculated asphalt concrete moduli for both cycles 
with respect to midpavement temperatures are shown in Fig
ure 9. For comparison, the modulus values obtained from AI 
(14) are also shown in the same figure. The backcalculated 
AC moduli from both cases were consistently lower than the 
Al predicted modulus. The exception to this is at low tem
peratures. Also the backcalculated AC modulus appears to 
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(c) 

5.2cmAC 

h =Variable 
Thawed Layer 
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Frozen Layer 

Composite 
Thawed Clay/Subgrade 

Layer 

FIGURE 6 Idealized pavement structure used in WESDEF. 
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be unaffected by how the pavement system was modeled. 
Therefore, we can conclude that the larger errors in Case 1 

· result from the lumping of the frozen and thawed layers as 
one single layer. Attempts to fix the asphalt concrete modulus 
in WESDEF for both thaw cycles for both cases with the 
predicted AI modulus only increased further the AA error. 
A regression equation (r = 0.54) was developed for the AC 
modulus in seasonal frost areas (Figure 9c): 

ACMOD = 5,944 - 242(Tp) 

where ACMOD is the AC modulus in megapascals and TP is 
the midpavement temperature (°C). This regression can be 
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used as a guide for selecting asphalt concrete moduli in sea
sonal frost areas. 

Several interesting trends were noticed between the clay 
layer modulus for the two cases. For discussion purposes, the 
composite clay modulus in Case 1 is designated as Ec, and 
the thawed clay layer modulus in Case 2 as E,. In Figure 10, 
Case 1 is identified as composite and Case 2 as thawed layer. 
It becomes apparent in Figure 10 that as soon as thawing of 
the subgrade commences E, ~ Ee The difference is approx
imately 96 percent when E, = 10 MPa; this compares with 
Ec = 280 MPa at the beginning of thaw (76-mm-thick thawed 
layer). At the same time, with respect to its prefrozen strength, 
Ec was about two times greater, and Er was approximately a 
quarter of its prefrozen strength. Ec decreases rapidly to a 
thaw depth of 800 mm from the top of the clay layer, after 
which it starts to increase (Figure iO). E, shows a gradual 
increase with thaw depth. Ec and E, have approximately the 
same value when the thaw depth is greater than 1 m ( =80 
MPa). However, this value is still less than the prefrozen value 
of 145 MPa. 

The effect of neglecting the thawed layer (Case 1) on pave
ment performance can be shown by the calculated horizontal 
and vertical strains at the bottom of the asphalt concrete and 
at the top of the clay layer, respectively. The horizontal and 
vertical strains were calculated using NELAP AV (linear). 
The horizontal strains were calculated at a depth of 152 mm 
and the vertical strain at 153 mm depth from the surface. The 
horizontal strains were also calculated with Jung's (15) method 
of using the center and first FWD deflection measurements. 
The horizontal strain (Hs) is calculated from 
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where 

H 5 = horizontal strain at the bottom of the asphaltic layer, 
h = thickness of asphalt concrete layer (mm), 

d0 = surface deflection under center of load (mm), 
d1 = surface deflection at edge of plate (mm), and 
r = radius of loaded plate (mm). 

Jung found that the horizontal strains obtained from this 
eq·uation compared well with those calculated using linear 
elasticity. The horizontal strains with respect to thaw depth 
for both freeze-thaw cycles are shown in Figure 11. Also 
shown in this figure are the horizontal strains calculated from 
Jung's equation. The horizontal strains calculated from Jung's 
method were higher than those from NELAP AV. Similar 
results were reported by Jung (15) for non-frost conditions. 
However, this equation can be used to estimate reasonably 
well the horizontal strains. Because it is larger than those 
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calculated from layer elastic theory, the damage calculated 
from these strains will be larger and therefore conservative. 
The calculated.strains were as high as 1.5 times their prefrozen 
values during thaw. Another interesting observation in the 
horizontal strains in Figure 11 is the negligible difference be
tween the two cases. This suggests that the condition of the 
subgrade has only a small effect on the horizontal strain at 
the bottom of the AC layer, 0.00022 and - 0.00067 for Cases 
1 and 2. 

The calculated vertical strains with thaw depth for Case 1 
(Eve) and Case 2 (Ev,) for the two cycles are shown in Figure 
12. At the beginning of thaw, there was a dramatic increase 
in ( Ew). It was found to be about four times larger than Eve 

With respect to its prefrozen value, Ev, was approximately 3.5 
times larger at the beginning of the thaw period. With time, 
as thaw progressed downward, Eve increased rapidly, whereas 
after the initial rapid increase, Ew started to recover. This was 
substantiated later during trafficking of the test sections, when 
the change in rut depth with traffic was large soon after the 
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beginning of loading. At a depth of about 1 m, the strains Eve 

and Ev, become the same. 

CONCLUSIONS 

From the results of this study, the following conclusions can 
be drawn regarding the effect of the frozen and thawed layers 
when backcalculating pavement layer moduli from FWD data: 

1. The study showed that the thicknesses of the frozen and 
thawed layers are critical in backcalculating layer moduli and 
damage to pavement structures. 

2. Larger errors are introduced between measured and the
oretical deflection basins when the frozen and thawed layers 
are considered as a single composite layer. The errors can be 
attributed to the frozen and thawed layers being lumped to
gether as one layer. These errors were reduced when the 
thawed and frozen layers were considered as separate layers. 
However, there were times, even when the deflections were 
within a specified tolerance, that the backcalculated moduli 
were unreasonably low or high. At other times, the backcal
culated moduli of the thawed and frozen layers were inverse 
to what was expected. It was also found that it is possible to 
reduce the AA error by 50 percent and not change the hor
izontal or vertical strains significantly. 

3. The backcalculated asphalt concrete modulus was lower 
than that predicted by the Asphalt Institute empirical equa
tion. A regression equation was developed to help in selecting 
seed moduli in seasonal frost areas. It was also found that the 
asphalt modulus was independent of the modeled support. 

4. The horizontal strains at the bottom of the asphalt layer 
were not greatly affected by ignoring the thawed layer. The 
horizontal strains as calculated by the Jung method using 
FWD deflections directly showed a trend similar to that cal
culated from layer elasticity during thaw periods. The strains 
from the Jung method were found to be slightly high but will 
produce conservative results. 

5. The damage to pavements with respect to vertical strains 
was grossly underestimated when the thawed and frozen lay
ers were not considered separately. The difference in the 
calculated vertical strain could vary by a factor of 4. 

6. Finally, the backcalculated moduli for the two cases are 
the product of the mathematical linear elastic model used and 
may not truly represent the actual field conditions. Partial 
verification has been done, but additional research is needed 
to verify the reductions in the moduli and strains seen in this 
study during thaw periods in the field. 
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Strategic Highway Research Program 
Falling Weight Deflectometer Quality 
Assurance Software 

G. R. RADA, S. D. RABINOW, M. w. WITCZAK, AND 

C. A. RICHTER 

Nondestructive deflection testing using falling weight deflec
tometers (FWDs) is one element of the monitoring effort cur
rently under way by the Strategic Highway Research Program 
(SHRP) for the Long-Term Pavem~nt Performance (LTPP) study. 
Because accurate data are key to the success of the L TPP study, 
SHRP has implemented a number of measures to ensure the 
quality of deflection data. They include equipment comparison 
and calibration, standardized field testing procedures and field 
data checks, and quality assurance software. SHRP FWD quality 
assurance software is the focus-specifically the FWDSCAN and 
FWDCHECK computer programs. Program FWDSCAN has been 
developed to verify the integrity and completeness of the FWD 
deflection data· after they have been delivered to the SHRP re
gional offices. Program FWDCHECK has been developed to 
analyze deflection data for test section homogeneity, the degree 
to which test pit data are representative of the section, the pres
ence of data outliers within the section, and overall reasonable
ness from a structural capacity viewpoint. 

The Long-Term Pavement Performance (LTPP) study of the 
Strategic Highway Research Program (SHRP) involves in
tensive monitoring of numerous pavement sections located 
throughout North America. One aspect of the LTPP data 
collection is deflection testing, which provides information on 
structural capacity and material properties. Four falling weight 
deflectometers (FWDs) manufactured by Dynatest are used 
In the SHRP deflection testing. 

Because accurate data are the key to the success of the 
LTPP study, SHRP has implemented a number of me.asures 
to ensure the quality of deflection data. They include equip
ment comparison and calibration, standardized field testing 
procedures and field data checks, and quality assurance soft
ware. This paper focuses on the quality assurance software. 

Equipment calibration and field data checks built into the 
FWD data acquisition software are the first line of defense 
against invalid deflection data. The second line of defense is 
a computer program, called FWDSCAN, which verifies the 
integrity, completeness, and compliance with the established 
test pattern of the field data after they are delivered to the 
SHRP regional office (1). For the final stage in the quality 
assurance process, a computer program called FWDCHECK 
has been developed to analyze deflection data for test section 

G. R. Rada and S. D. Rabinow, PCS/Law Engineering, 12240 Indian 
Creek Court, Suite 120, Beltsville, Md. 20705-1242. M. W. Witczak, 
Department of Civil Engineering, University of Maryland, College 
Park, Md. C. A. Richter, Strategic Highway Research Program, 818 
Connecticut Ave., N.W., Suite 400, Washington, D.C. 20006. 

homogeneity, the degree to which test pit data are representa
tive of the section, the presence of data outliers within the 
section, and overall reasonableness from a structural capacity 
viewpoint (2). As a rule, the checks embodied in FWDCHECK 
will not eliminate data, but instead will flag potential 
problems. 

The remainder of this paper provides a brief overview of 
SHRP's deflection testing program (to facilitate the under
standing of the software), followed by detailed descriptions 
of the FWDSCAN and FWDCHECK computer programs. 
Typical analysis results are also presented and discussed. 

SHRP DEFLECTION TESTING PROGRAM 

SHRP is conducting two basic types of deflection tests: basin 
tests, which are conducted on all pavement types, and load 
transfer tests, which are conducted only on portland cement 
concrete (PCC) pavements. Pertinent details of the testing 
program are as follows. The full testing program is described 
in the SHRP field manual for FWD testing (3). 

A single sensor configuration is used for all deflection basin 
tests, regardless of pavement type, to minimize the probability 
of sensor location errors. The sensors are located at radii of 
r = 0, 8, 12, 18, 24, 36, and 60 in. from the loading plate 
center. A similar sensor configuration is used for all load 
transfer tests, except that the sensor at r = 8 in. is moved to 
the rear of the loading plate 12 in. from the center of the 
loading plate. 

A uniform drop sequence is used at all test points within a 
test section. This drop sequence begins with a series of three 
drops at a load of 12,000 to 14,000 lbf for seating purposes, 
followed by four repeat drops at each drop height (load level) 
used. For flexible [i.e., asphalt concrete (AC)] pavements, 
four drop heights are used, producing nominal loads of 6,000, 
9,000, 12,000, and 16,000 lb. On rigid (jointed and continu
ously reinforced concrete) pavements, only three drop heights 
are employed, producing nominal loads of 9,000, 12,000, and 
16,000 lb. 

Testing within the section is completed in two or three 
passes at various lateral (transverse) locations in the lane: 
midlane, defined as 6.0 ± 0.05 ft from the pavement edge; 
outer wheel path, defined as 2.5 ± 0.25 ft from the pavement 
edge; and pavement edge, where the load plate is located 
within 3 in. of the pavement edge. All testing in a given lateral 
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location is completed in a single pass over the section for 
reasons of ease, efficiency, and error reduction. The midlane 
locations are tested first, followed by the edge locations where 
applicable, and the outer wheel path locations. 

Deflection basin tests at two test pit locations, approxi
mately 50 ft outside the section boundaries, are also conducted 
for all pavement types. The function of these tests is to provi~e 
a basis for "linking" test pit information (i.e., laboratory char
acterization) with the overall section response. Test pit lo
cations are tested first (i.e., before the within-section testing) 
so that drilling operations can commence. 

All testing uses station 0 + 00 of the test section as the 
reference point for the FWD distance measuring instrument 
to ensure that test locations can be accurately located in the 
future. The specific test pattern used on the test sections varies 
with pavement type and is summarized in Table 1 .. The ap
proximate longitudinal test point spacing for all pavement 
types is 25 ft, resulting in a minimum of 20 test points per 
pass per section. 

Air and pavement surface temperatures are also monitored 
by sensors mounted on the FWD trailer; these data are re
corded with the deflection data for each test point. Additional 
temperature data are obtained by manual monitoring of tem
peratures at three depths (bottom, middle, and surface) in 
the pavement surface layer at two locations, one at each end 
of the test section, just beyond the section boundaries. These 
manual measurements are obtained at the start of testing, at 
the end of testing, and at hourly intervals during testing. 

Because of large file size and the need for back-up copies, 
data are backed up in the field using commercial back-up 
software, then restored to the original form on arrival at the 
SHRP regional office. 

PROGRAM FWDSCAN 

All deflection data collected in the field and received by SHRP 
are checked to ensure that they have been restored to their 

TABLE 1 FWD Test Plan Summary 

Transverse 
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original form, that all data are present, complete and in a 
readable form, and that they comply with the established test 
pattern. This is accomplished by m.eans of the FWDSCAN 
program. 

Each FWD data file can be thought of as being composed 
of two primary parts. The first part consists of 36 lines of 
header information. The second part of the data file, known 
as the data block, consists of the loads, deflections, temper
atures, and stations collected during a given pass. 

Verifying the contents o{ the header information consists 
of two distinct parts. The first part involves the comparison 
of the data items in the file to either lists of possible values 
or specified values-for example, that the load plate radius 
is the correct value. The second part of the verification pro
cedure consists of checking that the remaining items contain 
reasonable values for what they represent-: for example, that 
calibration factors are between 0.98 and 1.02 for all deflectors. 

The data block of the FWD data file consists of a repeating 
series of lines defining the testing· at each station. For each 
station, the following data should be present: a line containing 
station identification, lane specification, and other informa
tion that occurs once at each.station; 12or16 lines (depending 
on the pavement type) of load and deflection data; operator 
comments (optional); and 151 or 301 line blocks containing 
load and deflection time history data for a single drop height 
at this station, repeated up to three or four times at each 
station, depending on the pavement type being tested. 

Accordingly, verification of the data block contents consists 
of scanning each line of the remainder of the FWD data file 
to ensure its readability and completeness. In addition, to 
ensure the reasonableness of the data, the verification pro
cedure also entails a comparison of the data with valid data 
ranges; that is, lane specification codes must be from the list 
specified in the SHRP FWD manual, deflection values must 
range from 0.1 to 80.0 mils, loads must range from 500 to 
32,000 lbf, and air and surface temperatures must range from 
0°F to l 60°F. 

Pavement Location (Pass) Longitudinal Interwl Test Number 
Type Location 

Flexible Mid-Lane - 2S feet 
Wheel Path .. - 2S feet 

Rigid -Jointed Mid-Lane Mid-Panel Each 
Plain or Edge Comer Panel 

Reinforced Edge Mid-Panel Each 
Concrete Wheel Path** Joint Panel 

Each 
Panel 
Each 
Panel 

Rigid - Mid-Lane Mid-Panel ± 25 feet 
Continuously Edge Center/Crack ± 25 feet 
Reinforced Edge Mid-Panel ± 25 feet 
Concrete Wheel Path** Crack ± 25 feet 

Includes 2 test pit locations ± 50 feet from section limits. 
Wheel path testing is in the outer (rightmost) wheel path. 

Type of 
Points 

Basin 23• 
Basin 21 

Basin 22• 
Basin 20 
Basin 20 
Load 40 

Transfer 

Basin 22* 
Basin 20 
Basin 20 
Load 40 

Transfer 
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A list of the specific data items that are checked during the 
scanning process follows: 

1. Miscellaneous checks: report scan start time and date, 
verify line length for each line, report number of skipped 
records, report total number of records processed, and report 
scan end time and date. 

2. Checks of header information: determine units for data 
collection, report total expected number of records, deter
mine data collection date, verify use of edition 10 of Dynatest 
software, determine number of active deflectors, determine 
deflector range, determine FWD serial number, determine 
deflection filtering mode, determine load cell gain, deter
mine deflector gains, and determine operator's name. 

3. Checks at each station: determine peak data block, verify 
use of a valid lane, determine specification, verify that stations 
are increasing, verify that stations are within the 500-ft limits 
of the test section, determine number of peak records re
corded, verify that temperatures are within acceptable range, 
verify that deflections are within deflector limits, verify that 
deflections decrease at increasing distance from the load plate, 
verify that load is within the acceptable range, check for 
comments, check for unidentifiable data, check for new sub
section identification, check for an unexpected end to the file. 

4. History data block: determine number of history records 
recorded, verify that deflections are within deflector limits, 
verify that load is within acceptable range, check for comments, 
check for unidentifiable data, check for new subsection iden
tification, check for an unexpected end to the file. 

Some checks are for the presence of specific data items, other 
checks are for data within an acceptable range of numbers, 
and other checks simply report what was present in the data 
file. 

The results of these scanning procedures are written to an 
output file as a permanent record of this process having been 
performed. Erroneous or inconsistent data items are noted 
by lines beginning with an asterisk or exclamation mark. These 
lines fully describe which data element is incorrect or incon
sistent. Some errors in the data file generate more than one 
warning message, and sometimes they affect whether subse
quent data are interpreted correctly. Table 2, an excerpt from 

TABLE 2 Excerpt of FWDSCAN Output File 
Containing Errors 

150 history records successfully read in block 2 at station 207 
150 history records successfully read in block 3 at station 207 

• Undefined Jane specification (J3]) at station 219 
12 peak records successfully read at station 219 
150 history records successfulJy read in block 1 at station 219 
150 history records successfulJy read in block 2 at station 219 
150 history records successfulJy read in block 3 at station 219 

• Test sequence locations not in expected order at station 231 
Testing J2 (RIGID) at station 231 
12 peak records successfully read at station 231 
150 history records successfully read in block 1 at station 231 
150 history records successfully read in block 2 at station 231 
150 history records successfully read in block 3 at station 231 

Testing J3 (RIGID) at station 238 
12 peak records successfully read at station 238 
150 history records successfully read in block l at station 238 
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one of these files, contains two warnings, only the first of 
which is truly an error. In this case, the unrecognized lane 
specification at station 219 causes the lane specification at 
station 231 to appear to be out of the normal sequence of 
testing. 

Depending on the results of the verification procedure, a 
number of scenarios are possible. For all scenarios in which 
the file is corrupted, the first two remedial steps are the same. 
The first consist~ of redoing the restore procedure and re
peating the verification, because the original data restoration 
may have been the cause of the data corruption, and repeating 
it may eliminate the problem. If this step fails to remedy the 
problem, the second step is to request that the FWD operator 
transmit another copy of the data to SHRP and repeat the 
verification process. If this step also fails, then additional steps 
are taken, depending on the exact nature of the problem with 
the data. When errors are not from corruption in the data 
file but are from erroneously recorded data, the FWD data 
file may be edited to correct these errors. 

PROGRAM FWDCHECK 

Program FWDCHECK has been developed to analyze de
flection data for test section homogeneity, the degree to which 
test pit data are representative of the section, the presence 
of data outliers with the section, and overall reasonableness 
from a structural capacity viewpoint. The objective of these 
checks is to flag potential problems and areas in which reality 
may deviate from assumptions. FWDCHECK is intended for 
the analysis of midslab deflection basin test data (not load 
transfer) for rigid pavements and outer-wheel path deflection 
data for flexible pavements. 

For purposes of describing this program, this section has 
been subdivided into four subsections: preliminary data anal
ysis, section homogeneity analysis, nonrepresentative data· 
analysis, and structural capacity analysis. The order in which 
these subsections are presented corresponds with the 
FWDCHECK analysis sequence. 

Preliminary Data Analysis 

Before any checks are performed, the deflection data in ques
tion is normalized to provide a uniform basis for comparison. 
Various normalized deflection statistics-mean, standard de
viation, and coefficient of variation for each geophone num
ber and drop height combination-are also calculated for the 
pavement section in question. 

Uncorrected normalized deflections are calculated by means 
of the following relation: 

±(&mi) 
i=1 P; 

n 
(1) 

where 

511 uncorrected normalized mean deflection (mils/lb), 
repeat drop in question, 
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n - number of repeat drops used, 
&m; measured deflection for ith repeat drop, and 
P; applied load (lb). 

For flexible pavements, temperature-corrected normalized 
deflections are also computed in the manner described above, 
except that the measured deflections are first corrected to a 
standard temperature of 68°F (2). These corrections are ap
plicable only to the maximum deflections (i.e., under load 
center) and are made on the basis of temperature-depth data 
measured in the field. 

Section Homogeneity Analysis 

Because pavements are inherently variable, the nondestruc
tive evaluation of any pavement test section will yield variable 
deflection data. The first data check in the FWDCHECK 
program is aimed at evaluating the homogeneity of the test 
section (i.e., determine whether one or more pavement sub
sections are present based on a comparison of means and 
standard deviations). 

This particular data check is subjective because, on the basis 
of a visual assessment of the deflection profile, the user selects 
the boundaries, if any, delimiting pavement subsections. To 
aid the user- in the definition of these boundaries, tabular 
summaries of the uncorrected and temperature-corrected nor
malized deflection statistics and deflection plots versus station 
are generated by the program. Figure 1 is an example of a 
deflection versus station plot. 

If two or more subsections are identified, the program 
computes the mean normalized deflection (temperature 
corrected for AC pavements) and standard deviation of Geo
phone 1 for each subsection. The section uniformity analysis 
is based only on the analysis of the (nominal) 9,000-lb load 
data, which closely simulate the "standard" 18-kip single axle 
load often used in pavement analyses. FWDCHECK then 
performs a statistical comparison of the means and variances 
for each pair of adjacent subsections to determine whether 
they are statistically different. The statistical test of the means 

Normalized 
Deflection 

Deflection Data for Section: 371817A 
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FIGURE 1 Uncorrected normalized deflection versus station 
plot. 
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assumes that the normalized deflections for each subsection 
follow a Student's t distribution and that the true standard 
deviations are unknown and unequal. Furthermore, the test 
for equal means uses a 95 percent level of probability (two
tailed). An F-test is used for the comparison of the variances 
for each pair of adjacent subsections. The subsections are 
considered different if either (or both) the means or the var
iances are statistically different. 

Figure 2 is an example of an SHRP section where subsec
tions may exist. As shown, this section can be divided into 
three subsections at Stations 130 and 290. Subsection 1 (Sta
tions 0 to 130) has a relatively low maximum deflection. Sub
section 2 (Stations 130 to 290) has much higher deflections 
than Subsection 1, with its overall average about 50 percent 
higher than that for Subsection 1. Subsection 3 (Station 290 
to 500) has a more uniform maximum deflection than Sub
section 2, with its overall average similar to that of Subsection 
1. Although not shown, the hypothesis tests for these sub
sections indicated that the means are statistically different, 
but that the variances are not. Thus, subsections are indeed 
present within the overall section according to the established 
criteria. 

Depending on the outcome of the analysis, one or more 
messages are sent to the screen and to the program output 
file; for example, a message indicating that a pair of adjacent 
subsections have equal means but unequal variances. If two 
or more subsections are found to be equal by both means and 
variances, the subsection boundaries are redefined before 
proceeding with the program. 

Nonrepresentative Data Analysis 

The L TPP testing program relies on the assumption that ma
terials from the area adjacent to the monitored section are 
representative of those within a test section. Deflection data 
obtained at the time of materials sampling provides an op
portunity to evaluate this assumption. 

This evaluation, and a check for "outliers" within the sec
tion, are accomplished through comparison of normalized de-

Normalized 
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FIGURE 2 Sample subsection delineation: Section 041007 A. 
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flection statistics for all geophone and drop height combi
nations. For the test pit location, normalized deflection data 
are first compared with the corresponding section means. In 
those cases in which two or more subsections have been iden
tified, the test pit data are compared with the means for the 
adjacent subsection. In either case, warnings are automati
cally generated by the program when the test pit data differ 
from the section or subsection means by more than two stan
dard deviations. 

As in the test pit analysis, the check for data outliers within 
a section entails the comparison of the normalized deflections 
for each geophone and drop height combination at each sta
tion to the section or corresponding subsection mean. Warn
ing messages are generated by the program when the differ
ence from the section or subsection mean is more than two 
standard deviations; a tabular summary of the nonrepresenta
tive data found within a section is sent to the output file that 
includes, for each data point, the station, drop height, geo
phone number, and number of standard deviations away from 
the section or subsection mean. 

The program also generates normalized deflection-versus
station plots for each combination of geophone and drop height. 
An example of these plots is given in Figure 3. As shown, a 
series of lines indicating the mean, mean ± 1 standard de
viation, mean ± 2 standard deviations, and so on are super
imposed on these plots. Based on these plots, the user can, 
if desired, include additional messages in the output file in 
the form of running comments. 

Structural Capacity Analysis 

The last set of FWDCHECK data checks deals with the over
all reasonableness of the deflection data from a structural 
capacity viewpoint. It involves the computation of pavement 
structural capacity and the comparison of the results to what 
one might expect on the basis of layer thicknesses and material 
properties. 

Because the main objective of this last set of data checks 
is to verify the general reasonableness of the data, a direct 

Standard 
Deviations 

Deflection Deviation Data for Section: 371817A 

-3.0 '-----'-----'---~---'------'----'-----' 
-100 0 100 200 300 400 500 

Station (ft) 
Location 3 Drop Height 1 Sensor 5 

F2:Scrn Dump FIO:Exit ' t Prv /Nxt Ht PgUp/PgDn:Prv /Nxt Loe 

FIGURE 3 Sample deflection deviation versus station plot for 
nonrepresentative data analysis. 

600 

TRANSPORTATION RESEARCH RECORD 1377 

structural capacity approach was selected for implementation 
in the program. The particular analysis procedure used is 
dependent on the pavement type, as described next. 

Rigid Pavement Analysis 

Structural capacity estimates for rigid pavements are derived 
on the basis of a modified Westergaard solution for interior 
deflections. The analysis is predicated on the assumption that 
the slab is "relaxed" (i.e., no curling). The specific model 
used in this analysis is given by Ioannides et al. ( 4): 

with 

e - ~ £h3 
-12(1 - µ 2)K 

where 

B = maximum deflection (i.e., under load center); 
a = radius of loaded area; 
P = total applied load; 
K = composite modulus of subgrade reaction; 
'Y = 0.57721566490, Euler's constant; 
e = radius of relative stiffness; 
E = elastic modulus of portland cement concrete; 
h = slab thickness; and 
µ = Poisson's ratio of portland cement concrete. 

Assuming an elastic modulus of E = 5,000,000 lb/in. 2 and 
a Poisson's ratio of µ = 0.15 for portland cement concrete, 
Westergaard's solution is used in an iterative mode to cal
culate the effective thickness (h) of the slab at the time of 
testing. Because the maximum deflection, applied load, and 
radius of loaded area are all known, the only unknown pa
rameter is the composite modulus of subgrade reaction or K. 

The K value is determined from the applied load and the 
volume of the deflection basin. This approach assumes that 
the slab is incompressible and, as a consequence, the volume 
of soil or other materials, or both, displaced by the load is 
equal to the volume of the deflection basin. Accordingly, the 
K value is calculated as follows: 

p 
K=

V 
(3) 

where P is the applied load and V is the effective volume of 
deflection basin. The effective volume of the deflection basin 
is limited to approximately the dimension of half of the lane 
width (72 in.) and is determined by rotating the deflection 
basin area through 360 degrees. 

Composite modulus of subgrade reaction and effective slab 
thickness values are determined for all possible location, sta
tion, and drop height combinations. The resulting thickness 
data are then compared with the expected range of thickness 
to assess the reasonableness of the deflection data. The ex
pected range is defined as 0.65 (to allow for deterioration of 
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the slab) to 1.15 (to allow for hardening of the concrete) times 
the actual slab thickness. Warnings are generated by the prog
ram and sent to the output file when the estimated effective 
thickness falls outside the expected range. 

The program also generates the following information: 
(a) plot of equivalent thickness versus station (with the ex
pected thickness range superimposed) for each drop height; 
(b) plot of composite modulus of subgrade reaction versus 
station for each drop height; (c) plots of composite modulus 
(i.e., single value representation of the overall pavement stiff
ness) versus radial distance for all drop heights at any given 
station; and (d) tabular summaries of Kand thickness values 
as well as corresponding statistics at each drop height for the 
pavement section or subsections. An example of the thickness
versus-station plot is given in Figure 4. On the basis of this 
and other information, the user can, if desired, include ad
ditional warning messages in the output file in the form of 
running comments. 

Flexible Pavement Analysis 

The structural capacity analysis of flexible pavements follows 
the AASHTO direct structural number procedure, which is 
based on the premise that the overall pavement structural 
capacity is the result of the combined stiffness influence of 
each layer (5). Accordingly, the maximum deflection may be 
viewed as being composed of two separate components: 
(a) pavement structural capacity and (b) subgrade support. 

The procedure implemented in FWDCHECK uses outer 
deflection basin data to estimate the subgrade modulus and 
then uses this parameter, along with the maximum deflection, 
to directly estimate the effective structural number (SN) of 
the pavement system. The specific evaluation technique used 
involves the following major steps. 

1. An estimate of the radius of influence (a3e) at the pavement
subgrade interface is made on the basis of composite modulus 
at each geophone location; deflections obtained beyond this 
value are assumed to be caused by subgrade deformations 

20.00 

Effective 
Rigid 

Pavement 
Thickness 

Westergaard based Rigid Thickness for Section: 373807A 

~ ~ 
i ~ 

! ...... ',···-············1,.· ...... . ··········-·····1········ 

~ i 
! ~ 

... ::-.. i.::-.T .. ::-.. 
i ; 

i 
i 
! 

! ···············I 

~ 

... ~ .. ~.~-y~~·~F~=1·~ .. ~ .. ~ .. ~.r~ .. ~ .. ~ .. r~~~(.~ .. ~.=·· 
0.00 

·100 

FlO:ExitPlots 

~ ~ ~ 
0 100 200 300 400 500 

Station (ft) 

Drop Height I, 2, 4 

FIGURE 4 Equivalent PCC thickness versus station plot. 

600 

41 

only. Composite moduli are calculated in the program as 
follows: 

if r ::S 0.25ac 

or 

(1 - µ;g) *Pc * az 
EC = c * c 

8 * r 
·if r > 0.25ac 

where 

Ee = composite modulus, 
r = radial distance, 

Pc = contact pressure applied by NDT device, 
ac = radius of contact of NDT device, 

µ58 = Poisson's ratio of the subgrade, 

(4a) 

(4b) 

8 = measured deflection at given radial distance, and 
C = the lower of l.l*log(rlac) + 1.15 and 0.5*µ58 + 0.875. 

2. If a stiff layer is present beneath the pavement structure, 
it will have a major influence on the measured deflections 
and hence structural capacity analysis. To overcome this, a 
number of assumptions are first made: (a) the deflections 
measured at distances beyond the radius of influence (a3e) are 
solely a function of the sub grade and stiff layers; (b) the stiff 
layer has an elastic modulus of E = 1,000,000 lb/in. 2 and a 
Poisson's ratio ofµ = 0.35; and (c) a typical layer modulus 
and Poisson's ratio is assigned to each layer in the pavement 
structure (exclusive of sub grade) on the basis of material type, 
as shown in Table 3. 

The assumed layer moduli and Poisson's ratios, along with 
the known layer thicknesses and depth to stiff layer, are then 
input into CHEVRON N-layer code ( 6) to predict surface 
deflections at all geophone locations beyond the radius of 
influence, for subgrade modulus values of 5,000, 15,000 and. 
30,000 lb/in. 2

• In turn, these results are used to develop log
log regression equations of surface deflection versus subgrade 
modulus for each geophone location beyond a3e' Finally, the 
surface deflection versus subgrade modulus correlations are 
used to determine the subgrade modulus that yields a surface 
deflection equal to that measured in the field for each geo
phone location beyond a3e. Although only an estimate, the 
resulting values represent the subgrade moduli at each geo
phone location, independent of the stiff layer. 

3. If the subgrade soil is perfectly elas~ic, the subgrade moduli 
derived from the stiff layer analysis for distances beyond the 
radius of influence will be the same. If nonlinear, however, 
there will be som~ degree of stress softening; that is, as the 
stresses increase, the subgrade modulus decreases. Because 
the structural analysis is based on the AASHTO structural 
number as calculated from the maximum measured deflection 
and the subgrade modulus, it is critical that the best possible 
estimate of the subgrade modulus underneath the load center 
be made. 

Accordingly, the layer modulus and Poisson's ratio assumed 
for each layer in the pavement structure, along with the known 
layer thicknesses and subgrade moduli predicted from the stiff 
layer analysis, are first input into the CHEVRON N-layer 

. code to predict deviator stresses at the pavement-subgrade 
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TABLE 3 Typical Modulus, Poisson's Ratio, and Layer Coefficient Values Used in 
FWDCHECK 

Elastic 
Material Type Modulus (ksi) 

Uncrushed Gravel 20.0 

Crushed Stone 45.0 

Crushed Gravel 30.0 

Crushed Slag 50.0 

Sand 10.0 

Fine Soil-Agg. Mixture 15.0 

Coarse Soil-Agg. Mixture · 20.0 

Sand Asphalt 200.0 

Asphalt Treated Mixture 300.0 

Cement Aggregate Mixture 750.0 

Econocrete 1,500.0 

Cement Treated Soil 100.0 

Lean Concrete 1,500.0 

Sand-Shell Mixture 75.0 

Limerock, Caliche 200.0 

Lime Treated Soil 75.0 

Soil Cement 200.0 

Pozzolanic-Agg. Mixture 500.0 

Cracked & Seated PCC 1,000.0 

Asphaltic Concrete 450.0 

Portland Cement Concrete 5,000.0 

interface at all geophone locations beyond a3e and directly 
under the load center. The deviator stresses predicted for 
distances beyond a3e and the subgrade moduli computed in 
the stiff layer analysis are then used to develop a log-log 
regression equation of subgrade modulus versus deviator stress. 
Finally, the predicted deviator stress at a radial distance of 
zero is input into the subgrade modulus-deviator stress 
correlation to determine the subgrade modulus directly under 
the load center. 

4. Once the subgrade modulus under the load center has 
been established, the effective structural number of the pave
ment is determined through an iterative process. Assuming 

. that the pavement structure can be represented by a one-layer 
system resting on the subgrade and that crushed stone (as 
= 0.14, Es = 30,000 lb/in. 2 , and µs = 0.35) is the standard 
material, the equivalent modulus of the one-layer system (for 
a given SN value} and hence the theoretical maximum de
flection can be derived using Equations 5 through 9 (5): 

(5) 

where 

Ee = elasticity modulus of equivalent one-layer system, 
SN = pavement structural number, 
µe = Poisson's ratio of equivalent one-layer system, and 
hr = total pavement thickness; 

Layer Coefficient 
Poisson's 

Ratio Minimum 

0.40 0.o7 

0.40 0.11 

0.40 0.09 

0.40 0.12 

0.40 0.05 

0.40 0.06 

0.40 0.07 

0.40 0.10 

0.35 0.15 

0.30 0.25 

0.25 0.40 

0.35 0.10 

0.25 0.40 

0.40 0.15 

0.35 0.15 

0.35 0.10 

0.35 0.15 

0.35 0.20 

0.25 0.35 

0.35 0.35 

0.15 0.60 

80 
= 2pA(l - µ;8 ) 

Esg 

Maximum 

0.17 

0.21 

0.18 

0.22 

0.15 

0.16 

0.17 

0.30 

0.35 

0.45 

0.60 

0.25 

0.60 

0.25 

0.30 

0.25 

0.30 

0.40 

0.45 

0.45 

0.80 

(6) 

where &0 is the maximum measured deflection and Es8 is the 
elastic modulus of sub grade; 

(i:)] (7) 

where F w is Burmeister's two-layer deflection factor; 

[ (1 h') - ~] Fb + _.!. 

ac ac 

x [I + 

~ 

( 1 + ::) l ac 

2(1 - µsg) 

(8) 

where Fb is Boussinesq's one-layer deflection factor; and 

(9) 

where he is transformed thickness of pavement in terms of 
the subgrade modulus. 
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Therefore, by iterating on the SN value, the structural num
ber that results in a predicted deflection equal to the measured 
value adjusted to a standard temperature of 68°F is deter
mined. The resulting SN data are then compared with those 
in the expected range to assess the reasonableness of the 
deflection data. The expected range is defined for each pave
ment section on the basis of the combination of material types 
and layer thicknesses as follows: 

n 

SN = L (a; * h;) (10) 
i=l 

where 

n number of layers in the pavement (exclusive of 
subgrade); 
pavement layer in question; 
structural layer coefficient of the ith layer; and 
thickness of the ith layer. 

Minimum and maximum material layer coefficients used to 
generate the expected SN range are summarized in Table 2. 

As with the rigid pavement structural analysis, warnings 
are generated by the program and sent to the output file when 
the predicted structural number falls outside the expected 
range. The program also generates the following information: 
(a) plot of structural number versus station (with the expected 
SN range superimposed) for each drop height; (b) plot of 
subgrade modulus (under the load plate) versus station for 
each drop height; ( c) plots of composite modulus versus radial 
distance for all drop heights at any given station; and ( d) tabular 
summaries of subgrade modulus and SN values as well as 
corresponding statistics at each drop height for the pavement 
section or subsections. An example of the structural number 
versus station plot is given in Figure 5. On the basis of this 
and other similar information, the user can, if desired, include 
additional warning messages in the output file in the form of 
running comments. 

FWDCHECK Messages 

The FWDCHECK program provides both tabular and graph
ical data displays for the four major factors evaluated. Ex-

Volumetric 
Modulus of 
Subgrade 
Reaction 

(k) 

FlO:ExitPlots 
Drop Height l, 2, 4 

FIGURES Structural number versus station plot. 

TABLE 4 Excerpt of FWDCHECK Output File-Summary 
Remarks 

Section uniformity: 
Subsections were identified within the section. 

Subsection 1 boundaries occur at 0 ft. and 320 ft. 
Subsection 2 boundaries occur at 320 ft. and 410 ft. 
Subsection 3 boundaries occur at 410 ft. and 500 ft. 

Comparing subsections: 
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Subsections 1 and 2: UNEQUAL means and EQUAL variances. 
Subsections 2 and 3: UNEQUAL means and EQUAL variances. 

Outliers - Test pits: 21 combinations at each test pit. 
All TP 1 data appears representative of section data. 
6 height/sensor combinations at TP 2 DO NOT appear 

representative of section data. 

Outliers - Section data: 546 total combinations within the 
section. 

14 height/sensor/station combinations are data outliers in 
subsection 1. 

There are NO data outliers within subsection 2. 
There are NO data outliers within subsection 3. 

Structural capacity - Test pits: 3 combinations at each test pit 
All results for TP 1 are within the range of expected values. 
1 height(s) for TP 2 are NOT within the range of expected 

values. 

Structural capacity - Section data: 78 total combinations within 
the section. 

17 height/station combinations are NOT within the range of 
expected values. 

amples of these displays have been shown throughout the 
paper. In addition, the program generates an output file con
taining a detailed summary of the analysis results. Included 
at the end of this file are summary remarks that will be stored 
in the SHRP data base and that will be of significant benefit 
to users of the SHRP data base. These remarks will be pro
vided automatically to those who request SHRP deflection 
data. Table 4 provides an example of the summary remarks 
generated by FWDCHECK for a rigid pavement section. 

SUMMARY AND CONCLUSIONS 

SHRP has established standard nondestructive deflection test 
procedures for monitoring pavement structural properties and 
has invested significant effort to ensure the quality of the data 
obtained using these procedures. Measures implemented by 
SHRP to ensure the quality of the deflection data include 
equipment comparison and calibration, standard testing pro
cedures and field data checks, and quality assurance software. 

This paper focused on the SHRP FWD quality assurance 
software developed for use with the SHRP L TPP deflection 
data. The program FWDSCAN is used to verify the integrity, 
completeness, and compliance with the established test pat
tern of the field data after being delivered to the SHRP re
gional offices, whereas the FWDCHECK program performs 
more detailed analyses to check the deflection data for section 
homogeneity, nonrepresentative data (from either the de
structive sampling area or within the section), and general 
reasonableness (or agreement with expectations) from a struc
tural capacity point of view. 

These programs, used in conjunction with solid equipment 
calibration and field data collection procedures, will help to 
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ensure the integrity of the deflection data entered into the 
SHRP L TPP data base and provide future users of those data 
with valuable flags regarding section uniformity, structural 
capacity, and the relationship between deflection data and 
data obtained from materials testing. 

Although specifically developed to meet SHRP needs, these 
programs could also be of value to state highway agencies 
and other organizations involved in deflection testing of pave
ments. Because of the large quantity of data collected within 
a single set of guidelines, a program such as FWDSCAN is 
highly valuable. In any other testing environment in which 
test conditions are likely to vary from site to site, such a 
program is much less valuable. FWDCHECK, on the other 
hand, could be greatly useful to other agencies, after some 
features specific to SHRP are removed. For example, remov
ing the 500-ft test section assumption, lane specification re
quirements, and test pit comparisons would greatly enhance 
the usefulness of FWDCHECK. 
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Variability in Measured Deflections and 
Backcalculated Moduli for the 
Strategic Highway Research Program 
Southern Region 

J. BRENT RAUHUT AND PETER R. }ORDAHL 

It is well known that excessive variability in subgrade character
istics, layer thicknesses, material characteristics, and other such 
construction variables are major causes of distress and loss of 
performance in pavements. As the use of deflection measure
ments to characterize pavement structural capacity and to deter
mine the elastic moduli of the separate layers increases, variability 
in the deflection measurements and the resulting estimates of the 
elastic moduli become more important. One study reported was 
intended as a preliminary evaluation of the amount of variability 
in deflections that may be expected in relatively short test sections 
(500 ft for the Strategic Highway Research Program test sections 
studies), and to learn what characteristics of pavements contribute 
to this variability. The relative causes of the variability were stud
ied using correlations of variations in deflections with various 
characteristics of the pavements, such as layer thicknesses, layer 
stiffnesses, and asphalt viscosity. These studies indicate that the 
typical coefficients of variation for deflections range between 4 
and 18 percent of the mean deflections, but some coefficients of 
variation for specific test sections will run over 40 percent of the 
mean deflections. A second study identified variations in back
calculated moduli for four test sections. This limited set of back
calculated moduli indicates that variability in backcalculated moduli 
for base layers is much higher than that for the asphalt concrete 
(AC) layers and subgrade and that the coefficients of variation 
for backcalculated AC moduli appear to be proportional to those 
for measured deflections. Some causes of the variability appear 
to have been identified, but variability in deflection measure
ments were found to result from a multitude of pavement char
acteristics, each resulting in minor effects to create the whole. 

The design of pavement structures typically assumes that a 
pavement structure will be constructed of materials having 
certain assumed or expected properties or characteristics. This 
pavement structure is selected after study of any existing ma
terials in place, new materials that may be specified, expected 
traffic, and the environment in which the pavement is to exist 
and function. Variability from these expectations in the field 
is a major cause of distress and loss of performance in 
pavements. 

Because the material sampling for the Strategic Highway 
Research Program (SHRP) Long-Term Pavement Perfor
mance (L TPP) studies has been conducted at only two general 
locations (both close to but outside the test section), the only 
within-section measure of variability available will be from 

Brent Rauhut Engineering, Inc., 8240 Mopac, Suite 220, Austin, Tex. 
78759. 

falling weight deflectometer (FWD) deflection measurements 
at close intervals throughout the test sections. The variations 
in measured deflections result from variability in layer thick
nesses and in material properties, as well as from disconti
nuities, such as cracks, that usually begin at the bottom of 
bound layers and propagate toward the surface. Therefore, 
the variability in measured deflections is important, even though 
it will be difficult to differentiate among potential causes. 

The L TPP data base for the SHRP Southern Region in
cludes Dynatest FWD measurements at close intervals for 
over 260 general pavement studies (GPS) test sections 500 ft 
in length. Analysis of the variability in deflections for these 
test sections offers an opportunity for characterizing typical 
variability for various types of pavements and exploring ap
parent variations in moduli within test sections and between 
similar test sections. 

All FWD measurements used in this study were made with 
the load 6 ft from the outer edge of the pavement. For flexible 
pavements, measurements were made every 25 ft. For jointed 
concrete pavements, tests were made at midpanel, except 

·when a transverse crack occurred near that point. In that case, 
the measurement was made midway between the crack and 
a joint, within the largest "subpanel" between the crack and 
a joint. For continuously reinforced concrete pavements, tests 
were made approximately every 25 ft and midway between 
cracks. 

Deflection data from the SHRP Southern Region Informa
tion Management System (RIMS) were extracted, and test 
section means, standard deviations, and coefficients of vari
ation were calculated for the measured deflections for all 
seven sensors. After studying the distributions of the coeffi
cients of variation, it was decided to continue studies for 
Sensor 1 directly under the load and Sensor 6 located 36 in. 
from the load. Plots were developed to show distributions of 
coefficients of variability separately for Sensor 1 and for Sensor 
6 and for flexible and rigid pavements. Plots were also de
veloped for deflections and backcalculated moduli along typ
ical flexible pavement test sections to indicate how these quan
tities vary within test sections. Other plots showed coefficient 
of variation versus various pavement properties for 
77 flexible pavements for which a "practice data base" had 
been developed. A correlation study was also conducted with 
the deflection data for the 77 flexible pavements and the 
practice data base to indicate levels of correlation between 
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coefficients of variation of deflections and various other pave
ment characteristics. 

The results from these studies have been evaluated and the 
conclusions reported about typical levels of variation of de
flections and what pavement parameters may influence levels 
of variability. 

DISTRIBUTIONS OF VARIABILITY FOR 
PAVEMENTS IN THE SHRP SOUTHERN REGION 

The coefficients of variation (CV) have been calculated in
dividually for Sensors 1 and 6 for 132 flexible pavement test 
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sections and 88 rigid pavement test sections. Coefficients of 
variation are called CVl for Sensor 1 arid CV6 for Sensor 6. 
Histograms were developed to indicate distributions of levels 
of variation and appear as follows: 

1. Figures 1 and 2: distributions of CVl ,and CV6, respec
tively, for.132 flexible pavements from Experiments GPS-1, 
Asphalt Concrete with Granular Base; GPS-2, Asphalt Con
crete with J301:1nd Base; and GPS-6, AC Overlay of AC Pave
ment; and 

2. Figures 3 and 4:· distributions of CVl and CV6, respec
tively, for 88 rigid pavements from Experiments GPS-3, Jointed 

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3 0.32 0.34 0.36 0.38 0.4 

Coefficient of Variation CV1 

FIGURE 1 Distribution of Sensor 1 coefficients of variation for 132 flexible 
pavement test sections in the SHRP southern region, Experiments GPS-1, 2, 
and 6. 
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FIGURE 2 Distribution of Sensor 6 coefficients of variation for 132 flexible 
pavement test sections in the SHRP southern region, Experiments GPS-1, 2, 
and 6. 
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FIGURE 3 Distribution of Sensor 1 coefficients of variation for 88 rigid 
pavement test sections in the SHRP southern region, Experiments GPS-3, 4, 
and 5. 
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FIGURE 4 Distribution of Sensor 6 coefficients of variation for 88 rigid 
pavement test sections in the SHRP southern region, Experiments GPS-3, 4, 
and 5. 
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Plain Concrete Pavements; GPS-4, Jointed Reinforced Con
crete Pavements; and GPS-5, Continuously Reinforced Con
crete Pavements. 

Because the coefficients of variation are simply the ratios 
of standard deviations from the means to the means, the 
intervals shown on Figures 1 through 4 represent intervals of 
standard deviation expressed as fractions of the means.· All 
of the distributions are skewed. The evaluation of the de
flections for the majority of the test sections resulted in stan
dard deviations between 4 and 18 percent of the mean de
flections for the test sections. However, there were for all 
pavements and sensors a lesser number of standard deviations 

ranging from 18 to over 40 percent of the mean deflections. 
The incidence of standard deviations above 20 percent of the 
mean deflections for Sensor 1 (below the load) was much 
greater for flexible than for rigid pavements; this difference 
for Sensor 6 was negligible. 

DISTRIBUTIONS OF DEFLECTIONS WITHIN 
TEST SECTIONS 

Four flexible pavements from Experiment GPS-1 (AC over 
granular base) were selected to include (a) two test sections 
with relatively heavy structures, one on coarse-grained and 
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one on fine-grained soils, and (b) two sections with moderate 
structures, one on coarse-grained and one on fine-grained 
soils. 

The measured deflections were not reviewed before selec
tion of the test sections, so the selections were random with 
relation to measured deflection variability. 

Plots of midlane deflections at 25-ft intervals for Drop Height 
2 (approximately 9,000 lb normalized to mils/1,000 lb of load) 
appear in 

i:· Figure 5 (top) for SHRP ID 014126-13.0 in. of HMAC, 
18.4 in. of coarse soil aggregate base, and subgrade of clayey 
sand, located in Alabama; 

2. Figure 6 (top) for SHRP ID 471023-5.4 in. of HMAC 
and 6.1 in. of ATB (asphalt-treated base), 6.0 in. of crushed 
stone base, and a sandy clay subgrade, located in Tennessee; 

3. Figure 7 (top) for SHRP ID 481065-8.6 in. of HMAC, 
4.8 in. of crushed stone, and a sandy clay subgrade, located 
in Texas; and 

4. Figure 8 (top) for SHRP ID 481076-4. 7 to 6.1 in. of 
HMAC, 8.4 in. of crushed stone base, and a sand subgrade, 
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FIGURE 5 Measured midlane deflections (in mils per 1,000 lb) 
and backcalculated moduli, GPS Test Section 014126: top, 
deflections across test section, sensor spacings of 0, 8, 12, 24, 
36, and 60 in. from center of load; middle, moduli for AC; and 
bottom, moduli for base and subgrade. 
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FIGURE 6 Measured midlane deflections (in mils per 1,000 lb) 
and backcalculated moduli, GPS Test Section 471023: top, 
deflections across test section, sensor spacings of 0, 8, 12, 24, 
36, and 60 in. from center of load; middle, moduli for AC and 
granular base; and bottom, moduli for asphalt-treated base and 
subgrade. 

located in Texas. (For backcalculations, two different struc
tures were used and will be explained subsequently.) 

These plots show the average deflections (over four drops 
at Drop Height 2) per 1,000 lb of load. (Drop Height 2 yields 
loads of about 9 ,000 lb.) The deflection measurements were 
made with the seven standard SHRP sensor spacings. Because 
the software package allowed only six dependent variables 
within a plot, Sensor 4 measurements 18 in. from the center 
of load were omitted from the plots (but not from the back
calculations). 

The coefficients of variation for these test sections are as 
follows: 

SHRP ID 

014126 
471023 
481065 
481076 

Sensor 1 

0.104 
0.140 
0.248 
0.314 

Sensor 6 

0.108 
0.197 
0.106 
0.073 

Variations for Sensors 1 and 6 in deflections throughout a test 
series can vary markedly. 
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FIGURE 7 Measured midlane deflections (in mils per 1,000 lb) 
and backcalculated moduli, GPS Test Section 481065: top, 
deflections across test section, sensor spacings of 0, 8, 12, 24, 
36, and 60 in. from center of load; middle, moduli for AC; and 
bottom, moduli for base and subgrade. 

Inspection of the plots indicates that the magnitudes of 
deflections for the separate sensors generally appear to follow 
the same trends from point to point along the test sections: 
Also, the measured deflections vary substantially, even in a 
short test section of 500 ft. 

In Figure 7 (top) the deflections measured for Sensor 1 at 
Station 0 + 50 were relatively high and atypical for the trends 
reflected by the other sensors. It is likely that this sensor rested 
very near a crack or some other anomaly in the pavement. 

It also may be noted in Figure 8 (top) that deflections mea
sured between Stations 0 + 00 and 1 + 00 for Sensors 1 
through 4 were substantially higher than those for the re
mainder of the test section. Review of the data from the 
material sampling indicated that the pavement structures dif
fered between sampling points off the ends of the test section 
as follows: 

AC Base 
Thickness Thickness 

Location (in.) (in.) 

Approach 6.1 8.4 
Leave 4.7 8.4 
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FIGURE 8 Measured midlane deflections (in mils per 1,000 lb) 
and backcalculated moduli, GPS Test Section 481076: top, 
deflections across test section, sensor spacings of 0, 8, 12, 24, 
36, and 60 in. from center of load; middle, moduli for AC; and 
bottom, moduli for base and subgrade. 

The plots of deflections in Figure 8 (top) appear to indicate 
that the change in structure occurred between Stations 1 + 
00 and 1 + 25, but the higher deflections occurred for the 
thicker structure. However, review of the laboratory test re
sults indicated that the base material on the approach end 
was a clayey sand, whereas that on the leave end was a crushed 
gravel, and the silty clay subgrade on the approach end has 
25.6 percent passing the No. 200 sieve compared with 9.8 
percent passing the No. 200 sieve on the leave end. The sub
stantial differences in deflections between the two subsections 
then result from several differences in pavement structure. 
Although the facts are indeterminate, it appears likely that 
the layer thicknesses also may have changed between Stations 
1 + 00 and 1 + 25, so the backcalculations can be conducted 
separately for the subsections. 

DISTRIBUTIONS OF BACKCALCULATED LA YER 
MODULI WITHIN TEST SECTIONS 

Backcalculations have been conducted for the same test sec
tions for which distributions of deflections were discussed 
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earlier. These distributions for calculated moduli appear as 
Figures 5 through 8 (middle) for AC moduli and as Figures 5 
through 8 (bottom) for base and subgrade moduli. MODULUS 
4, developed by the Texas Transportation Institute for the 
NCHRP and the Texas State Department of Highways and 
Public Transportation, was used for the backcalculations. Be
cause a 20-ft auger boring by each of the test sections indicated 
no rigid layer, the estimates for depths to effective stiff layers 
by MODULUS 4 were used, although other depths to effec
tive stiff layers (including infinity) were tried. The errors in 
fit were less for three of the test sections when infinity was 
used, but the calculated moduli appeared illogical. 

No reasonable moduli were calculated for Test Section 471023 
(Figure 6). Trials included three layers (HMAC and ATB com
bined) and four layers (HMAC and ATB as separate layers), 
with combinations of 300 in. (for a single point), infinity (for 
a single point), and the depths selected by MODULUS 4 to 
effective stiff layer. As seen from the results plotted in Figure 
6 (middle and bottom), the backcalculated values were not 
logical. The calculated granular base moduli exceeded those 
for the AC surface and ATB layers, which is not sensible. 
The results plotted were for the four-layer structure with a 
depth to effective stiff layer from the pavement surface of 165 
in. Such results indicate that the use of measured deflections 
to estimate layer moduli is not yet a technique that can be 
applied without careful examination and evaluation of the 
results. 

Nick Coetzee conducted backcalculations on the same four 
deflection data sets (unpublished data), with no stiff layers in 
the subgrade (infinite depth). Table 1 shows approximate 
ranges of backcalculated moduli across the test sections from 
ELMOD by Coetzee and from MODULUS 4 by Jordahl. 
Although the values varied, the trends were generally similar. 
Coetzee also experienced difficulties with Section 471023, al
though the moduli for his three-layer solution were less il
logical than those from the four-layer solution with MODULUS. 
In general, lower values for a layer derived from one computer 
program than from the other would be reflected in higher 
numbers for another layer. These results further emphasize 
the need for more development before backcalculation of 
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layer moduli from measured deflections can be considered 
reliable. 

Coetzee later ran the backcalculations on the same data 
sets but allowed ELMOD to select depths to effective stiff 
layers. In all cases, the result was a worse fit to the measured 
deflections than when using an infinite depth. 

The mean values of backcalculated moduli, the absolute 
errors per sensor, and the coefficients of variation for the 
asphalt concrete, base, and subgrade layers for the four test 
sections discussed previously appear in Table 2. The ranges 
for the backcalculated laye.r moduli appear in Table 1. Judg
ments were required in selection of the results from the mul
tiple runs, because the best fit (as indicated by a lower value 
of absolute errors per sensor) often occurred when the re
sulting calculated moduli were illogical. 

The following conclusions were drawn from study of the 
graphs for backcalculated moduli and Tables 1 and 2: 

1. The error checks for the moduli backcalculated with 
MODULUS 4 indicated good fits between measured deflec
tions and those calculated with the backcalculated moduli 
when no effective stiff layer was included in the subgrade, 
but the resulting moduli did not appear to be logical. More 
reasonable values of moduli were derived using MODULUS 
4 estimates of depth to an effective stiff layer, but the fits 
were not as good. 

2. For this limited set of test sections, the variabilities in 
moduli calculated for base layers are substantially higher than 
those for asphalt concrete and subgrade layers. 

3. The coefficients of variation for asphalt concrete moduli, 
for this limited sample, appear to be approximately proporti
onal to the variations in Sensor 1 deflections reported pre
viously. 

4. The ranges in values for backcalculated moduli may be 
expected to be substantial, even when the coefficients of var
iation appear to be relatively small. 

Although the lack of data on variability in layer thicknesses 
within the test sections cause assignment of all of the variabil
ity to the moduli, it is believed that variations from the layer 

TABLE 1 Results of Backcalculations on Deflections, SHRP Test Sections 014126, 471023, 481065, and 481076 

Ranges of Backcalculated Moduli in KSI 
Test Section Computer Program 

AC Granular Base Subgrade 

ELM OD 500 to 800 20 to 65 32 to 50 
014126 

MODULUS 410 to 683 36 to 91 15 to 29 

ELM OD 700 to 900 90 to 570 44 to 93 
471023 

MODULUS 1000 to 2300 (A TB) 446 to 4000 21 to 52 
80 to 210 (AC) 

ELM OD · 80 to 1900 8 to 70 15 to 22 
481065 

MODULUS 330 to 1298 11 to 150+ 11 to 15 

ELM OD 50 to 1900 30 to 160 20 to 39 
481076 

MODULUS 116 to 388 24 to 294 13 to 29 
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TABLE 2 Approximate Ranges for Backcalculated Layer Moduli from Programs ELM OD and MODULUS 4 

Mean Values of Moduli Coefficients of Variation Average 
Average Absolute1 (KSI) (Percent) Depth 

SHRP ID Pavement Error /Sensor to 
Temp. (Percent) AC Base Subgrade AC Base Subgrade Stiff 
(oF) Layers 

(Inches) 

014126 61 2.21 555 60 20 13 25 18 103 

1537 (ATB} 21 
471023 95 1.94 2284 32 54 30 147 

160 (AC} 24 

9 
4810652 70 3.80 890 78 13 32 67 139 

10 

4810763 2.40 150 37 15 21 40 18 60 
0-100 76 

125-500 9.34 248 177 26 24 29 6 153 

Notes· 1 = Average over seven sensors of the absolute value of percent error in deflections. 

2 = The one very high deflection data point for Sensor 1 at Station 0+50 was omitted from statistical calculations (see Figure 7). 

3 = Different structures were used for Stations 0+00 to 1+00 and 1 +25 to 5+00 (see discussions in "Distributions of Deflections Within Test 
Sections"). · 

4 = Sensor 7 was fit very poorly in this case. 

thicknesses measured at the ends and outside of the test sec
tions cause a substantial amount of the variability. The results 
of one study on the effects on calculated moduli from errors 
in layer thicknesses have been published previously (1). Two 
possibilities for improvement exist for future backcalculations 
using layer thickness data specific to measurement stations: 

1. Some experiments in Texas with calibrating radar output 
to the known layer thicknesses at each end of four SHRP 
GPS test sections appear to have resulted in measured layer 
thicknesses within the test section to reasonable accuracy. 
Holes were bored in an adjacent lane to check the point-to
point radar estimates. This success has led to a broader ex
periment funded by SHRP. If successful, radar measurement 
of all SHRP GPS test sections is probable. [Very accurate 
layer thickness measurements are being made for some over
lays in GPS and all specific pavement studies (SPS) test sections.] 

2. As GPS test sections reach a point requiring overlay, 
cores of the surface material and bound layers could be taken 
within the test sections before overlay in the existing pave
ments. Similarly, base material could be augered to establish 
its thickness. The deflection data will still be available, so new 
backcalculations could be conducted. 

GPS-1 PRACTICE DATA BASE 

A "practice data base" has been developed by the authors 
for use in conducting practice sensitivity analyses to develop 
procedures to be used for SHRP Contract P-020, LTPP Data 
Analysis. This practice data base includes inventory data now 

available in the southern RIMS for experiment GPS-1, rough 
measurements of distress by SHRP regional contractor per
sonnel when first visiting the test sections, rough estimates of 
cumulated ESALs [based on original estimates of ESALs per 
year by state highway agencies (SHAs)], estimated environ
mental data from isobar climatic maps, and realistic estimates 
where data were missing. The estimated values primarily sup
plemented materials data not furnished (generally not avail
able) by the SHAs, such as estimations for dry densities based 
on other data available and plasticity indexes based on 
AASHTO soils classifications. All layer moduli other than 
those for the subgrade were estimated on the basis of other 
data available and experience with previous measurements. 
Moduli for subgrades were obtained from Sensor 6 deflection 
measurements using the equation for estimating subgrade 
moduli in the AASHTO Design Guide, with rough reductions 
reflecting a modification to reflect stress sensitivity imbedded 
in Program FWDCHECK. All asphaltic layers were combined 
and all granular base and subbase layers were combined to 
result in three-layer structures. On the basis of combined 
results of significance ratings by experts, data were not sought 
for the many missing data items that were not expected to be 
significant for predicting pavement performance. 

Although the estimated data elements in this data base limit 
its accuracy in predicting performance, the data base was 
considered to be adequate for correlation studies to obtain 
preliminary information on what variables were correlated 
with variability in measured deflections. The results of these 
studies are described subsequently. A similar but broader 
study should be conducted when the actual data become avail
able in the National Pavement Data Base. 
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CORRELATION STUDIES 

Data from the GPS-1 practice data base described above were 
used to relate the coefficients of variation CVl and CV6 in 
deflections measured by Sensors 1 and 6 (Sl and S6) to a 
number of other variables. The Statistical Analysis ~ystem 
(SAS) software was used to conduct a correlation analysis and 
determine Pearson correlation coefficients between CVl and 
CV2 and other variables in the data base. The results from 
this study appear in Table 3. 

A positive magnitude for coefficient of correlation indicates 
that increases in that variable tend to cause increased variabil
ity in measured deflections, and vice versa for negative magni
tudes. The absolute magnitude of the coefficient indicated the 
degree of the variable's effect on variability in mesured de
flections. The absolute magnitudes for the correlation coef
ficients ranged from zero to 0.35, except for one at 0.59. To 
assign some different levels for the effects of variable increases 
in magnitude on the variability in measured deflections, an 
arbitrary system was established as follows (this system was 
also used for each variable in Table 3): 

Range of 
Correlation Coefficients 

CV;> 0.20 
0.10 < CV; :::; 0.20 
0 <CV;:::; 0.10 

Level of Effect 

Significant (S) 
Moderate (M) 
Nominal (N) 

The greatest correlation appears to be between CVl and 
the SHRP ID numbers of the test sections. Once the skep
ticism stage runs its course and logic returns, it can be noticed 
that the first two digits of the ID numbers are the state codes, 
with the highest in the southern region being 48 for Texas, 
which has 38 of the 77 GPS-1 test sections. Considering that 
clay subgrades are relatively common in Texas and that CVl 
appears to increase with plasticity index of the subgrade soil 
and the amount of the subgrade soil passing the No. 200 sieve,· 
the correlation between CVl and SHRP ID number seems 
more reasonable. Also, the state code for Tennessee is 47, 
and considerable variability in layer thicknesses was noted 
between approach and leave ends during material sampling. 

If the ·magnitudes of the correlation coefficients indicate 
trends, although their accuracy is limited by the limitations 
of the practice data base, the following tendencies may be 
noted for effects rated as significant. 

1. The higher the amount and plasticity of the clay fractions 
in subgrades, the higher CVl is likely to be. 

2. The higher the annual precipitation, the lower CVl is 
likely to be. 

3. High levels of traffic (ESALs) in pavements tend to re
duce CVl (this is probably because of the thicker structures 
that are designed for pavements expected to experience heavy 
traffic). 

4. CVl and CV6 appear to decrease for rutted pavements 
(possibly related to properties of materials that rut, or related 
to high traffic levels discussed above). 

5. The occurrence of low-severity transverse cracking ap
pears to increase CVl, but moderate or high-severity cracking 
does not. (This is probably a consequence of very limited 
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occurrence of transverse cracking in the southern region, of 
which the great majority was of low severity.) 

6. Increasing air temperatures when testing appears to in
crease CVl. 

7. AADT appears to decrease CVl (consistent with 
Item 3). 

8. Increasing asphalt concrete thickness tends to decrease 
both CVl and CV6. 

9. Increasing asphalt viscosity in HMAC appears to de
crease variability for Sensor 1 deflections (affects stiffness of 
the AC layer). 

10. Increasing subgrade stiffness tends to decrease CVl and 
increase CV6 (note that the effect is greater for Sensor 6, 
which primarily reflects subgrade characteristics). 

11. Increased moisture content in the subgrade tends to 
increase both CVl and CV6 (this does not appear to be con
sistent with Item 2). 

Because the correlations between CVl and CV6 and other 
variables were not generally strong, it appeared appropriate 
to conduct regressions to see how much of the variations could 
be explained with different combinations of the variables. 
Consequently, 15 variables were selected from the results 
of the correlation studies and SAS PROC REG, Option 
RSQUARE, was used to obtain the values of r, the proportion 
of variance in CVl or CV6 explained by various combinations 
of variables. The SHRP ID number was omitted from this 
study. 

Models for predicting CVl with only one independent var
iable each resulted in values of r2 equal to the square of the 
associated correlation coefficients, as would be expected. Us
ing PROC REG, option STEPWISE, the values of r2 in
creased moderately as more variables were included in the 
models, until four variables were included. The r for the best 
model with four variables was 0.32, whereas the r for the 
best model with 13 variables was only 0.39. The variables in 
the best four-variable model were thickness of the AC layer, 
Thornthwaite index, annual precipitation, and air tempera
ture at time of testing. The software advised that no other 
variables were significant at the default value of the "F statistic 
for entry" of0.15. Note on Table 1 that three of the individual 
correlation coefficients are negative and one is positive. Two 
of the four were rated to have significant effect and the other 
two moderate. The equation is 

CVl = 0.29479 - 0.00691 (AC thickness) 

+ 0.00211 (Thornthwaite index) 

- 0.00533 (annual precipitation) 

+ 0.00106 (air temperature at testing). 

The best five-variable model for CV6 had an r2 of 0.29; the 
inclusion of nine additional variables increased the r only to 
0.34. The variables included were thickness of the AC layer, 
subgrade stiffness, subgrade soil passing the No. 200 sieve, 
Thornthwaite index, and annual precipitation. Three of the 
five also appeared in the equation for CVl, but only one was 
rated as having a substantial effect on CV6. The equation for 



TABLE 3 Correlation Coefficients for Coefficients of Variation for Sensors 1 (SI) and 6 (S6) Deflections and Various 
Variables 

Correlation Coefficients 

Variable Sl 
Deflections 

Subgrade Plasticity Index 0.25 

Subgrade, Passing #200 0.21 

Thomthwaite Index - 0.15 

Annual Precipitation - 0.35 

Days Temp. > 90F 0.04 

Days Temp. < 32F 0.20 

Cumulative ESAL's - 0.12 

Annual ESAL's (Rate) - 0.21 

Alligator Cracking 
Low Severity 0.19 
Medium Severity - 0.12 
High Severity - 0.09 

Rut Depth - 0.30 

Transverse Cracking 
Low Severity 0.34 
Medium Severity - 0.08 
High Severity 0.00 

Air Temp. When Testing 0.30 

AADT - 0.28 

Percent Trucks - 0.13 

Asphalt Concrete - 0.16 
Thickness 

Asphalt Concrete Stiffness - 0.14 

Base Thickness - 0.15 

Base Stiffness 0.03 

Percent Voids in AC. - 0.12 

Asphalt Viscosity (140F) - 0.26 

Asphalt Content 0.11 

Subgrade Stiffness - 0.14 

Functional Class - 0.18 

Subgrade Moisture 0.23 
Content 

SHRP l.D. Number 0.59 

Legend: Sl = Sensor 1 Deflection 
S6 = Sensor 6 Deflection 

S6 
Deflections 

0.04 

0.11 

0.15 

0.04 

- 0.05 

0.01 

- 0.07 

- 0.15 

0.06 
0.02 

- 0.04 

- 0.22 

- 0.10 
0.00 

- 0.07 

- 0.07 

- 0.14 

- 0.20 

- 0.32 

0.07 

- 0.12 

0.17 

- 0.06 

- 0.06 

- 0.10 

0.21 

- 0.23 

- 0.21 

0.29 

S = Substantial Effect = CVi > 0.20 

Note: Assignments of "levels of effect" are arbitrary. 

Effects on Variability of Increases in Magnitude of Variable 

Sl S6 

Effect Level Effect 

Increases s Increases 

Increases s Increases 

Decreases M Increases 

Decreases s Increases 

Increases N Decreases 

Increases M Increases 

Decreases M Decreases 

Decreases s Decreases 

Increases M Increases 
Decreases M Increases 
Decreases N Decreases 

Decreases s Decreases 

Increases s Decreases 
Decreases N ---

-- 0 Decreases 

Increases s Decreases 

Decreases s Decreases 

Decreases M Decreases 

Decreases M Decreases 

Decreases M Increases 

Decreases M Decreases 

Increases N Increases 

Decreases M Decreases 

Decreases s Decreases 

Increases M Decreases 

Decreases M Increases 

Decreases M Decreases 

Increases s Decreases 

Increases s Increases 

M = Moderate Effect = 0.10 < CVi ~ 0.20 
N = Nominal Effect= 0 < CVi ~ 0.10 

Level 

N 

M 

M 

N 

N 

N 

N 

M 

N 
N 
N 

s 

N 
0 
N 

N 

M 

M 

s 

N 

M 

M 

N 

N 

N 

s 
s 
s 

s 
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CV6 is 

CV6 = 0.2832 - 0.01249 (AC thickness) 

+ 0.00093 (subgrade stiffness) 

+ 0.00062 (passing No. 200 sieve) 

+ 0.00024 (Thornthwaite index) 

- 0.00374 (annual precipitation) 

Although the fractions of the variance of CVl and CV6. 
explained by these equations (as indicated by the values for 
r2) are quite low, this is partially a consequence of using a 
very simple linear equation form in the regressions. If the· 
objective had been to develop predictive equations, variables 
could have been transformed to produce more realistic equa
tion forms. Improvements in r2 might have resulted from in
cluding interaction terms between the independent variables. 
Substantial unexplained error might still have existed because 
of such factors as limitations of the practice data base, testing 
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error, and use of specific layer thicknesses for all locations 
within a test section when they are really variable. 

To continue the search for identities of variables that af
fected magnitudes of CVl and CV6, the independent varia
bles in the equations were individually plotted for each test 
section against CVl and CV6, respectively. Simple linear models 
were regressed from the data, using procedures in the spread 
sheet software, and plotted to give some insight as to the 
overall effects of the ·d~ta represented by the very scattered 
points on the plots. These plots appear in Figure 9 for CVl 
and Figure 10 for CV6. 

None of the plots offer much in the way of a definite rela
tionship, so it appears that the levels of variability for the 
measured deflections are not heavily influenced by any of the 
variables studied but appear to result from small effects from 
a number of sources, probably including some· that were omit
ted from this study. Although these plots did not produce any 
strong candidate as a major cause of variability in deflections, 
it is comforting to note that the senses and magnitudes of the 
slopes for the simple linear relationships plotted are consistent 
with results from the correlation studies displayed in Table 3. 
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FIGURE 9 Plots of coefficients of variation CVl of deflections measured by Sensor 1 (directly 
below the load) to other variables found to significantly affect the variations: top left, CVl 
versus AC thickness; top right, CVl versus Thornthwaite index; lower left, CVl versus air 
temperature at t(!sting; and lower right, CVl versus annual precipitation. 
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FIGURE 10 Plots of coefficients of variation CVl of deflections measured by Sensor 6 (36 in. 
from the center of loading) to other variables found to significantly affect the variations: top left, 
CV6 versus AC thickness; top right, CV6 versus Thornthwaite index; lower left, CV6 versus 
subgrade stiffness; and lower right, CV6 versus annual precipitation. 

CONCLUSIONS 

These limited preliminary studies resulted in the following 
conclusions: 

1. The distributions of coefficients of variation in measured 
deflections for 132 flexible and 88 rigid pavements indicate 
that the majority of the test sections reflected coefficients of 
variation from 4 percent to 18 percent of the mean deflections. 
However, a number of the coefficients of variation ranged 
from 18 percent to over 40 percent. 

2. For the limited set of four test sections, the variations 
in backcalculated base moduli were much higher than those 
for asphalt concrete layers and the subgrade. 

3. The coefficients of variation for asphalt concrete appear 
to be approximately proportional to the variations in Sensor 
1 deflections. 

4. Even when the coefficients of variability appear to be 
relatively small, the ranges in backcalculated moduli may be 
expected to be relatively large. · 

5. Increases in moisture content, clay fraction, and plastic
ity index for subgrade soils appear to result in increased vari
ability in deflection measurements. 

6. Increased annual precipitation appears to reduce vari
ability in deflection measurements. 

7. Increased asphalt concrete thickness, as well as overall 
structure, appears to reduce variability in measured deflections. 

8. Variability in measured deflections appears to increase 
as the air temperature during testing increases (probably caused 
by reduced stiffness of the asphalt concrete). 

9. The presence of transverse cracking in the pavement 
appears to increase variability in measured deflections. 

10. Increasing viscosity in HMAC appears to reduce vari
ability in Sensor 1 deflections (increases stiffness of AC layer). 

11. Increased subgrade stiffness tends to decrease variabil
ity in measured deflections. 

12. On the basis of the various analyses, the variables that 
most significantly contribute to the magnitudes of variability 
are (a) pavement structure (layer thicknesses and stiffnesses 
and amount and plasticity of clay in subgrade), (b) air temper-
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ature during testing, (c) Thornthwaite index, and (d) annual 
precipitation. 

13. When conducting backcalculations, the best fit between 
calculated and measured deflections does not imply that the 
most accurate set of layer moduli has been selected. In fact, 
such a set often includes modulus values that appear to be 
totally illogical. 

It is important to remember that variations in layer thick
nesses along a highway are common and can have major 
effects when moduli are backcalculated using average layer 
thicknesses throughout a test section. If the actual structure 
can be determined for a set of deflections at a point, much 
more accurate estimates of layer moduli can be backcalculated. 

Because this is a limited study based on limited data, it will 
be possible in the future to learn much more about causes for 
variability in measured deflections, and thus perhaps for the 
sources of variability in the pavement itself. The ultimate 
objective is, of course, to be able to characterize the many 
variabilities in pavement structure and materials that lead to 
distress and loss of performance. 
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Influence of Statistical Variation in 
Falling Weight Deflectometers on 
Pavement Analysis 

RAJ SIDDHARTHAN, PETER E. SEBAALY, AND MOHAN }AVAREGOWDA 

A relatively simple approach that is based on a Monte Carlo 
simulation procedure is presented to statistically investigate the 
.influence of variation in falling weight deflectometer (FWD) mea
surements on pavement analysis. The factors considered are pave
ment moduli and pavement performance or response strains that 
correlate with pavement performance. From extensive FWD data 
obtained in Nevada, the variability of FWD deflections was sta
tistically quantified at six sites for two seasons. The FWD tests 
were carried out at an interval of 50 ft within a uniform 1,000-ft 
test pavement section at every site. Using these data, as many as 
900 FWD sensor deflections with normal distribution for each 
sensor were randomly generated for each of the 12 cases (six 
sites, two seasons) studied. The MODULUS program was used 
in the backcalculation of the pavement layer moduli. The FWD 
measurements show substantial variation within all of the uniform 
pavement sections investigated. Backcalculated pavement layer 
moduli using the generated deflection data show a large variation. 
The coefficient of variation for layer moduli vary from 5 to as 
much as 65 percent. Larger variations were computed for AC 
and base. However, the coefficient of variations for pavement 
performance strains are smaller, varying from 8 to 25 percent. 
Because the number of loading cycles to cause pavement distress 
is sensitive to pavement performance strains, the variation in 
pavement strain caused by the variation in FWD measurements 
has a significant influence on pavement life predictions. 

As a consequence of the decreasing number of new highway 
construction projects, much attention is devoted to upgrading 
and maintaining existing highways. In this regard, effective 
and often customized overlay design procedures are being 
actively researched by state transportation departments. The 
primary objective of an overlay design analysis is whether a 
highway section requires overlaying and, if it does, by how 
much; If an overlay is needed, then the goal is to arrive at a 
pavement section that can withstand the expected traffic loads' 
throughout the design life without excessive pavement failures 
such as cracking, rutting, or loss of serviceability. 

The stiffness of the existing pavement layers is an important 
input parameter in the overlay design procedures. Although 
both laboratory and nondestructive testing (NDT) may be 
used ~o estimate the stiffness (modulus) of pavement layers, 
the NDT methods have become widely accepted because they 
are cheaper and more practical. Through the years, NDT 
methods have undergone changes because of the need to more 
realistically simulate wheel loading. The simulation of wheel 
loading has evolved from a static load to a more representative 

Department of Civil Engineering (258), University of Nevada, Reno, 
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impulse loading using the falling weight deflectometer (FWD). 
The FWD is one of the most widely used NDT devices and 
is being used extensively in the Long-Term Pavement Perfor
mance (L TPP) evaluation that is being undertaken by the 
Strategic Highway Research Program (SHRP). The pavement 
layer moduli are computed using a "backcalculation proce
dure" in which the measured deflections on the pavement 
surface under FWD loading serve as input. 

In a typical pavement improvement project, a stretch of 
highway is divided into a number of representative pavement 
sections with similar pavement and traffic loading character
istics. Among other factors, important parameters such as 
age, construction data, layer thicknesses, and pavement con
dition are often used to determine the extent of representative 
pavement sections. Within a representative pavement section, 
FWD tests are carried out at an interval that typically varies 
from 500 to 1,000 ft. In Nevada, the interval is often 500 ft. 
The pavement layer properties near an FWD test location are 
assumed to be uniform. A deviation from this assumption will 
affect backcalculated moduli and, thus, introduce error in the 
subsequent pavement analysis procedures that use FWD-based 
results. 

A number of sources of error are associated with FWD 
measurements. The influence of all of the error sources cannot 
be completely eliminated. For instance, human factors can 
influence FWD testing but cannot be predict~d. An additional 
factor to be considered is the pavement section variability. 
Even though the asphalt concrete (AC) and base layers may 
have relatively constant properties, the subgrade conditions 
often vary erratically even within a short distance. 

The University of Nevada, Reno, and the Nevada De
partment of Transportation (NDOT) have collected an ex
tensive FWD data base on a variety of pavements located 
around the state during at least 4 years and for all four seasons. 
This data base, in which the FWD measureme~ts were taken 
at 50-ft intervals within a representative uniform pavement 
section, has been used to study statistically the variability in 
pavement deflections caused by various error sources. FWD 
data collected at these much finer intervals are considered to 
reflect the true variation of the material properties within a 
pavement section that is assumed to be uniform. Under these 
circumstances, the FWD deflection measurements collected 
at finer intervals can be considered as random variables, and 
a probabilistic approach seems appropriate to interpret the 
results given by subsequent backcalculation analysis. This pa
per uses a Monte Carlo simulation procedure to quantify the 
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influence of error in FWD deflection measurements on pave
ment moduli. The data base of pavement moduli values gen
erated by this approach can be used to study the correspond
ing layer moduli variation. One of the main purposes of 
estimating the pavement layer stiffnesses is to use them to 
c~mpute the stresses and ~trains in the pavement under the 
design wheel loads. These stresses and strains can then be 
used as input to pavement distress (performance) models (e.g., 
rutting and fatigue). The investigation of the influence of the 
variation in FWD sensor deflections on pavement strains is 
also presented in this paper. 

BACKGROUND 

The FWD causes the pavement to deflect by dropping a free
falling mass that strikes a spring buffered plate. By changing 
the mass, the drop height, or both, the impulse force on the 
pavement can be changed. The deflections of the pavement 
surface are measured at a number.of predetermined locations 
using velocity transducers. These deflection data, along with 
the thickness of pavement layers and other pavement prop
erties, are used to predict the resilient modulus of the layers 
using a certain backcalculation procedure. By far, the most 
widely used backcalculation procedures assume static layered 
elastic conditions. The pavement materials are characterized 
to be elastic, homogeneous, and isotropic, with full contact 
at layer interfaces. The bottom boundary may be assumed to 
be located at some depth below the top of the subgrade or 
at a very large depth (half-space). 

A recent NCHRP research program on the nondestructive 
evaluation of pavement layer stiffnesses has assessed all types 
of NDT equipment for both project-level and network-level 
pavement condition evaluation (J). This extensive study clearly 

· outlines the applicability and limitations of FWD testing to 
obtain pavement layer stiffnesses. The research concluded 
that FWD testing is the most suitable for both project- and 
network-level pavement evaluation. The study also outlines 
a much more efficient backcalculation procedure that is based 
on linear elastic theory in which the best values of the layer 
moduli are estimated using interpolation between calculated 
defleetion basins. This backcalculation analysis method is in
corporated into a program called MODULUS. This paper 
uses the MODULUS program to backcalculate pavement layer 
moduli. Several state transportation agencies and private firms 
are currently using MODULUS. 

Mechanistic or mechanistic-empirical design procedures 
characterize the long-term performance of pavements in terms 
of basic performance or response parameters such as stresses 
and strains that are induced in the pavement. In these meth
ods, the failure is normally defined in terms of specific mech
anisms such as fatigue cracking, rutting, and low temperature 
cracking. Mechanistic-empirical methods depend in part on 
empirical relationships between pavement stresses and strains 
and the number of load applications that the pavement can 
support before failure. For example, the strain .at the bottom 
of the existing asphalt layer is normally correlated to fatigue 
failure.· In some instances, the stress or strain at the top of 
the subgrade has been used to correlate rutting failure. In 
general, mechanistic-empirical procedures have been widely 
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accepted by practitioners and researchers in recent years be
cause they have been proven to be somewhat more reliable 
and because the pavement performance parameters can be 
obtained easily. 

One of the major uses of the layer stiffnesses is to obtain 
the pavement performance parameters mentioned above. Static 
multilayer linear elastic computer programs, such as ELSYM5 
and CHEVRON, are often used to estimate these pavement 
performance parameters. It has been argued that, if both the 
pavement performance parameter evaluation and FWD back
calculation procedures are carried out under a consistent set 
of conditions (i.e., static layered elastic), the dynamic effects 
and nonlinear soil properties may not be important. 

It will be-clear from the next section that there are a number 
of sources of error in FWD deflection measurements that 
cannot be totally eliminated. The paper investigates the in
fluence of the variation in FWD measurements caused by such 
errors on the backcalculated pavement layer moduli and also 
on the pavement performance parameters mentioned earlier. 

RESEARCH APPROACH 

Sources of Variability in FWD Testing 

It is important that the sources of variability associated with 
FWD testing be identified and reduced to a minimum. In 
general, there are two kinds of errors: random and systematic. 
These error sources result in a variation in the FWD measure
ments even within a uniform pavement section. Systematic 
errors can be identified and may be quantified, whereas ran
dom errors are a result of random variations in the measure
ments or in the pavement materials. Random errors are pres
ent in measurements recorded by the load cell and velocity 
transducers. Although they may be reduced somewhat by 
repeated testing and averaging, random errors cannot be to
tally eliminated. For example, Dynatest FWD deflection sen
sors have an accuracy of approximately ± 2 percent as pro
vided by the manufacturer. Other sources of random error 
include spatial variation of the material properties, both with 
depth and along the pavement length, and distortion in the 
deflection caused by passing traffic in the adjacent lanes. 

On the other hand, systematic errors are introduced by bias; 
therefore, their effects may be eliminated by removing the 
source of the bias. Lytton et al. (J) have documented a num
ber of systematic error sources. These sources include (a) 
erroneous assumptions made in the backcalculation process 
(e.g., the applicability of the static linear elastic approach), 
(b) a deviation of the contact pressure from a uniform distribu
tion, and (c) a temporal variation in material properties within 
one layer caused by significant thermal and suction gradients. 

Existing pavements are seldom perfectly flat; therefore, 
when the FWD falling mass strikes the base plate, uniform 
contact ·pressure may not be present under the plate. Fur
thermore, to achieve uniform contact pressure, the plate should 
be substantially flexible enough to deform and match the 
pavement surface. Recent studies by Touma et al. (2) and 
Uzan and Lytton (3) show that significant errors may result 
in the backcalculated layer moduli values if full contact be
tween the base plate and pavement is not present. 
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Nevada FWD Data Base 

NDOT is sponsoring a research project at the University of 
Nevada, Reno, to develop a customized overlay design pro
cedure that takes into account the localized conditions that 
exist throughout the state. The overlay design procedure that 
is being developed uses a mechanistic-empirical approach in 
which pavement performance is predicted on the basis of 
stresses and strains induced in the pavement. As a part of 
this project, a total of 27 representative highway sites were 
selected for monitoring on the basis of factors such as climate, 
traffic~ age, and type of construction. At each of the sites, 
the test section consists of a 1,000-ft highly uniform section 
on the outside traffic lane. The uniformity of the test sections 
was checked through coring and testing all of the layers in 
the pavement structure. Each test section was subdivided into 
21 stations at 50-ft intervals, and FWD testing using Dynatest 
FWD model 8000 was performed for each of the four seasons 
for at least 2 years. Tests were carried out at four load levels 
varying from 6,000 lb to as much as 20,000 lb. The data base 
that was generated by this project is quite substantial. 

Variation in FWD Deflection Data 

The influence of the variation of the material properties can 
be somewhat reduced by performing FWD testing at finer 
intervals within a test section, but it cannot be totally elimi
nated. In this paper no attempt is made to quantify the in
fluence of the individual error sources identified earlier. The 
influences of all of the error sources on the FWD measure
ments are lumped together, and the variability of the measure
ments within a uniform pavement section is statistically quan
tified as described later. 

From the FWD data base described above, the deflection 
data collected for six sites that have a thin to medium-thick 
AC layer were selected for an in-depth study in this paper. 
The pavement section thicknesses at these sites and the dates 
of the FWD measurements are shown in Table 1. Only mea
surements that were obtained for two seasons in 1988 and 
1989 (summer and winter) were considered in this paper. 
Typical deflection results obtained below the center of the 
plate (D-1) and at a point 55.1 in. from the plate (D-6) in 
August 1988 (summer) and February 1989 (winter) at Site 16 
are shown in Figure 1. The deflections that correspond to the 
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FWD load that is closest to 9,000 lb were selected and nor
malized to an FWD load of 9,000 lb. 

The deflections can be seen to vary substantially within a 
test section. Among other reasons, one of the primary causes 
behind the variation in the deflection between the stations is 
the variability in the subgrade. This is because the other factors, 
such as the pavement cross section, construction method, and 
material types used at the site are the same. The winter and 
summer deflections are similar in shape; however, the summer 
values at D-1 (Figure 1 (top)) are higher, whereas the winter 
values at D-6 (Figure 1 (bottom)) are higher. This difference 
is because the deflection at D-1 is affected by the material 
properties of all the pavement layers, whereas the deflection 
at D-6 is affected by the properties of subgrade only. A his
togram obtained for the deflection data at D-1 is presented 
in Figure 2. This histogram was obtained with an interval of 
0.5 mils for August 1988. The histogram shows that the var
iation of deflection can, for practical purposes, be considered 
to be normally distributed. The mean, standard deviation, 
and coefficient of variation of the deflections of all the FWD 
sensors have been computed, and the values associated with 
the first five transducers are presented for all the sites in 
Table 2. 

The mean deflection at Site 28 is substantially higher than 
that at other sites because this site has the lowest AC and 
base thicknesses. The coefficient of variation (COV) of de
flections varies between 9.0 percent and as much as 40.8 per
cent. Generally, higher COV values occur for sensors located 
farther away from the center of the plate, where measured 
deflections are small. 

Proposed Monte Carlo Simulation Procedure 

It is clear from the previous discussion that the FWD deflec
tions can vary substantially within a short distance and may 
be represented by a normal pistribution. It was decided to 
use the Monte Carlo simulation approach to investigate the 
influence of the variation in the FWD deflection ( 4,5). The 
variables investigated in the study are the backcalculated 
pavement layer moduli and pavement performance parameters. 

A random number generator routine that is available in a 
computer library generates random numbers with a uniform 
density; therefore it was not used in the study. Random num-

TABLE 1 Details of Selected Test Sites and Dates of FWD Measurement 

Site FWD A.C. Base 
No. Measured thickness thickness 

Dates (in) (in) 

11 8-09-88 and 2-06-89 4.00 11.00 

12 8-09-88 and 2-06-89 7.25 16.00 

16 8-10-88 and 2-07-89 7.75 11.00 

24 6-08-88 and 12-12-88 7.75 9.00 

26 3-08-88 and 6-07-88 7.50 9.00 

28 3-11-88 and 6-09-88 3.00 6.00 
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TABLE 2 Summary of Mean and Standard Deviation of Measured Deflection for Selected 
Sites 

Site Date Desaiption Dl 

Mean 5.81 
8-88 

Std.Dev/C.O.V(%) 0.67/11.5 

11 
Mean 9.90 

2-89 
Std.Dev/C.O.V{%) 1.80/18.0 

Mean 4.79 
8-88 

0.97/W.2 Std.Dev/C.O.V(%) 

u Mean 4.33 
2-89 

Std.Dev/C.O.V(%) 1.41/32.7 

Mean 6.65 
8-88 

StdDev/C.O.V{%) 0.99/14.8 

16 Mean 4.19 
2-89 

Std.Dev/C.O.V(%) 0.52/U.4 

Mean 13.74 
6-88 

Std.Dev/C.O.V(%) 1.24/9.0 

24 Mean 9.25 
12-88 

Std.Dev/C.O.V(%) 0.89/9.6 

Mean 8.12 
3-88 

Std.Dev/C.O.V(%) 1.27/15.6 

26 Mean 10.82 
6-88 

Std.Dev/C.O.V(%) 1.58/14.6 

Mean 50.87 
3-88 

Std.Dev/C.O.V(%) 6.03/11.8 

28 Mean 51.26 
6-88 

Std.Dev /C.O.V(%) 6.21/12.1 

hers with a normal distribution can be obtained using the 
following equation (6, 7): 

X = V-2 log (U) cos(21TV) (1) 

where U and V are two independent random variables with 
uniform densities on [0,1]. U and V can be generated using 
the standard routines available in the computers. The varia
tion of X given by Equation 1 has a mean and a standard 
deviation of 0 and 1, respectively. Now the random variable 
Z having a normal distribution with the mean of Z and a 
standard deviation of cr can be obtained by using 

z = zx + (1 (2) 

This procedure was used to obtain all of the· FWD sensor 
deflections independently for each site and each season using 
the means and standard deviations summarized in Table 2. 
In total, as many as 900 sets of deflection basins per case were 
generated for all 12 cases identified in Table 2. In each set, 
the sensor deflections were obtained independently of each 
other using Equations 1 and 2. Only the randomly generated 
deflections that fell within the mean ± standard deviation 

D2 D3 04 D5 

4.02 2.94 1.18 0.69 

0.59/14.7 0.51/17.2 0.26/223 0.13/19.5 

7.87 6.54 3.21 1.84 

1.76/22.4 1.74/26.6 1.17/36.4 0.73/39.5 

3.86 3.25 1.81 1.09 

0.80/W.7 0.67/W.6 0.42/23.2 0.28/26.2 

3.60 3.10 1.84 1.21 

1.10/30.6 0.85/27.1 0.50/27.1 036/19.5 

5.04 4.15 2.43 1.57 

0.78/15.5 0.67/16.1 0.42/173 0.26/16.5 

3.70 3.41 2.48 1.84 

0.46/12.5 0.43/12.6 0.34/13.5 0.24/13.4 

11.89 10.55 6.62 4.06 

1.13/9.5 1.03/9.7 0.73/11.0 0.54/13.4 

8.30 7.61 538 3.67 

0.82/9.8 0.78/10.1 0.62/11.5 0.49/13.4 

7.24 6.63 4.82 333 

0.91/12.6 0.82/12.4 0.54/11.2 036/10.9 

9.18 8.13 5.25 3.46 

1.18/U.9 1.04/12.8 0.78/14.8 036/10.5 

38.18 27.64 1135 6.85 

6.34/16.6 3.81/13.7 1.84/16.1 1.02/14.8 

38.60 28.23 11.42 6.80 

4.71/12.2 3.70/13.0 1.82/15.9 1.15/16.9 

were used in the computations. Typical histograms obtained 
for Site 16 using the randomly ·generated deflections at D-1 
and D-6 are shown in Figure 3. The variation indicated in 
Figure 3 (top) compares favorably with the measured variation 
in Figure 2; in addition, the mean of the deflections match 
with those given in Table 2. 

Results of Backcalculation Procedure 

The deflection basins obtained using the Monte Carlo simu
lation procedure were used with the MODULUS program 
to backcalculate layer moduli (1). The input data for the 
MODULUS program include layer thicknesses, Poisson's ra
tio, v, for the layers, and estimated maximum and minimum 
resilient moduli values for the layers. These input parameters 
are shown in Figure 4. The sensor locations for D-1 through 
D-7 are located at 0, 7.9, 11.8, 23.6, 36.0, 55.1, and 70.9 in. 
from the center of the plate. The thickness of the subgrade 
layer is not required when using the MODULUS program 
because it is treated as an additional unknown variable. The 
program computes a series of deflection basins and tr~es to 
match the input deflection basin to arrive at the layer moduli 
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FIGURE 3 Variation of randomly generated deflection at D-1 (900 
values) (top) and D-6 (900 values) (bottom). 

values and the thickness of the sub grade. This program is 
much more efficient than other backcalculation programs and, 
in general, has been found to yield reasonable results. 

Table 3 summarizes the backcalculated moduli values for 
all the sites and seasons considered in the study. The table 
gives results in terms of the mean, standard deviation, and 
coefficient of variation. Figure 5 shows the typical variation 
obtained for the AC resilient modulus at Site 16 (August 
1988). These results clearly show that a substantial difference 
in the backcalculated moduli exists for the randomly gener
ated deflection basins. In the case of AC and base, the coef
ficients of variation vary from 12 to as much as 65 pe'rcent. 
The coefficient of variation in the case of subgrade is smaller, 
varying between 5 and 13 percent. On the average, the mean 
AC modulus of thin pavement sections (Sites 11 and 28) is 
not affected by the seasonal variation. Site 16 showed the 
largest. variation. 

Pavement Performance Parameters 

Pavement performance criteria such as AC fatigue and pave
ment rutting can be investigated for anticipated traffic load
ings of existing pavements using layered linear elastic models, 
with layer moduli obtained from FWD data. A comprehensive 
review of AC fatigue failure studies indicated that crack ini
tiation in AC is related to the maximum tensile strain, fa, in 
the AC layer (8,9). Some models suggest that the AC modulus 
and the fa are important factors that affect the AC fatigue 
life. However, the relative importance of the AC modulus is 
much less than that of the fa. The maximum tensile strain in 
medium-thick pavements occurs at the bottom of the AC 
layer. 

The other major factor that affects pavement performance 
is surface rutting caused by permanent deformation in the 
pavement layers. Although the contribution of all the pave-
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FIGURE 4 Input data for MODULUS program. 

ment layers needs to be considered in rutting predictions, it 
is customary to pay the most attention to the contribution 
from the subgrade. This is because its contribution is fre
quently dominant. A number of widely used pavement rutting 
models use the maximum vertical compressive strain at the 
top of the subgrade, Es, as a measure of rutting in the sub grade 
(9-11). The design philosophy is that the pavement rutting 
can be reduced by controlling Es. 

The backcalculated layer moduli values and the thickness 
of the subgrade given by the program MODULUS were input 
into the program NHELSYM5 to compute the pavement strains, 
Ea and Es (12). This program, which is based on the well
known ELSYM5 program, is menu driven and user friendly. 

TABLE 3 Backcalculated Resilient Moduli for Pavement Layers 
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However, this program was further modified so that it can 
handle multiple data sets of layer properties. The single-axle 
dual-wheel configuration used with the modified NHELSYM5 
program is shown in Figure 6. The tire pressures have sub
stantially increased from 60 to 70 lb/in. 2 in the 1960s to as 
much as 90 to 120 lb/in. 2 in recent years (11,13). A value of 
110 lb/in. 2 for the tire pressure was used in the computations. 
The strains Ea and Es (principal strains) at the bottom of the 
AC layer and at the top of the subgrade, respectively, were 
computed at three vertical sections, as shown in Figure 6. 
These vertical sections are located along the center line of 
one tire midway between the centers of the tires and at the 
edge of a tire. Only the largest value out of these three values 
of Ea and Es was noted and is presented in Table 4. All 900 
cases per site per season that were considered in the back
calculations were used in the computations. Similar to earlier 
results, the variation in terms of the mean, standard deviation, 
and coefficient of variation are presented for all of the sites. 
Figure 7 presents a typical variation of Ea and Es for Site 16 
(August 1988). 

A number of observations can be made from Table 4 and 
Figure 7. First, it appears that, except for Site 28, the strains 
strongly depend on the seasonal variation. This is mainly be
cause Site 28 does not experience large environmental changes 
between the seasons for which the FWD measurements were 
made. Second, even though a large variation in the backcal
culated moduli values was obtained [coefficient of variation 
(COV) as much as 65 percent], the COVs of the computed 
strain values are much lower with a maximum of 25 percent. 
The range of COV for both strains is between 8 and 25 per
cent. This means that the pavement strain computation is not 
very sensitive to variations in the pavement layer moduli. 
Third, the COV for the AC strain, Ea, is much higher than 
the COV of the sub grade strain, Es. Finally, the strains de
veloped for Site 28 are substantially larger than those obtained 
for the other sites. This can be traced to the substantially 
lower AC and base thicknesses at Site 28. 

Site Date Resilient Modulus of A.C (psi) Resilient Modulus of Base (psi) Resilient Mod. of Subgrade (psi) 

Mean Std. Dev c.o.v (%) Mean Std. Dev c.o.v (%) Mean Std. Dev c.o.v (%) 

8-09-88 1,292.138 407,769 31.55 88,498 14,214 16.06 45,658 5822 12.75 
11 

2-06-89 1,056,659 683,608 64.69 68,067 24,056 35.34 18,629 2629 14.11 

8-09-88 895,965 357,775 39.93 92,074 13,565 14.73 19,292 2053 10.64 
12 

2-06-89 1,378,614 727,555 52.77 94,484 15, 795 16.71 19, 180 2814 14.20 

8-10-88 478,178 149,928 31.20 91,295 13,994 15.32 23,476 1509 6.42 
16 

2-07-89 2,719,507 330,678 12.15 89,335 19,659 22.00 21, 708 1759 8.00 

6-08-88 454,426 138,486 30.47 32,485 17,490 53.84 7,712 575 7.45 
24 

12-12-88 880,663 268,202 30.45 71,615 30,558 42.66 9, 174 770 8.39 

3-08-88 1,208,384 492,612 40.76 67 I 714 34,042 50.27 11,451 647 5.65 
26 

6-07-88 583,480 283,299 48.55 61,773 29,722 48.11 9,722 520 5.34 

3-11-88 267,919 155,529 58.05 18,482 9,517 51.49 5,549 296 5.33 
28 

6-09-88 294,666 147,909 50.19 15,975 6,751 42.25 5,432 340 6.25 
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FIGURE 5 Variation of backcalculated AC resilient moduli. 
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FIGURE 6 Single-axle dual-wheel configuration used for 
pavement strain computations. 

Consequence of the Variability in Pavement Strains 

A number of fatigue failure models are reported in the lit
erature (14-16). One of the most widely used models is that 
of Monismith and Epps (16), which can be written as 

log N1 = 14.82 - 3.291 log(Ea) - 0.854 log (EAc) (3) 

where N1 is the number of cycles to fatigue failure (given in 
micro strain) and EAc is the asphalt concrete resilient modulus 
(in ksi). This equation can be rewritten as 

(4) 

where a is a constant that depends on EAc and b = -3.291. 
The equation can be used to compare the relative increase 
(or decrease) in the number of load applications for various 
strain values. 

Using a representative mean value of 100µ and a variation 
of ± 10 percent for Ea, the changes in the number of cycles 
to fatigue failure can be compared using Equation 4. The 
calculations reveal that the ± 10 percent change in Ea corre
sponds to changes in the number of cycles of - 27 and + 41 
percent, respectively. 

Similar computations can be carried out for rutting using 
the Chevron equation (10). The Chevron equation gives the 
number of cycles, Nr, to cause a 0. 75-in. rut depth as 

(5) 

The Es should be given in terms of micro strain. Using a 
representative mean value of 200µ and a variation of ± 10 
percent for En the changes in the number of cycles to cause 
rutting failure can now be computed using Equation 5. A ± 10 
percent change in Es corresponds to changes in the number 
of loading cycles of - 35 and + 60 percent, respectively. 

The changes in the number of loading cycles for both pave
ment failure models are substantial. This is because these 
models are sensitive to strain values. 

SUMMARY AND CONCLUSIONS 

The FWD testing, which is a widely used NDT method, sim
ulates traffic loading more closely than other NDT methods. 
The surface deflections measured by FWD testing are used 
to estimate pavement layer moduli values using a "backcal
culation procedure." The pavement moduli values are, in 
turn, often used with pavement performance models to pre
dict the remaining life of pavement sections. There are a 
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TABLE 4 Pavement Performance Strains Computed Using Modified NHELSYMS 

Max. Tensile Strain in Max. Comp. Strain in 
Site Date AC (microns) 

Mean Std. Dev 

8-09-88 98.6 13.5 
11 

2-06-89 135.8 29.1 

8-09-88 62.9 10.2 
12 

2-06-89 51.2 12.6 

8-10-88 79.7 7.6 
16 

2-07-89 30.5 2.3 

6-08-88 141.6 11.9 
24 

12-12-88 74.3 6.4 

3-08-88 65.1 8.4 
26 

6-07-88 101.1 10.6 

3-11-88 660.3 132.2 
28 

6-09-88 682.4 116.5 
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FIGURE 7 Variation of maximum tensile strain in AC (left); variation of maximum compressive strain in subgrade (right). 

number of sources of error relative to FWD testing. These 
errors can be broadly divided into two types: systematic and 
random. Systematic errors include errors caused by assump
tions made in the backcalculation process. Random errors 
are caused by, among other factors, deviations in sensor 
measurements, site variability, and passing traffic. Although 
they can be minimized by repeated testing and averaging, 
such errors cannot be totally eliminated. These error sources 
influence the FWD measurements taken even within a uni
form pavement section. The study reported here investigates 
the influence of the variation in FWD deflection measure
ments on pavement moduli and pavement performance strain 
predictions. 

As a part of the development of an overlay design proce
dure for Nevada, a total of 27 representative highway sites 
were selected and FWD tests were performed for each of the 
four seasons for at least 2 years. At each site, the test section 
consists of a 1,000-ft highly uniform pavement section, and 
FWD tests were carried out at 50-ft intervals. By selecting 
such fine testing intervals, the influence of the spatial variation 
in the material properties on the FWD measurements can be 
minimized. Deflection data from sites with thin to medium-:
thick pavements were selected to study the sensor deflection 
variability. The study reveals that the FWD measurements 
can be substantially influenced by the various error sources 
for all of the sites considered. 
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By varying the sensor deflections within its range, 900 
sets of independent deflection basins using a random num
ber generator with a normal distribution were obtained for 
the six selected sites and for two seasons. Backcalculation on 
these deflection basins was performed using the program 
MODULUS. 

The data base of backcalculated moduli given by MODULUS 
for the generated deflection basins showed a substantial var
iation. In the case of AC and base, the coefficients of variation 
vary from 12 to as much as 65 percent. The coefficient of 
variation for subgrade is smaller, varying between 5 and 13 
percent. 

The pavement performance strains, such as the maximum 
tensile strain in the AC and the maximum compressive strain 
in the subgrade, were computed using a modified version of 
the computer program NHELSYM5. The backcalculated 
moduli and the subgrade thickness given by the program 
MODULUS were used as input. Even though the coefficient 
of variation was large for backcalculated moduli, the coeffi
cients of variation of the computed strain were lower, with a 
maximum of 25 percent. The pavement performance strains 
were used to estimate the number of loading cycles required 
to cause pavement distress utilizing widely used pavement 
performance equations. This exercise suggests that the num
ber of loading cycles to cause pavement distress is sensitive 
to pavement performance strains. This means that the vari
ation in pavement strains caused by the variation in FWD 
measurements can have a substantial influence on the pave
ment life predictions. 

Finally, the influence of other important factors such as the 
variation in the thickness of the AC and base have not been 
investigated in this paper. In the study, these thickness values, 
which were obtained from construction data and coring, were 
uniform across a test section. Studies investigating the influ
ence of the changes in the thickness of the top layers may 
also be carried out using the proposed Monte Carlo approach. 
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Correlation Between Backcalculated and 
Laboratory-Determined Asphalt 
Concrete Moduli 

MusTAQUE HossAIN AND LARRY A. SCOFIELD 

Falling weight deflectometer (FWD) testing was done on eight 
test sections of an experimental overlay project in Arizona in
corporating both virgin and recycled asphalt concrete mix and 
various overlay thicknesses as well as on a new pavement test 
section. The layer moduli were backcalculated by an elastic layer 
analysis program. Cores of the asphalt concrete layer retrieved 
from FWD test points were tested by ASTM Method D4123 to 
determine the resilient moduli. Visual distress surveys were also 
conducted on each test section in accordance with PA VER pro
cedures, and pavement condition index (PCI) values were cal
culated. The results indicated that the laboratory-determined as
phalt concrete moduli at individual test locations were not in good 
agreement with the backcalculated moduli. However, the average 
laboratory-determined moduli for sections with higher PCI values 
were close to the average backcalculated moduli. Linear regres
sion _between PCI values and average ratio of laboratory to back
calculated moduli indicated significant correlation between these 
two parameters. This shows that the condition of the existing 
pavement is a primary determinant in better agreement between 
laboratory-determined and backcalculated moduli. The finding 
was verified by comparing backcalculated asphalt concrete layer 
moduli from FWD test results on a new pavement section with 
the resilient moduli determined in the laboratory. It was found 
that the average backcalculated modulus of the asphalt concrete 
layer matches closely the average modulus of all the cores. It was 
recommended that the backcalculated asphalt concrete moduli 
instead of laboratory-determined moduli be used in rehabilitation 
design. 

Nondestructive testing (NDT) is now widely recognized as an 
important tool for pavement structural evaluation. State-of
the-art NDT evaluation measures a pavement's deflection re
sponse to a known load. The load generated by an NDT device 
may be static (Benkelman beam), steady-state vibratory (Dy
naflect and Road Rater) or impulse [falling weight deflec
tometer (FWD)]. Although surface deflection data analysis 
is a matter of continuing research, nondestructive testing for 

. measuring surface deflection is accepted by most highway 
agencies as a standard practice. Currently, falling weight de
flectometer has gained acceptance as the most developed de
flection testing device for its ability to apply heavy load and 
to simulate actual truck traffic wheel loadings (1-3). 

Deflections measured with an FWD are used to estimate 
the moduli of pavement layers. The pavement is modeled by 
a suitable approach, such as linear elastic theory or linear or 

M. Hossain, Department of Civil Engineering, Seaton Hall, Kansas 
State University, Manhattan, Kans. 66506-2905. L. A. Scofield, Ar
izona Transportation Research Center, College of Engineering and 
Applied Sciences, Arizona State University, Tempe, Ariz. 85287. 

nonlinear finite element methods. Moduli estimates are de
termined with a backcalculation technique. For a specific test 
load and pavement structure, computed deflections are com
pared with measured deflections. The moduli of the layers 
are varied until the computed and measured deflections are 
approximately equal. The surface layer and other asphaltic 
layer moduli thus obtained are modified to take into account 
the temperature at the time of testing. These moduli are then 
used to compute the effective structural capacity of the pave
ment according to a pavement design procedure such as the 
AASHTO guide ( 4). 

Currently, a gap exists between analysis of the deflection 
data and application in practice. Part of the problem arises 
from the fact that there is no "guarantee" that the backcal
culated layer moduli uniquely represent the in situ layer mod
uli. Ali and Khosla compared the backcalculated asphalt con
crete moduli from several automated backcalculation schemes 
with laboratory resilient moduli (5). In general, good agree
ment was observed between the backcalculated layer moduli 
from two schemes and laboratory-determined asphalt con
crete resilient moduli. Only four samples from two sites in 
North Carolina were used in their study. Also, the conditions 
of the pavements used in the study were not reported. Lee 
et al. reported a verification study of backcalculated layer 
moduli from an elastic layer analysis backcalculation program 
(6). Sixteen sites from the state of Washington were included 
in the study. Laboratory asphalt concrete resilient moduli 
were determined according to ASTM D4123 (7). In general, 
the backcalculated and laboratory asphalt concrete moduli 
ranged from being essentially similar to differing by over 400 
percent. Overall, differences of 20 to 50 percent were com
mon. Higher differences were found for sites with alligator 
and extensive longitudinal cracking. They also observed that 
the differences between the backcalculated and laboratory 
moduli were significantly less than the spatial variation of the 
layer moduli. Mamlouk et al. studied the correlation between 
the laboratory and backcalculated layer moduli for 19 sites in 
Arizona (8). The ratios of laboratory-determined asphalt con-

. crete resilient moduli to backcalculated moduli varied from 
0.07 to 0. 70 with the mean ratio being 0.27. The coefficient 
of determination, R2 value, for the linear regression between 
the laboratory and backcalculated moduli was found to be 
0.002. Unfortunately the study did not include a detailed con
dition survey of the test sites, although the apparent discrep
ancy between the backcalculated and laboratory moduli was 
explained in terms of in situ pavement condition at the time 
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of FWD testing. This paper addresses the correlation between 
laboratory-determined moduli of the asphaltic concrete layer 
and backcalculated layer moduli from FWD data collected 
on nine test sections in Arizona as a function of pavement 
condition. 

LAYOUT OF TEST SECTIONS AND 
DESCRIPTION 

Eight test sections were selected from a project built in 1981 
with virgin and recycled materials with various overlay thick
ness. The project is located in southwestern Arizona on In
terstate 8. During a distress survey of this project in 1990, 
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various sections exhibited various degrees of structural dis
tress. Figure 1 shows the layout of the test sections and Figure 
2 shows the structural sections. The existing new pavement 
section used in this study is on SR-87 in the Phoenix metro
politan area. This section was built in 1986 and currently 
shows no distress. Figure 2 also shows the structural section 
of this test section. 

DEFLECTION TESTING AND CORING 

Deflection data were collected on each of the eight test sec
tions on I-8 with a Dynatest 8000 FWD in May 1990. FWD 
tests on SR-87 were conducted during July 1990. Very high 

W8 ROADWAY 

MP 134.56 135;6. 136.63 137.0 138.0 144.0 145.0 

EB ROADWAY 

MP 134.56 135.6 136.63 141.0 142.0 144.0 145.0 
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FIGURE 1 Layout of test sections on I-8. 
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FIGURE 2 Pavement cross sections of test sections. 
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pavement surface temperatures (up to 114°F) were encoun
tered during most of the testings on I-8. Seven sensors were 
used, with the first sensor being at the center of the loading 
plate and six others at a uniform radial distance of 12 in. 
apart. Three drops of FWD load were used for target loadings 
of 6,000, 9,000 and 15,000 lb. Data were collected at five 
random locations on the outer wheel path of the travel lane 
for each section. Additional tests were also conducted in 
between-the-wheel-path locations for some sections. In total, 
FWD data were collected at 60 locations. 

Cores of asphalt concrete were retrieved from the test points 
at each of the 60 locations. However, four cores were disin
tegrated during storage and handling. The cores were re
trieved for the full depth of asphalt concrete layer. 

BACKCALCULATION ANALYSIS SCHEME 

The FWD deflection data were used in a backcalculation 
scheme, BKCHEVM, to calculate the layer moduli. 
BKCHEVM is a microcomputer-based backcalculation pro
gram developed at Arizona State University (8). The program 
is a modification of the program CHEVDEF (9). The mod
ifications have been relatively minor and designed primarily 
to simplify use and to improve convergence. In addition, the 
iterative scheme has been modified to obtain a closer match 
between measured and computed deflections for the inner 
three sensors so that a better estimate of asphalt concrete 
moduli is possible. Four distinct layers were assumed in the 
analysis and a rigid layer was introduced automatically (within 
the program) when it was judged appropriate, on the basis 
of the seventh-sensor deflection value. However, in this anal
ysis no rigid bottom was encountered for any section. The 
default values of all the layer moduli were provided. The 
program yielded a solution in the form of a set of layer moduli 
whenever "convergence" was reached. If no convergence was 
possible, the "best-fit" set of layer moduli (based on the sum 
of errors of the computed deflections) was included as output 
(8). 

BKCHEVM is part of the mechanistic overlay design pro
cedure, CODA, being implemented by the Arizona Depart
ment of Transportation. In this study, the deflection basin 
corresponding to the second drop of FWD mass (with target 
load of 9 ,000 lb) was used in the backcalculation analysis. 
The asphalt concrete layer thickness used in backcalculation 
was determined from the core thickness at each location. 
Temperature correction was applied to the backcalculated 
asphalt concrete moduli using AASHTO ( 4) factors. 

LABORATORY TESTING 

Asphalt concrete (AC) cores of the pavements for all sections 
with AC layer thickness greater than 4 in. were sliced to 
represent the top and bottom lifts in construction. The resil
ient moduli tests were performed at 104°F according to ASTM 
D4123 test procedures. This test temperature was selected 
because most of the FWD testing was done at a very high 
temperature. Also, the AASHTO temperature correction fac
tors to be used were found to be very sensitive to higher 
temperatures (JO). The backcalculated moduli on the test 
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sections were also adjusted to 104°F using AASHTO tem
perature correction factors to compare with the laboratory
determined moduli. However, the resilient moduli tests on 
cores from SR-87 were conducted at 77°F. This temperature 
was used to minimize damage to the cores that were open 
graded asphalt concrete. The backcalculated moduli for the 
locations on SR-87 were adjusted to 77°F using AASHTO 
curves. Each specimen was tested at two positions (90 degrees 
apart) and at three different frequencies (1, 0.5, and 0.3 Hz) 
with a load duration of 0.1 sec. The applied load was between 
90 and 120 lb, with the majority around 100 lb. The horizontal 
deformation was measured, and the resilient moduli com
puted assuming a Poisson ratio of 0.35 at 77°F and 0.40 at 
104°F. For the test results of cores on I-8, both instantaneous 
and total resilient moduli were calculated and used in the 
analysis. The instantaneous and total resilient moduli of as
phalt concrete cores on SR-87 were found to be essentially 
the same, and only instantaneous resilient moduli were used 
in the analysis. No frequency correction was applied to 
laboratory-determined resilient moduli to take into account 
the difference between the load duration of FWD and labo
ratory resilient moduli test load. 

PA VER CONDITION SURVEY 

A PA VER condition survey was conducted on each test sec
tion during coring in May 1990 (11). Approximately 30 per
cent of the area in each test section was surveyed. The survey 
consisted of observing 19 distress types on asphalt concrete 
pavements on 200-ft sample units, at a rate of eight or nine 
for each section. The sample units contain most of the FWD 
test locations. The sample units were chosen systematically 
on each section, with the first sample unit being chosen at 
random. Five rut depth measurements were taken on each 
sample unit at 50-ft intervals. The predominant distresses were 
found to be alligator cracking, block cracking, and longitu
dinal and transverse cracking and weathering. Pavement con
dition index (PCI) was calculated for each sample unit using 
the Micro-PA VER program. Rutting was omitted from the 
calculation of PCI because of the difficulty in defining the 
actual rutted area. Also, cracking was considered to be the 
predominant distress type affecting FWD deflection test re
sults. Table 1 summarizes the results of the PA VER survey 
for each test section. From the results it is evident that, once 
rutting is ignored, the load-associated deduct values dominate 
the PCI values for each test section. 

ANALYSIS AND RESULTS 

Test Sections 1 and 2 

FWD testing was conducted at five locations in the outer-wheel
path and three locations in between-wheel-path locations in 
Sections 1 and 2. Resilient moduli testing was performed on 
the cores taken from the FWD test locations. The cores were 
sliced into two halves and each half was tested. The reported 
values are the average of two test results. Table 2 shows the 
comparison of the backcalculated and laboratory-determined 
instantaneous resilient moduli. The testing frequencies were 



TABLE 1 PA VER Survey Results 

Test PCI* Load Climate Other Average 
Section Mean S.D. c.v. Assoc. Assoc. Deduct Rut 

Deduct Deduct Values Depth 
Values Values (in) 

1,EB 71 12 17 44 41 15 0.50 

2,EB 69 13 19 50 45 5 0.40 

3,EB 50 12 24 58 42 0 0.20 

4,EB 32 18 56 68 31 0.20 

5,WB 37 12 32 66 34 0 0.20 

6,WB 41 17 42 62 38 0 0.15 

7,WB 38 16 43 46 54 0 0.25 

8,WB 15 13 84 56 43 l 0.25 

* excluding rutting 

TABLE 2 Comparison of Backcalculated and Laboratory AC Moduli for Test 
Sections 1 and 2 

MP Backcalc Lab Ratio Lab Ratio 
Location Modulus Modulus (lab/back) Modulus (lab/back) 

(1 Hz) (0.3 Hz) 

(al Test Section 1 

134.58 576 265 0.46 265 0.46 

134.62 459 581 1.27 506 1.10 

134.88 483 261 0.54 254 0.53 

135.28 1200 350 0.29 313 0.26 

135.36 800 190 0.24 213 0.27 

134.58C 576 607 1.05 537 0.93 

134.66C 833 579 0.70 549 0.66 

134.79C 565 619 1.10 600 1.06 

Mean 0.70 0.66 

R2 (Linear Regression) 0.05 0.05 

(bl Test Section 2 

0 234 0.26 225 0.25 

135.76 294 425 1.45 317 1.08 

136.03 951 119 0.13 207 0.22 

136.17 542 311 0.57 302 0.56 

136.46 244 381 1.56 396 1.62 

135.65C 233 117 0.50 106 0.45 

135.82C 400 368 0.92 333 0.83 

136.06C 435 409 0.94 344 0.79 

Mean 0.79 0.73 

R2 (Linear Regression) 0.23 0.08 

Note: C indicates between wheel path location 
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1 Hz and 0.3 Hz. It is evident that the between-wheel-path 
locations show better agreement between backcalculated and 
laboratory-determined moduli. The average ratios oflaboratory
determined moduli to backcalculated moduli for Sections 1 
and 2 were found to be 0.70 and 0.79, respectively. The ratios 
vary from as low as 0.13 to as high as 1.62. The PCI values 
ranged between 58 and 85, with a mean value of 71 for Sec
tion 1. The general rating of the section is very good. The 
percentage of load-related deduct values was 44 percent, and 
that for climate/durability was 41 percent. For Section 2, the 
mean PCI value was 69 with a range from 39 to 83; which 
was rated as good. The percentages of load-associated and 
climate-associated deduct values for this section were similar 
to those for Section 1 and were 50 percent and 45 percent, 
respectively. Distresses found on these two sections were al
ligator, block, longitudinal, and transverse cracking and 
weathering. Test Section 2 also showed a very high amount 
of rutting. The mean rut depth was 0.48 in., with ranges 
between 0.39 and 0.62 in. 

Test Sections 3 and 4 

Test Sections 3 and 4 have 2-in. overlays over 3-in. mill and 
replace sections. FWD testing was done at five locations at 
the outer-wheel-path locations in both sections. Resilient 
modulus testing was done on the cores taken from the FWD 
test locations. The cores were sliced into two halves to repre
sent the top and bottom layers of the existing pavement, and 
testing was done on each half. The reported results represent 
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the average of two values. Table 3 shows the comparison of 
the backcalculated and laboratory-determined instantaneous 
resilient moduli. The testing frequencies were 1 Hz and 0.3 
Hz. The average ratios of laboratory-determined moduli (at 
1 Hz) to backcalculated moduli were found to be 1. 70 and 
2.33, respectively. The ratios vary from as low as 0.42 to as 
high as 4.76. For Section 3, the PCI values ranged between 
20 and 67, with a mean value of 50. The general rating of the 
section is fair. The percentage of load-related deduct values 
was 58 percent and that for climate/durability was 42 percent. 
For Section 4, the mean PCI value was 32 with a range from 
13 to 60; it was rated as poor. The percentages ofload-associated 
and climate-associated deduct values for this section were 68 
percent and 31 percent, respectively. Distresses found on these 
two sections were alligator, block, longitudinal, and trans
verse cracking and weathering. The amount and severity of 
alligator cracking on these sections were much higher than 
on Sections 1 and 2. 

Test Sections S and 6 

Test Sections 5 and 6 have 2-in. overlays over the 3-in. existing 
AC pavements. The sections are in the westbound roadway. 
FWD testing was conducted at five locations in the outer 
wheel path and at one location between the wheel path for 
both sections. Resilient moduli testing was performed on the 
cores taken from the FWD test locations for the overlay layer 
only. Because of disintegration of the cores from the existing 
AC layer, this layer could not be tested. Table 4 shows the 

TABLE 3 Comparison of Backcalculated and Laborafory AC Moduli for Test 
Sections 3 and 4 

MP 
Location 

Backcalc 
Modulus 

(a) Test Section 3 

141.06 522 

141.26 209 

141.54 1610 

141.87 420 

141.94 1325 

Mean 

R2 (Linear Regression) 

(bl Test Section 4 

144.22 664 

144.50 465 

144.53 502 

144.60 174 

144.91 148 

Mean 

R2 (Linear Regression) 

Lab 
Modulus 
(1 Hz) 

742 

613 

773 

1355 

552 

0.09 

751 

881 

340 

597 

665 

0.01 

Ratio 
(lab/back) 

1.42 

2.93 

0.48 

3.23 

0.42 

1.70 

1.13 

1.89 

0.68 

3.43 

4.49 

2.33 

Lab 
Modulus 
(0.3 Hz) 

989 

523 

747 

1579 

528 

0.12 

704 

723 

493 

643 

641 

0.006 

Ratio 
(lab/back) 

1.89 

2.50 

0.46 

3.76 

0.40 

1.80 

1.06 

1.55 

0.98 

3.70 

4.33 

2.32 
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TABLE 4 Comparison of Backcalculated and Laboratory AC Moduli for Test 
Sections 5 and 6 

MP Backcalc Lab Ratio Lab Ratio 
Location Modulus Modulus (lab/back) Modulus (lab/back) 

(1 Hz) (0.3 Hz) 

(a) Test Section 5 

134.68 155 550 3.55 501 3.23 

134.78 153 485 3.17 417 2.73 

135.15 314 250 0.80 250 0.74 

135.20 242 414 1. 71 386 1.60 

135.30 230 335 1.46 406 1.77 

134.68C 145 722 4.98 802 5.53 

Mean 2.61 2.60 

R2 (Linear Regression) 0.72 0.57 

(b) Test Section 6 

135.76 612 324 0.53 271 0.44 

135.80 455 285 0.63 255 0.56 

135.85 980 756 0.77 637 0.65 

136.14 1138 285 0.25 255 0.22 

136.51 2258 740 0.33 773 0.34 

136.958C 430 692 1.61 653 1.52 

Mean 0.69 0.62 

R2 (Linear Regression) 0.18 0.28 

Note: C indicates between wheel path location 

comparison of the backcalculated and laboratory-determined 
instantaneous resilient moduli. The testing frequencies were 
1 Hz and 0.3 Hz. The average ratios of laboratory-determined 
moduli (at 1 Hz) to backcalculated moduli for Sections 5 and 
6 were found to be 2.61 and 0.69, respectively. The ratios 
vary from as low as 0.22 to as high as 5.53. For Section 5, 
the PCI values ranged between 23 and 50, with a mean value 
of 37. The general rating of the section is poor. The percentage 
of load-related deduct values was 66 percent and that for 
climate/durability was 34 percent. For Section 6, the mean 
PCI value was 41 with a range from 17 to 66. It was also 
rated as poor. The percentages of load-associated and climate/ 
durability-associated deduct values were similar to those for 
Section 5. 

Test Sections 7 and 8 

Test sections 7 and 8 have the same structural sections as Test 
Sections 3 and 4 but are located in the westbound direction. 
FWD testing was conducted at five locations on the outer 
wheel path. Resilient moduli testing was performed on the 
cores taken from the FWD test locations. The testing was done 
on the cores sliced into two halves. The reported laboratory
determined moduli represent the average of the moduli de
termined on the top and bottom half of the cores. Table 5 
shows the comparison of the backcalculated and laboratory-

determined instantaneous resilient moduli. The testing frequen
cies were 1 Hz and 0.3 Hz. The average ratios of laboratory
determined moduli (at 1 Hz) to backcalculated moduli for 
Sections 7 and 8 were found to be 2.02 and 2.97, respectively. 
The ratios vary from 1.10 to 4.16. The PCI values for Section 
7 ranged between 4 and 61, with a mean value of 38. The 
general rating of the section is poor. The percentage of load
related deduct values was 46 percent and that for climate/ 
durability was 54 percent. For Section 8, the mean PCI value 
was 15 with a range from 0 to 29. It was rated as very poor. 
Extensive high-severity alligator cracking was responsible for 
the poor rating of this section. 

COMPARISON OF LABORATORY-DETERMINED 
AND BACKCALCULATED MODULI 

As mentioned earlier, FWD testing was conducted on a test 
section on SR-87 in the outer wheel path at four locations 
and in between-wheel-path locations at three places. The cores 
were taken from the FWD test locations. This pavement has 
an existing 6-in.-thick open graded asphalt concrete layer. 
The cores were sliced into two halves, and resilient moduli 
testing was conducted at 77°F on each half. The reported 
asphalt concrete moduli are the average of the resilient moduli 
determined on each half. Table 6 shows the comparison of 
backcalculated and laboratory-determined asphalt concrete 
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TABLE 5 Comparison of Backcalculated and Laboratory AC Moduli for Test 
Sections 7 and 8 

MP Backcalc Lab 
Location Modulus Modulus 

(1 Hz) 

(a) Test Section 7 

137.30 339 673 

135.55 420 1600 

137.80 312 591 

137.91 496 644 

137.95 536 595 

Mean 

R2 (Linear Regression) 0.0 

(b) Test Section 8 

144.25 185 769 

144.47 410 778 

144.82 303 834 

144.93 410 778 

144.98 185 769 

Mean 

R2 (Linear Regression) 0.03 

moduli. As evident from the table, the individual backcal
culated moduli were different; the average ratio of backcal
culated moduli to laboratory moduli was very close to unity 
(0.82 to 0.91). The coefficient of determination of linear 
regression between these two sets of moduli was 0.06. The 
project was surveyed for distresses in 1990 during the FWD 
testing. The survey was conducted as per PA VER, but no 
visible distresses were evident. The PCI value was computed 
to be 95, and the rating of this section was excellent. It is 
clear that although the correlation between the laboratory-

Ratio Lab Ratio 
(lab/back) Modulus (lab/back) 

(0.3 Hz) 

1.99 780 2.30 

3.81 1916 4.56 

1.89 563 1.80 

1.30 588 1.19 

1.11 465 0.87 

2.02 2.14 

0.016 

4.16 749 4.05 

1.90 747 1.82 

2.75 765 2.52 

1.90 747 1.82 

4.16 749 4.05 

2.97 2.85 

0.01 

determined and backcalculated AC moduli is poor, the av
erage ratio is close to unity. The agreement between back
calculated and laboratory-determined AC moduli was similar 
for both outer-wheel-path and between-wheel-path locations. 

EFFECT OF PAVEMENT CONDITION 

The data indicate that there is an apparent relationship be
tween pavement condition and the average ratio of laboratory-

TABLE 6 Comparison of Backcalculated and Laboratory AC Moduli for Test Section 
on SR-87 

Station Backcalc Lab Ratio Lab Ratio 
Location Modulus Modulus (lab/back) Modulus (lab/back) 

(1 Hz) (0.3 Hz) 

115 +00 1053 815 0.77 748 0.71 

121 +00 720 1017 1.41 1034 1.44 

126+00 1323 1125 0.85 780 0.59 

134+00 864 1111 1.29 982 1.14 

118+00C 883 486 0.55 473 0.54 

126+00C 1276 818 0.64 666 0.52 

136+00C 702 703 1.00 614 0.87 

Mean 0.91 0.82 

R2 (Linear Regression) 0.06 0.03 

Note: C indicates between wheel path location 
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determined moduli to backcalculated asphalt concrete mod
uli. Table 7 shows the average ratio of backcalculated to 
laboratory-determined asphalt concrete moduli (at 1 Hz) and 
average PCI for all the sections included in the study. It is 
apparent that the higher the PCI value for a section, the better 
the agreement between the average laboratory-determined 
and the average backcalculated asphalt concrete moduli. 
However, the surface distresses may be limited to the top few 
inches of an asphaltic layer. The existing new pavement showed 
the best agreement between average backcalculated and av
erage laboratory-determined asphalt concrete moduli. A lin
ear regression analysis was conducted between the average 
PCI values of the sections and the average ratio of laboratory
determined and backcalculated asphalt concrete moduli. The 
coefficient of determination, r2 , was found to be 0.60. Stu
dent's t-test conducted on the correlation coefficient of these 
two variables confirmed significant correlation at 5 percent 
level of significance. 
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For pavements with lower PCI, the laboratory-determined 
moduli are usually higher than the backcalculated moduli. In 
the backcalculation process, the entire asphaltic concrete layer 
consisting of various sublayers was lumped into a single layer 
of an "equivalent" layer (8). However, in the laboratory, only 
intact samples from the layers were tested. Thus, for a pave
ment with poor surface condition, deflection tests capture the 
response of the pavement with surface distresses, whereas in 
the laboratory, the uncracked distress-free samples of the 
same pavement are tested. Testing these samples results in a 
higher ratio of laboratory to backcalculated moduli for pave
ments with lower PCI. Because the FWD captures the re
sponse of the entire pavement to the applied load, the back
calculated moduli from FWD data are more representative 
of the in situ layer moduli than laboratory-determined moduli 
on samples taken from crack-free areas of the pavement. 
Again, in the backcalculation process, a "homogeneous" as
phaltic concrete layer was assumed. But, when the pavement 

TABLE 7 Relationship Between Ratio of Backcalculated to Laboratory-Determined 
Moduli and PCI 

Section Avg. Ratio Avg. PCI Pavement Rating 

0.70 71 Very Good 

2 0.79 69 Good 

3 1 ;70 50 Fair 

4 2.33 32 Poor 

5 2.61 37 Poor 

6 0.69 41 Poor 

7 2.02 38 Poor 

8 2.85 15 Very Poor 

SR 87 0.91 95 Excellent 

Note: R2 (Linear Regression) = 0.6035 

TABLE 8 Comparison of Instantaneous and Total Resilient Moduli 

Test Inst E/Back E Inst E/Back E Total E/Back E Total E/Back E 
(@1 Hz) (@0.3 Hz) (@1 Hz) (@0.3 Hz) 

0.70 0.66 ·o.59 0.60 

2 0.79 0.73 0.78 0.73 

3 1.70 1.80 1.53 1.34 

4 2.33 2.32 1. 71 1.95 

5 2.61 2.60 2.19 2.14 

6 0.69 0.62 0.62 '0.61 

7 2.02 2.14 1.74 1.55 

8 2.97 2.85 2.65 2.78 

Mean 1.73 1.72 1.48 1.46 
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is cracked, this assumption is fully violated. This homogeneity 
of a pavement section may be the contributing factor for the 
apparent agreement of average backcalculated and laboratory
determined AC resilient moduli for the new pavement section. 

INSTANTANEOUS VERSUS TOTAL RESILIENT 
MODULI OF ASPHALT CONCRETE 

The instantaneous resilient modulus value of asphalt concrete 
is calculated using the recoverable deformation that occurs 
instantaneously during the unloading portion in one cycle of 
ASTM D4123. The total resilient modulus is calculated using 
the total recoverable deformation that includes both instan
taneous recoverable and the time-dependent continuing re
coverable deformation during the unloading and rest period 
portion of one cycle. There is considerable disagreement among 
the researchers as to which moduli are more representative. 
In this study, both moduli were correlated with the backcal
culated layer moduli from FWD data for the eight test sections 
used in the study. Table 8 shows the average ratio of laboratory
determined to backcalculated asphalt concrete moduli. On 
the basis of the analysis of this set of data, it appears that the 
use of total resilient moduli provides a better correlation with 
the backcalculated layer moduli. 

VIRGIN VERSUS RECYCLED MATERIALS 

Comparison was also made between the average ratio of 
laboratory-determined to backcalculated asphalt concrete 
moduli (at 1 Hz) of virgin arid recycled overlays. Table 9 
shows the ratios. The ratios are comparable for the two types 
of materials. The table also shows the ratios for overlays on 
both existing and mill and replaced sections. In general, the 
ratio of laboratory-determined to backcalculated moduli is 
higher for sections with mill and replace. 
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CONCLUSIONS 

On the basis of this study, the following conclusions can be 
drawn: 

1. The average backcalculated asphalt concrete moduli for 
a section compares favorably with the average laboratory
determined moduli when the condition of the pavement is 
good. However, the backcalculated and laboratory-determined 
moduli are different at individual locations. Pavement con
dition is a primary determinant for good agreement between 
backcalculated and laboratory-determined moduli. 

2. The FWD testing captures. the response of the entire 
pavement to the applied load. Since FWD deflection testing 
is usually done for evaluating existing pavements, backcal
culated asphalt concrete moduli can more realistically repre
sent the in situ moduli of the asphalt concr.ete layer. This 
conclusion appears to be validated by the better agreement 
between backcalculated and laboratory-determined asphalt 
concrete moduli for new pavements and also for distress-free 
pavements in between-wheel-path locations on old pavements. 

RECOMMENDATIONS 

This study shows that the backcalculated asphalt concrete 
moduli from FWD test results on existing pavements can 
represent more realistically the in situ layer moduli and should 
be used in pavement rehabilitation design. It is recommended 
that the backcalculated asphalt concrete moduli from FWD 
deflection testing for a certain analysis section be used in the 
mechanistic overlay design process. The backcalculated as
phalt concrete moduli are more representative of in situ con
ditions than laboratory-determined asphalt concrete moduli 
on cores from existing pavements. 
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TABLE 9 Comparison of Backcalculated and Laboratory AC Moduli for Virgin and 
Recycled Overlays 

· Virgin Overlays Recycled Overlay 

2 inches 4 inches 2 inches 4 inches 

3" mill Existing 3" mill Existing 

4 EB 6WB 2 EB 3 EB 5 WB 1 EB 
8WB 7WB 

2.3 0.7 0.79 1.7 2.6 0.7 

2.9 2.0 

Note: Numbers on the body of the table indicate (E1ab/ EbackcaJcl 
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Layer Moduli from Deflection 
Measurements: Software Selection and 
Development of Strategic Highway 
Research Program's Procedure for 
Flexible Pavements 

G. R. RADA, C. A. RICHTER, AND P. J. STEPHANOS 

Deflection ba.sin measurements on flexible pavements for the 
purpose of structural capacity evaluation are a key component of 
the Strategic Highway Research Program's (SHRP's) Long-Term 
Pavement Performance monitoring program. In the near term, 
SHRP will apply a backcalculation procedure to these deflection 
measurements to estimate the in situ efastic moduli of the pave
ment layer materials. Because a standard method for evaluating 
the structural capacity of flexible pavements from deflection data 
does not presently exist, SHRP has undertaken a study to develop 
a layer moduli backcalculation procedure for use in the initial 
analysis of the SHRP deflection data. This procedure covers not 
only the software but also the rules, guidelines, and criteria used 
in applying the program. The process SHRP has followed in 
selecting software and developing a backcalculation procedure 
for flexible pavements is discussed, and the outcome of the soft
ware evaluation portion of the study is presented. 

Deflection measurements on flexible pavements for the pur
pose of structural capacity evaluation are a key component 
of the Strategic Highway Research Program's (SHRP's) Long
Term Pavement Performance (LTPP) monitoring program. 
Since the spring of 1988, SHRP has completed an initial round 
of deflection testing on hundreds of in-service pavement test 
sections and begun a second round. Like the rest of the LTPP 
data, the raw deflection data are being stored in SHRP's 
National Pavement Performance Data Base and ultimately 
will be available to all researchers to use as they see fit. 

In the near term, SHRP will apply a backcalculation pro
cedure to these data for the sole purpose of meeting the 
immediate needs of the initial analysis of the LTPP data. The 
layer moduli derived from this endeavor will supplement, not 
replace, the raw deflection data stored in SHRP's data base. 
This endeavor is undertaken with the full expectation that it 
will be the first analysis, but not by any means the last. Too 
much remains to be learned about the art and science of 
backcalculation for this analysis to be regarded as definitive. 

Numerous methods for evaluating the structural capacity 
of flexible pavements from deflection basin data are available, 

G. R. Rada and P. J. Stephanos, PCS/Law Engineering, 12240 Indian 
Creek Court, Suite 120, Beltsville, Md. 20705-1242. C. A. Richter, 
Strategic Highway Research Program, 818 Connecticut Ave., N.W., 
Suite 400, Washington, D.C. 20006. 

but a standard procedure does not presently exist. This paper 
will discuss the process SHRP has followed in selecting soft
ware and developfog a backcalculation procedure for flexible 
pavements, and presents the outcome of the software eval
uation portion of the study. Development of a procedure for 
rigid pavements is currently in progress· and thus is not dis
cussed in this paper. 

SHRP's selection of backcalculation software does not con- · 
stitute an endorsement and does not imply that the particular 
program selected is, in any sense, the "best" program avail
able. Indeed, given the present state of the art, it is probable 
that the best program for use in any given circumstance de
pends on a number of factors, including, but not limited to, 
the level of expertise of the user, the nature of the pavement 
being evaluated, and the intended use of the results. 

Before embarking on a detailed discussion, it is important 
to clarify the authors' terminology. In using the term "back
calculation software," the authors mean just that-the com
puter programs used in backcalculation. However, it is the 
authors' contention that the manner in which a backcalcula
tion program is used is as important and, in some cases, more 
important than which program is used. Hence, in referring to 
backcalculation procedures, the authors are referring to not 
only the software, but also the "rules" by which that software 
is applied. 

DEVELOPMENT PROCESS 

The objective of the SHRP study summarized in this paper 
was to develop a backcalculation procedure for flexible pave
ments, on the basis of existing backcalculation software, that 
will provide the most accurate, repeatable, and reliable results 
possible, given the present state of the art. It was anticipated 
that this procedure would involve the development of detailed 
guidelines and specifications for the application of that software. 

With this objective in mind, the process by which SHRP 
has pursued the selection and development of a flexible pave
ment backcalculation procedure for use in the L TPP data 
analysis involves the following steps, which will be discussed 
in greater detail in the ensuing sections of this paper. 
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1. Software identification, 
2. Development of preliminary software selection criteria, 
3. Prelimin~ry software selection, 
4. Software evaluation, 
5. Compilation of evaluation results, 
6. Final software selection, and 
7. Procedure development and documentation. 

To date, this process has been completed through the sixth 
step outlined above. The procedure development and docu
mentation stage of the process currently is in progress and 
will be finalized after a review of the preliminary rules by the 
SHRP Expert Task Group (ETG) for Deflection Testing and 
Backcalculation. 

Software Identification and Preliminary Software 
Selection 

The first three steps in the process outlined earlier were quite 
straightforward. Software identification involved a review of 
the literature to identify a number of the programs available 
and their pertinent features. The second and third steps were 
accomplished through discussions at a meeting of SHRP's 
Deflection Testing and Backcalculation ETG in November 
1990. The ETG recommended that software selected for de
tailed evaluation meet the following criteria: 

•Use layered elastic theory; 
•Allow variable slip conditions at layer interfaces; 
•Have flexible plate ,boundary conditions; 
• Require user input for seed moduli but program results 

independent of seed moduli; 
• Report goodness of fit for each deflection measurement; 
•Have capability for user-defined depth to rigid layer; 
• Have nonlinear modeling capability for base and subgrade 

materials (desirable); 
•Provide the capability for the user to fix a layer modulus; 
• Be able to model at least five layers; and 
• Have capability for applying a weighing function to the 

error tolerances (desirable, but not essential). 

On the basis of the above criteria (which were relaxed in 
a few cases), four programs were selected for further evalu
ation. They are ISSEM4 (1), MODCOMP3 (2), MODULUS 
(3), and WESDEF (4,5). 

Software Evaluation: The Plan 

The purpose of SHRP's flexible pavement backcalculation 
software evaluation exercise was twofold: (a) to provide a 
basis for selecting a program for use in the SHRP backcal
culation and (b) to provide a basis for development of the 
procedures to be used with that software. For this endeavor 
a group composed of ETG members, the software developers, 
and SHRP contractors was assembled. Each evaluator was 
requested to work independently of the others to run all of 
the backcalculation programs using the same data sets from 
a number of actual SHRP test sections. 
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By having a spectrum of users from "informed" to "expert" 
for each program, SHRP hoped to gain some insight into what 
was required in terms of user input and application rules to 
be successful with each program and thus obtain information 
for· the development of the SHRP backcalculation procedure 
document. To judge the "success" of a program, several cri
teria were planned. First, the participants were to make in
formed estimates of the material moduli, on the basis of lab
oratory test results for the materials involved, for comparison 
with the backcalculation results. In addition, results were to 
be evaluated on the basis of reasonableness, robustness, sta
bility, goodness of fit, and general suitability for SHRP's 
purposes. 

Deflection data and other pertinent information from eight 
SHRP pavement test sections were extracted from the SHRP 
data base for use in this software evaluation exercise. A pri
mary consideration in the selection of these data sets was 
coverage of the wide range of pavement structures that make 
up the SHRP experiments. Other considerations included the 
distribution of these sections by climatic region, SHRP region, 
and geographical location within the United States. Figure 1 
shows the pavement structures, and Table 1 gives typical mea
sured deflections for these pavements. 

Software Evaluation: The Reality 

The SHRP backcalculation software evaluation exercise did 
not progress entirely according to plan. The first problem 
encountered was related to data availability. Laboratory ma
terials data on which the "informed estimates" of the layer 
moduli were to be based were not available until after com
pletion of the study, and hence that basis for evaluation of 
analysis results was lost. Since these data would have also 
helped the evaluators determine appropriate seed moduli and 
other input values, their efforts were also hindered by the 
lack of laboratory materials data. The other significant de
viation from the plan was that the evaluation process turned 
out to be sufficiently time consuming that several of the eval
uators were not able to complete the evaluation of all of the 
software. However, enough of the work was completed to 
provide a basis for decision making and procedure development. 

Evaluation Results 

Overview of Evaluators' Comments and 
Recommendations 

Before proceeding with the detailed evaluation, an overview 
of the comments and recommendations provided by the eval
uators was undertaken to determine how they viewed each 
program. Although the ranking of the programs varied from 
one evaluator to another, MODCOMP3, MODULUS, and 
WESDEF were overwhelmingly ranked as the top three back
calculation programs. Program ISSEM4 was consistently given 
the lowest rating for the following reasons: 

•Not able to achieve a reasonable solution for several of 
the sections analyzed, 
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FIGURE 1 AC surfaced pavement structures. 

TABLE 1 Typical Deflection Data 

Deflection (mils)@ 
Section Load 

ID (lbs) r=O" r=S- r=l.T r=lS- r=24· r=36· r=60" 

A 10006 9.47 7.43 6.31 4.90 3.82 2.48 1.24 

B 9596 '12.21 9.43 7.65 5.72 4.32 2.62 1.36 

c 9522 4.87 3.89 3.40 2.95 2.57 2.03 1.31 

D 9474 5.67 5.27 4.97 4.50 4.10 3.42 2.38 

E 9752 3.67 288 260 223 1.95 1.29 0.65 

F 9512 5.07 4.32 3.67 299 2.40 1.69 1.01 

G 9398 2.81 2.41 2.33 2.24 2.14 1.90 1.40 

H 9704 5.77 4.79 4.66 4.26 3.75 2.80 1.49 

Note: Deflections shown correspond to a nominal 9,000 lb load. Deflection measurements were also taken at 3 
additional load levels. 

• Has convergence problems with several of the sections 
analyzed, 

• Not capable of handling a rigid base layer, and 
• Does not calculate deflections at the set sensors for com

parison with the measured deflections. 

Because a preliminary evaluation of the backcalculation 
results confirmed the evaluator's findings, ISSEM4 was elim
inated from further study. Thus, the remainder of the software 
evaluation focused on MODCOMP3, MODULUS, and 
WESDEF. 

Program-to-Program Comparison 

Several analyses were conducted to aid in the selection of 
software for use by SHRP. First, a very broad program-to
program comparison of the backcalculated moduli was con-

ducted. Figure 2 illustrates the results of this ~nalysis for 
MODCOMP3 versus MODULUS. Although there was con
siderable variation, it was also apparent that an excellent 
correlation exists between these programs. The best agree
ment exists between MODULUS and WESDEF (R2 = 0.89), 
followed by MODCOMP3 and MODULUS (R2 = 0.85), and 
MODCOMP3 and WESDEF (R2 = 0.83). 

The data also showed that MODCOMP3 tends to predict 
higher subgrade moduli but lower base/subbase moduli. Al
though several reasons can be offered to explain these global 
differences, it is postulated that they were primarily related 
to the inclusion or omission of a rigid base layer in the analysis. 
MODULUS computes a hypothetical depth to a rigid layer 
and WESDEF uses a default depth of 20 ft-in each case, 
the user can override the program value, but this was not 
done by most of the evaluators. Since MODCOMP3 allows 
for up to 15 layers, the user can easily specify a rigid base 
layer having fixed modulus. However, boring data for each 
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FIGURE 2 Comparison of MODCOMP and MODULUS programs. 

section showed that bedrock was not present within the top 
20 ft; thus most evaluators modeled the subgrade as a semi
infinite layer. 

If a rigid base layer is included in the analysis, the subgrade 
moduli tend to be lower when compared with a solution in 
which such layer is not included. In tum, there is a compen
sating moduli effect on the remaining pavement layers; i.e., 
higher surface and base layer moduli. Hence, the better cor
relation of results between MODULUS and WESDEF and 
the higher subgrade moduli for MODCOMP3. Unfortunately, 
this rigid base question cannot be put to rest by this SHRP 
exercise, because true moduli or approximately true values 
are not known. 

User Sensitivity 

The next analysis in the software evaluation involved a com
parison of the results generated by each individual evaluator 
to assess user variability. Because all three program devel
opers were a part of the evaluation panel, their results were 
used as the reference datum in this comparison. It was as
sumed that the program developers were experts in the use 
of their program and hence would arrive at the "best" set of 
results. 

Plots of the moduli predicted by the program developer 
versus those predicted by the other evaluators were developed 
for each program and are illustrated in Figure 3. The degree 
of correlation (R2) found for each developer-evaluator com
parison by program averaged 0.92 for MODULUS, 0.87 for 
MODCOMP3, and 0.72 for WESDEF. Thus, it appears that 
MODULUS is less user dependent than the other programs. 
However, this observation must be tempered by the fact that 
the degree of versatility and hence degree of sophistication 
required on the part of the user varies from program to pro-

gram; this is particularly true when comparing MODCOMP3 
to MODULUS and WESDEF. 

The variability of the MODCOMP3 results is primarily as
sociated with the unbound granular base/subbase layers. In 
the case of MODULUS, the variability is mostly related to 
the subgrade and granular base/subbase layers; lower subgrade 
moduli and higher base/subbase rrioduli were generally pre
dicted by the evaluators compared with the program devel
oper. For WESDEF, all material types contribute to the vari
ability, with the exception of the sµbgrade layer, which shows 
excellent agreement among all evaluators. For all three pro
grams, it is hypothesized that the variability is primarily as
sociated with the modeling of the pavement by each evaluator. 
More importantly, these findings clearly emphasize the need 
to develop detailed guidelines and specifications for the ap
phcation of the selected software to achieve consistent results 
from one program user to another. 

Reasonableness of Results 

Although true moduli or approximately true values are not 
known, an analysis aimed at determining the reasonableness 
of the predicted moduli was undertaken. Using data generated 
by the program developers, a series of bar charts comparing 
the backcalculated moduli by program and pavement section 
were developed for each material type and are shown in Fig
ures 4 through 7 for all materials, except portland cement 
concrete. Each bar shown in these charts was generated from 
the analysis of four load levels-nominal 6,000-, 9,000-, 12,000-, 
and 16,000-lb loads. 

Figure 4 shows that the backcalculated moduli for the as
phaltic concrete layer appear reasonable for all three programs, 
except as follows. Layer moduli predicted by MODCOMP3 
for Sections D and G seem high whereas that for Section H 
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- appears low. For Section G,the value predicted by MODULUS 
for the lowest load level appears to be high, especially when 
compared with the moduli for the remaining load levels. 
WESDEF results corresponding to the lowest ·toad level for 
Sections D, E, and G seem unusually high as do the results 
for the three highest load levels in Section H. Also, the degree 
of variability associated with Section B seems high. In all 
fairness to the three programs, it should also be noted that 
Section G contained nondecreasing deflections, a situation 
these programs were not developed to handle. 

Although only two of the eight sections had a portland 
cement concrete layer, the MODCOMP3 predicted values 
appeared reasonable for both sections. The MODULUS re
sults appeared reasonable for Section H but high and variable 
for Section G. WESDEF, on the other hand, seemed to have' 
a problem with this material type; three of the four values 
for Section G seem unusually high whereas all of those for 
Section H were very low. 

Figure 5 shows that the backcalculated moduli for the sta
bilized base and subbase materials appeared reasonable, ex
cept as follows. For Section D, the MODCOMP3 modulus 
value seem somewhat low for a cement aggregate base, es
pecially when compared with that of the soil cement in Section 
A or with the values obtained by the other two programs for 
this same section. The MODULUS results for Section E ap
pear high at first glance, but this is because this layer was 
combined with the AC surface layer in the analysis. Hence, 
the values reflect a composite response of the two layers. 
WESDEF results for Section D are unusually variable, and 
some of the values appear to be high. In addition, predicted 
moduli for Section E seem low. 

Compared with the previous material types, the results for 
the unbound granular base and subbase materials are consid
erably more variable, as shown in Figure 6, and thus more 

difficult to assess. MODCOMP3 results are mostly in the 
range of expected values, with the exception of Section G, 
which has an unusually high modulus value, especially when 
compared with those from the two other programs. All 
MODULUS predicted values appear reasonable, although 
somewhat high and variable for Section B. Likewise, WESDEF 
predicted moduli appear reasonable, although somewhat high 
and variable for Sections B, E, and F. 

With regard to the backcalculated subgrade moduli, Figure 
7 shows that MODCOMP3 consistently predicted higher mod
ulus values than both MODULUS and WESDEF, which had 
similar values. On the basis of an earlier analysis, this differ
ence between MODCOMP3 and the other two programs was 
attributed to the inclusion or omission of a rigid base layer. 

Overall, the results of this analysis appear to indicate that 
both MODCOMP3 and MODULUS generate reasonable 
moduli more consistently than WESDEF. However, this con
clusion must be tempered by the fact that reasonableness, as 
defined here in the absence of true moduli, refers to the 
subjective judgment of the authors. 

Deflection Matching Errors 

The most objective measure of the performance of a back
calculation program is how well it matches the measured de
flection_ basin. As with the previous analysis, only the results 
generated by the program developers were used to evaluate 
the goodness of fit obtained with the programs. Table 2 sum
marizes the results of the analysis in terms of the absolute 
sum of errors and the root me.an square parameters. On the 
basis of the work done for this evaluation, it appears that 
MODULUS does a better job of matching the measured de
flection basin. This program, however, did not consider all 
of the deflections for some basins; for example, deflections 
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TABLE 2 Summary of Deflection Errors 

Absolute Sum of Errors (%) Root Mean Square (%) 
Section Load 

MODCOMP MODULUS WF.SDEF MODCOMP MODULUS WF.SDEF 

A 1 3.731 11.80 0.731 2.24 
2 2.801 6.00 0.571 1.22 
3 4.431 5.54 0.821 0.92 
4 4.57 3~021 7.18 1.09 0.611 1.36 

B 1 2.812 76.88 0.612 12.15 
2 2.722 59.21 0.602 10.30 
3 2.70'- 5287 0.612 9.11 
4 14.71 2.632 49.43 4.35 0.632 8.44 

c 1 21.37 37.26 3.95 6.23 
2 17.21 24.92 3.25 4.42 
3 13.76 20.63 2.53 3.23 
4 8.25 13.76 21.01 2.02 2.61 3.52 

D 1 12.71 11.32 2.30 1.96 
2 11.30 16.23 1.81 2.44 
3 8.21 9.05 1.36 1.52 
4 10.72 9.44 9.04 3.61 2.01 1.54 

E 1 12.351 23.03 3.111 3.84 
2 9.411 13.89 2.081 3.15 
3 13.411 9.30 2.691 1.47 
4 22.31 18.191 11.86 5.80 3.881 1.91 

F 1 4.471 30.73 0.811 6.11 
2 8.751 21.56 1.701 3.72 
3 12.521 13.61 3.991 2.48 
4 3.94 2.221 12.90 0.85 0.441 1.97 

G 1 13.49 5.89 2.07 1.11 
2 2.73 5.12 0.49 0.94 
3 1.85 8.86 0.33 1.39 
4 5.45 1.73 1.71 0.31 

H 1 10.50 12.36 1.71 2.21 
2 12.46 7.09 2.17 1.22 
3 10.43 7.06 1.77 1.30 
4 30.38 9.85 10.54 10.75 1.71 1.92 

Average 12.54 8.66 19.75 3.77 1.70 3.40 

Std. Dev. 9.47 5.50 17.77 3.30 1.13 2.96 

cov 0.76 0.64 0.90 0.87 0.67 0.87 

Min 3.94 1.73 5.12 0.85 0.31 0.92 

Max 30.38 21.37 76.88 i0.75 3.99 12.15 

1 Excludes deflection at r=60 inches 
2 Excludes deflection at r=36 and 60 inches 

at 60 in. from the center of the load plate were excluded from 
the analysis of Sections A, E, and F, and those at 60 in. were 
excluded from Section B. Thus, it is postulated that the de
flection matching errors would be worse for this program if 
the excluded deflections were considered. 

A theoretical analysis was conducted in an attempt to fur
ther assess the accuracy of the moduli predicted by each pro
gram. Specifically, the BISAR layered elastic computer code 
was used to simulate deflection basins for nine pavement 
structures with varying material types and layer thicknesses. 
In turn, these basins were analyzed with the programs in 
question to backcalculated layer moduli for comparison with 
those assumed in the BISAR runs. 

All simulated deflection basins were generated by R. Briggs 
(Texas Department of Transportation). These data were pro
vided to the authors, along with information on the pavement 
structures (layer thicknesses and material types), but not the 
moduli used in the generation of the basins. These assumed 

moduli were later provided to the authors, after all backcal
culation analyses had been completed. Thus, seed moduli or 
moduli ranges were assigned for each pavement layer on the 
basis of mate:rial type. In the absence of knowledge or al
gorithms to compute the depth to rigid layer, a semi-infinite 
subgrade was assumed in this simulated analysis. , 

Table 3 presents the pavement structure and simulated de
flection basins used in the analysis; Table 4 summarizes the 
backcalculated moduli and the comparison of assumed and 
predicted values; and Table 5 gives the corresponding de
flection matching errors. In general, the analysis results show 
that all three programs do an excellent job of matching the 
assumed moduli as well as the corresponding deflection ba
sins. However, MODULUS is given higher marks on the basis 
that it more closely and consistently matched the simulated 
moduli and deflections. 

In all fairness to MODCOMP3, which uses the CHEVRON 
code, it should be noted that differences in deflection cal-
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TABLE 3 BISAR Simulated Deflection Data 

Surface Deflection (mils) 
ID l..aJCr Material ~ 

(inches) r=<r' r=S- r=12· r=lS- r=24· r=36· r=(J()" 

1 Asphalt Concrete 3 

1 2 Granular Base 6 32.90 23.20 17.80 12.60 9.51 6.15 3.57 

3 Sub grade 

1 Asphalt Concrete 6 

2 2 Granular Base 12 30.10 24.50 21.70 18.50 15.90 12.20 7.73 

3 Subgrade 

1 Asphalt Concrete 8 

3 2 Cement Stab. Base 6 8.97 7.95 7.56 7.07 6.57 5.61 4.00 

3 Sub grade 

1 PCC Slab 9 

4 2 Lime Stab. Base 6 8.94 8.41 8.05 7.48 6.91 5.80 4.02 

3 Sub grade 

1 PCC Slab 6 
5 

2 Sub grade 
18.10 16.60 15.50 13.70 11.90 8.97 5.26 

1 PCC Slab 12 

6 2 Cement Stab. Base 6 8.38 8.06 7.91 7.71 7.50 7.05 6.10 

3 Sub grade 

1 Asphalt Concrete 3 

7 2 PCC Slab 9 7.50 6.13 5.87 5.43 4.97 4.09 2.72 

3 Sub grade 

1 Asphalt Concrete 5 

2 PCCSlab 10 

8 3 Lime Stab. Base 8 
6.56 5.48 5.27 5.01 4.73 4.14 3.08 

4 Sub grade 

1 Asphalt Concrete 4 

2 PCC Slab 12 

9 
6.89 5.87 

3 Asphalt Stab. Base 8 
5.74 5.59 5.42 5.05 4.28 

4 Sub grade 

Load = 16,000 lbs Load Radius = 5.91 inches 

culations, particularly near the load plate, exist between ,_the 
CHEVRON and BISAR codes. Thus, some of the poorer fit 
obtained with MODCOMP3, as compared with MODULUS, 
could be caused by differences between the two forward cal
culation routines. 

Other Factors and Program Features 

It is clear from the preceding discussion, and the analyses that 
support it, that MODCOMP3, MODULUS, and WESDEF, 
are useful tools for backcalculation that can produce good 
results. The programs do, however, have various strengths 
and weaknesses. On the basis of work done for this evalua
tion, it can be concluded that MODCOMP3 produces results 
that match quite well the measured deflection basins, are 
reasonably independent of the user, and are generally "rea
sonable." In addition, MODCOMP3 is the most flexible of 
the programs evaluated because it allows the user to model 
up to 15 layers (although not more than 5 should be modeled 

as having unknown moduli that are to be backcalculated), 
with the deepest layer treated as a layer of known high mod
ulus (i.e., bedrock or a "rigid" layer) or not, as the user 
desires, and because it is the only program of those evaluated 
that allows the user to model stress sensitivity of the pavement 
layers. This ability was not significant in the analyses con
ducted for this evaluation, because the pavement investigated 
did not demonstrate significant nonlinear materials behavior, 
but it could be important in some circumstances. 

In the same analyses, MODULUS does a slightly better 
job of matching the measured deflections basins, is slightly 
more independent of the user, and also produces results that 
are generally reasonable. It is postulated that the closer fit of 
the measured deflection basins is partially due to the use of 
an algorithm in MODULUS to calculate effective depth to 
rigid layer and to the exclusion of some of the outer deflections 
from the calculations for some of the de'flection basins. Al
though it is widely recognized that the presence of a true or 
effective rigid layer in the pavement cross section can have. a 
significant effect on measured deflections and, hence, back-



TABLE4 Comparison of Assumed Versus Backcalculation Moduli 

Layer Assumed Moduli Backcalculated Moduli % Difference 
Thickness (BISAR) 
(inches) (psi) Modulus Wesdef Modulus Wesdef 

GB 6 
SG 
A 
GB 12 
SG 
A 

CTB 6 
SG 

LTB 6 
SG 

SG 

CTB 6 
SG 
A 

PCC 9 
SG 
A 

PCC 10 
LTB 8 
SG 
A 

PCC 12 
STB 8 
SG 
A 
GB 12 60000 73236 59900 61677 -22.06% 0.17% -2.80% 
SG 36 10000 7817 10000 10175 21.83% 0.00% -1.75% 

Note: (1) AC= Asphalt Concrete, GB= Dense Graded Aggregate, PCC = Portland Cement Concrete, SG = Subgrade 
CTB = Cement Stabilized Base, L TB = Lime Stabilized Base, A TB = Asphalt Stabilized Base 

• Fixed Modulus Value 

TABLE S Summary of Deflection Errors: Simulated Data 

Absolute Sum of F.rrors (%) Root Mean Square(%) 
Section 

MODCOMP MODULUS WES DEF MODCOMP MODULUS WESDEF 

1 11.62 0.851 14.20 2.36 0.161 2.32 

2 P4 0.82 7.20 0.34 0.17 1.12 

3 4.03 1.27 1.60 0.81 0.22 0.26 

4 4.13 3.06 1.40 0.81 0.52 0.23 

5 18.71 1.29 4.70 3.68 0.20 0.91 

6 25.97 0.63 1.40 6.80 0.12 0.21 

7 14;19 0.75 8.60 3.24 0.15 1.47 

8 1.59 2.06 4.00 0.37 0.37 0.58 

9 21.72 1.11 3.90 5.42 0.19 0.57 

Average 11.52 1.32 5.22 2.65 0.23 0.85 

Std. Dev. 9.20 0.78 4.21 2.34 0.13 0.70 

cov 0.80 0.59 0.81 0.88 0.56 0.82 

Min 1.59 0.63 1.40 0.34 0.12 0.21 

Max 25.97 3.06 14.20 6.80 0.52 2.32 

1 Excludes deflection at r=60 inches 
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calculated moduli, the book on how to address this effect 
in the analysis of pavement deflection data clearly has not 
been completed. Also, it is logical to conclude that the lower 
degree of user dependence of MODULUS, as compared with 
MODCOMP3, comes about as a result of fewer options with 
respect to modeling of the pavement structure. 

The performance of WESDEF was similar to that of 
MODCOMP3 (i.e., not quite as good as MODULUS) with 
respect to the ability to match measured deflection basins. 
However, the results are somewhat less independent of the 
user, and are subjectively judged to be slightly less reasonable 
for the sections evaluated. Again, it may be postulated that 
these results are at least partially attributed to the manner in 
which the presence or absence of a rigid layer in the subgrade 
is handled. 

On the basis of evaluations that have been performed, the 
demonstrated performance of MODULUS is somewhat su
perior to that of the other programs, although one or both of 
the other programs may be better for an individual section. 
Thus, MODULUS has been selected as the primary back
calculation program to be used in the initial analysis of the 
SHRP deflection data. 

Procedure Development and Application 

The procedure development stage of this study is currently 
in progress. SHRP's goal in this stage of the process is to 
glean from the results of the software evaluation exercise as 
much information as possible about what input criteria to 
apply to make the backcalculation process straightforward, 
productive, successful, and consistent. However, the limited 
size of the data set used in the evaluation, and the evolving 
nature of the science (or art) of backcalculation, make it likely 
that early experience with this procedure will bring to light 
areas in which further refinement is needed. Hence, it is an
ticipated that the initial release of the SHRP backcalculation 
procedure will be followed up, as we learn more about the 
strengths, weaknesses, and requirements of the process. 

SHRP has a distinct advantage over most agencies that have 
done backcalculation in the past, because the SHRP data base 
contains a wealth of information that can and will be used to 
generate the input data for the backcalculation process. The 
SHRP backcalculation procedure will make use of data base 
queries to extract the information needed as input for the 
backcalculation procedure from the SHRP data base. For 
example, SHRP can draw on the laboratory materials data in 
the data base to determine ranges of moduli for each of the 
pavement layers. In instances in which the surface layer is 
thin, a conditional query can be established to set the surface 
modulus as a known value, on the basis of the temperature 
at the time of testing and other known properties of the as
phalt concrete. 

initially, the SHRP backcalculation procedure will be ap
plied to the data from one test point on each of the SHRP 
test sections-the "test pit location"-a point for which SHRP 
has deflection data and accurate layer thickness information, 
as well as field and laboratory materials data .. Eventually, the 
procedure will be applied to all of the SHRP deflection data. 

87 

SUMMARY AND CONCLUSIONS 

The objective of the study discussed in this paper was to eval
uate existing software for the purpose of developing an SHRP 
flexible pavement backcalculation procedure for the initial anal
ysis of the LTPP deflection data. Using ETG recommended 
criteria, four programs were selected for detailed evaluation: 
ISSEM4, MODCOMP3, MODULUS, and WESDEF. These 
programs, along with SHRP deflection data and other per
tinent information, were provided to each member of a group 
of evaluators that also included the program developers. 

On the basis of initial review of the backcalculation re
sults and evaluator's comments, ISSEM4 was eliminated from 
further study. The three remaining programs-MODCOMP3, 
MODULUS, and WESDEF-were analyzed for user repeat
ability, reasonableness of results, deflection matching errors, 
ability to match assumed moduli from simulated deflection 
basins, and versatility. It was concluded from these analyses 
that the performance of MODULUS was superior to that of 
the other programs; hence, MODULUS has been selected as 
the primary program to be used by SHRP in the initial data 
analysis. 
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Comparison of Backcalculated Moduli 
from Falling Weight Deflectometer and 
Truck Loading 

PETER E. SEBAALY, NADER TABATABAEE, AND TOM SCULLION 

Historically, the in situ resilient moduli of pavement layers have 
been evaluated from nondestructive deflection testing (NDT) de
vices such as the Dynaflect, Road Rater, or falling weight de
flectometer (FWD). Even though the FWD is the best NDT 
device available, it still does not fully represent the loading con
ditions generated by a moving truck. Therefore, the moduli val
ues, backcalculated from FWD deflections, may be different from 
those that are backcalculated from truck loading data. The in situ 
resilient moduli of the pavement layers were backcalculated from 
FWD, multidepth deflectometers (MDD), and strain gauge data. 
In the case of the FWD loading, the backcalculated moduli from 
the FWD deflection basins are compared with the ones backcal
culated from the MDD deflections. In the truck loading case, the 
backcalculated moduli from the MDD deflections are compared 
with the ones backcalculated from the strain gauge data. 

A large number of the nation's highways are approaching the 
end of their service lives. Consequently, there is an urgent 
need to upgrade and maintain these highways. By applying a 
well-designed overlay to a deteriorated pavement section, its 
functional and structural performances can be greatly improved. 

The key word in the preceding discussion is the well-designed 
overlay: What does this mean? On the basis of the classical 
pavement design approach, a well-designed overlay is one that . 
is designed using the most representative (a) material prop
erties of the existing pavement structure and (b) traffic load 
distributions throughout the expected design life. The eval
uation of materials properties has been a great concern for 
the pavement design community for a long time. Very often, 
the engineer asks, What is the most appropriate way of eval
uating material properties that is consistent with current de
sign procedures? 

BACKGROUND 

Historically, the in situ resilient moduli of pavement layers 
have been evaluated from various nondestructive deflection 
testing devices. Currently, the falling weight deflectometer 
(FWD) is considered the best NDT device available to sim
ulate actual traffic loading conditions. Even though the FWD 
is the best NDT device available,. it still does not fully repre-
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sent the loading conditions generated by a moving truck. The 
major discrepancies exist in the differences between the fre
quency content of the FWD signal (2 to 100 Hz) and the signal 
imparted from a truck moving at 50 to 60 mph (1 to 20 Hz). 
It is well known that the resilient modulus of the asphalt 
concrete material is highly dependent on the frequency of the 
loading (1). Therefore, the moduli values, backcalculated from 
FWD deflections, may be different from those that are back-
calculated from truck loading data. · 

In recent years, several backcalculation automated search 
routines have been developed that minimize the error be
tween the measured and calculated surface deflection bowls 
(2-5). Christison and Shields developed an iterative proce
dure by which layer moduli can be evaluated from pavement 
instrumentation for a two-layer pavement system (6). They 
used surface deflections and the strains at the bottom of the 
asphalt concrete layer to backcalculate the modulus of the 
asphalt and the subgrade under truck and nondestructive test
ing equipment. The study presented in this paper will focus 
on backcalculating layer moduli for four-layer pavement sys
tems from measurements collected by strain gauges, multi
depth deflectometers (MDD), and surface deflection sensors. 

DESCRIPTION OF TEST SECTIONS 

As a part of the research project, In Situ Instrumentation for 
Resilient Moduli Measurements, various types of pavement 
instrumentation were selected for field evaluation under ac
tual truck loading (7). Three different types of strain gauges 
were selected to measure the longitudinal strain at the bottom 
of the asphalt concrete layer, including the Kyowa H gauge, 
the Dynatest H gauge, and instrumented core gauges. The 
multidepth deflectometer device was selected to measure the 
vertical deflection throughout the depth of the pavement 
structure ( 8). 

The gauges were installed at the test track at Pennsylvania 
State University in two newly constructed sections (7). The 
structures of the constructed sections consisted of a thin sec
tion (6 in. of asphalt concrete over 8 in. of crushed aggregate 
base and 12 in. of subbase) and a thick section (10 in. of 
asphalt concrete over 10 in. of crushed aggregate base and 
12 in. of subbase). The loading of the test sections was con
ducted with a single-axle tractor and tandem-axle trailer com
bination. The experimental plan for field testing is shown in 
Table 1. The test sections were also tested by the FWD. 
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TABLE 1 Experimental Plan fo~ Field Testing 

Variable 

Pavement section 

Load 

Tire pressure 

Speed 

Replicate measurements 

DESCRIPTION OF GENERALIZED MODULUS 
BACKCALCULA TION PROCEDURE 

A key requirement of this study was to be able to convert the 
output of pavement instrumentation under known loadings 
to appropriate layout moduli. The instrumentation to be used 
includes strain gauges and multidepth deflectometers. The 
conversion will be made using calculations made with linear 
elastic theory. A search routine is used to minimize error 
between the measured readings (strains or deflections) and 
the computed values. In the search routine, the solution is 
the set of layer moduli that produces the best fit between 
measured and calculated values. The scope of the system 
developed by Uzan et al. (9) was expanded to permit strain 
bowl and depth deflections, in addition to surface deflection, 
to be used in the backcalculation process. 

The procedure is designed to find the set of parameters 
that correspond to the best fit of the measured pavement 
response (i.e., strain or deflection). The best fit is achieved 
by minimizing the error between the measured and the cal
culated pavement response curves. The objective function 
can, therefore, be written as 

Minimize 

where 

e2 = squared error, 
Wi = measured pavement response (i.e., deflection or 

strain) at distance i away from load, 
Wj = calculated pavement response (i.e., deflection or 

strain) at distance i away from load, 
n = number of distances away from load, and 

We; = user-supplied weighing factor for distance i. 

INPUTS TO GENERALIZED BACKCALCULATION 
PROCEDURE 

The generalized backcalculation procedure permits flexible 
input of measured pavement responses. Measured values can 
be taken from various sensors, which is the case with surface 
or depth deflection sensors, or from multiple loading positions 
on a single sensor. 
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Levels 

Thin and thick 

Empty, intermediate, fully loaded 

100, 

20, 

4 

125 psi 

35, 50 mph 

Strain Gauge 

Strain gauges are typically installed at the bottom of the as
phalt layer. Therefore, to analyze strain gauge data, it is nec
essary to calculate the strains induced as the wheel approaches 
the single gauge. An example of this can be seen in Figure 
1; the tensile strains at offsets of 0, 6, 12, 18, 24, and 30 in. 
are extracted from the strain pulse. Using these offsets and 
the relevant gauge depth (6 in.), a data base of strain values 
will be generated for the user-supplied range of acceptable 
moduli. The measured tensile strains, as shown in Figure 1, 
are then compared with the calculated strains in the data base. 

Multidepth Deflectometer 

Multidepth deflectometers can be located at various depths 
within each layer of the pavement. However, these devices 
present an added complication because they measure the rel
ative movement between the sensor location and an anchor 
buried at some depth (in this project, 73 in.) below the sur
face. The anchor movement must be taken into consideration. 
This is done within the generalized backcalculation procedure 
by calculating the theoretical anchor movement for each com
bination of layer m<;>duli within the data base. Then, on en
tering the pattern search, the theoretical relative deflection 
(theoretical deflection at depth minus theoretical anchor 
movement) can be compared with the MDD readings. 

BACKCALCULATION OF LA YER MODULI 

To evaluate the layer moduli for the test sections, pavement 
responses were measured using FWD and truck loading. Mul
tiple backcalculation analyses were conducted under each 
loading condition. 

Backcalculation of Layer Moduli from FWD Data 

The ·FWD was positioned directly over the multidepth de
flectometer, and drops were made at three different load 
levels. Deflections were simultaneously measured on the sur
face and at MDD locations; the results are shown in Tables 
2 and 3. 
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FIGURE 1 Typical strain response from strain gauge at bottom of asphalt 
concrete layer: thin section, Dynatest, Station 9, SO mph. 

TABLE 2 FWD and MDD Test Results From Thin Pavement Section 

Drop Load FWD Deflections (mils) MDD 
/I' (lbs) 

0 12 24 32.5 48 -12 6.5 

1 7,310 12.68 8.46 4.74 3.03 1. 26 8.54 11.19 

2 8,606 15.47 10.51 5.94 3.74 1. 52 10.59 13.68 

3 10,271 18.54 12.64 7.21 4.53 1. 85 12.79 16.67 

TABLE 3 FWD and MDD Test Results From Thick Pavement Section 

Drop Load FWD Deflections (mils) _ MDD 
/I (lbs) 

0 12 24 32.5 48 -12 3 10 

1 7,495 5.51 3.15 1. 97 1.34 1. 26 3.38 4.74 3. 71 

2 8,698 6.85 3.98 2.44 1.65 1. 52. 4.33 5.81 4.58 

3 10. 271 8.07 4.84 2.95 2.01 1.10 5.24 6.91 5.54 

(mils) 

14.5 

7.64 

9.78 

12.04 

(mils) 

20 

2.05 

2.56 

3.02 

26.5 

2.57 

3 .18 . 

3.81 

32 

1.09 

1. 36 

1. 59 
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Backcalculation of In Situ Moduli from Surface 
Deflections 

Backcalculation of in situ moduli from surface deflections 
consisted of the traditional backcalculation of layer moduli 
from surface deflections. The results of this analysis are shown 
in Table 4. These results indicated extremely low values for 
the sub base and subgrade layers of the thin sections. The large 
difference between the subbase and subgrade moduli of the 
two sections is unusual because both sections are within 100 
ft of the test track. 

Backcalculation of In Situ Moduli from MDD 
Deflections 

Backcalculation of in situ moduli from MDD deflections con
sisted of backcalculating the layer moduli from the MDD 
deflections. Table 5 summarizes the ·layer moduli values ob
tained from this analysis. 

The data in Tables 4 and 5 show that there are major 
disagreements between the backcalculated moduli from sur
face deflections and those calculated from MDD deflections. 
However, both analyses agree that the subbase on the thin 
section is very weak. 

Modulus Backcalculation Using Sensor Data Collected 
Under Truck Loading 

The generalized backcalculation procedure was used to pro
cess the strain basins and MDD deflections under truck load-

91 

ing to backcalculate the in situ resilient moduli. All of the 
backcalculation analyses are conducted on the basis of mea
surements under the single drive axle. 

Backcalculation of In Situ Moduli from Measured 
Strain Basins 

Table 6 summarizes the values of the backcalculated moduli 
as a function of the truck speed and axle load for the thick 
section. The data show good agreement between the two types 
of gauges (i.e., Kyowa and core gauges). The effect of speed 
on the moduli of the asphalt concrete layer (£1) is very no
ticeable under all load levels. The effect of load magnitude 
on the backcalculated moduli is insignificant, which indicates 
that the nonlinearity of the base and subgrade materials is 
insignificant. 

Table 7 summarizes the backcalculation results of the thin 
section on the basis of measurements from all three types of 
gauges. In this case, there is less agreement among the results 
of the various gauges compared with the thick section data. 
The effect of truck speed on the backcalculated moduli of the 
asphalt concrete layer is very significant, whereas the effect 
of load level is insignificant. 

Backcalculation of In Situ Moduli from Measured 
MDD Deflections 

As discussed earlier in the paper, one MDD was installed in 
each test section (thick and thin). The MDD in the thick 
section had four modules at depths of 3, 10, 20, and 32 in.; 

TABLE 4 Layer Moduli Backcalculated Using Surface Deflections 

AC Base Subbase Sub grade 
Pavement Modulus Modulus Modulus Modulus 

(ksi) (ksi) (ksi) (ksi) 

Thin 301 67 7 6 

Thick 271. 81 76 22 

TABLE 5 Layer Moduli Backcalculated Using MDD Deflections 

AC Base Subbase Sub grade 
Pavement Modulus Modulus Modulus Modulus 

(ksi) (ksi) (ksi) (ksi) 

Thin 455 25 6 25 

Thick 402 29 34 46 
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TABLE 6 Backcalculated Moduli for Thick Section Under Single-Drive Axle, on Basis of Strain 
Measurements 

Station 
Speed Load (Strain El 
(mph) (k) gauge) (ksi) 

so 20 6 (k) 545 
12 (c) 461 

12 6 (k) 556 
12 (c) 640 

8 6 (k) 534 
12 (c) 641 

35 20 6 (k) 350 
12 (c) 366 

12 6 (k) 347 
12 (c) 349 

8 6 (k) 393 
12 (c) 361 

20 20 6 (k) 258 
12 (c) 230 

12 6 (k) 214 
12 (c) 200 

8 6 (k) 200 

k - Kyowa gauge 

c = core gauge 

and the MDD in the thin section had three modules at depths 
of 6.5, 14.5, and 26.5 in. In the case of the MDD, the peak 

. deflections at each level were used to backcalculate the in situ 
moduli. Tables 8 anp 9 summarize the in situ moduli for the 
thick and thin sections, respectively. 

Backcalculation of In Situ Moduli from Combination 
of Measured Strain Basins and MDD Deflections 

The data set chosen for evaluation is shown in Table 10. These 
data were measured on the thick pavement section using a 
fully loaded truck with a single-drive axle and 125 lb/in. 2 tire 
pressure. The data represent the peak depth deflections and 
strain bowls (Kyowa gauge) under single axle (19.6 kips per 
axle). 

A four-layer structure was assumed, as shown in Figure 2. 
The procedure consists of using the generalized backcalcu
lation method as follows: 

1. Fix the E1 value calculated from the strain bowl; use the 
MDD data to calculate E2 , E3 , and £ 4 values. 

E2 E3 E4 
(ksi) (ksi) (ksi) 

10 7 60 
10 5 60 

10 ,7 60 
10 13 60 

10 7 60 
10 13 60 

10 5 44 
10 5 60 

10 5 39 
10 5 41 

10 11 60 
10 5 60 

10 16 60 
10 11 60 

18 40 60 
22 40 60 

21 40 60 

2. Fix the E2 , E3 , and £ 4 values calculated in Step 1; use 
the strain data to calculate an £ 1 value. 

Steps 1 and 2 are repeated until the error between measured 
and computed deflection and strain values are reduced to an 
acceptable level. The results of this analysis are shown in 
Table 11. At each speed, two iterations were used. The sur
facing modulus showed some distinct speed effects; the base 
and subbase were weak, and the subgrade was relatively strong. 

IMPACT OF VARIOUS MODULI VALUES 

Analysis of the pavement response data indicates that the 
backcalculated layer moduli are affected by various factors, 
including 

1. Type of loading-FWD or truck, 
2. Measured pavement response-surface deflection, MDD, 

and strain gauges, and 
3. Analysis approach-single response or multiple responses. 



TABLE 7 Backcalculated Moduli for Thin Section Under Single-Drive Axle, on Basis of Strain 
Measurements 

Speed Load 
(mph) (k) 

so 20 

12 

8 

3S 20 

12 

8 

20 20 

12 

8 

d - Dynatest gauge 
k - Kyowa gauge 
c - core gauge 

Station 
(Strain 
gauge) 

30 (d) 
29 (k) 
12 (c) 

30 (d) 
29 (k) 
12 (c) 

30 (d) 
29 (k) 
12 (c) 

30 (d) 
29 (k) 
12 (c) 

30 (d) 
29 (k) 
12 (c) 

30 (d) 
29 (k) 
12 (c) 

30 (d) 
29 (k) 
12 (c) 

30 (d) 
29 (k) 
12 (c) 

30 (d) 
29 (k) 
12 (c) 

El E2 E3 E4 
(ksi) (ksi) (ksi) (ksi) 

7S8 10 s 10 
67S 10 s 10 

1170 10 s 18 

900 12 s 10 
896 10 s 10 

lSOO 44 s 3S 

900 lS s 10 
764 10 s 10 

lSOO 23 s 38 

Sll 10 s 10 
42S 10 s 10 
828 10 s 10 

700 10 s 10 
S68 10 s 10 

1368 10 8 60 

8SS 10 s 10 
703 10 s 10 

1339 10 6 60 

329 10 10 60 
298 10 8 60 
368 10 12 60 

329 14 40 60 
302 10 10 60 
420 20 40 60 

--- -- -- --
233 19 lS 10 
431 10 lS so 

TABLE 8 Backcalculated Moduli for Thick Section Under Single-Drive Axle, on Basis of MDD 
Measurements 

Speed Load El E2 E3 E4 
(mph) (k) (ksi) (ksi) (ksi) (ksi) 

so 20 363 10 24 so 

3S 20 340 10 23 so 

20 20 200 12 23 so 



TABLE 9 Backcalculated Moduli for Thin Section Under Single-Drive Axle, on Basis of MDD 
Measurements 

Speed Load El E2 
(mph) (k) ·(ksi) (ksi) 

so 20 200 12 
12 900 10 

8 900 2S 

3S 20 SSl 10 
12 900 12 

8 900 11 

20 20 201 11 
12 900 10 

8 900 13 

TABLE 10 Strain and ~eflection Data Used in Analysis 

MPH 

20 

3S 

so 

MDD DEPTHS (in.) 
3 

8.46 

7.SO 

6.98 

20 32 

3.36 1. S6 

2.81 1.34 

2.74 1. 37 

• · MDD 1 

STRAIN~ 

• MDD 2 

• MDD 3 

0 

lSS.4 

120.8 

79.9 

E3 
(ksi) 

9 
13 
2S 

9 
19 
18 

9 
11 
22 

STRAIN OFFSET (in.) 
6 12 

100.7 10.7 

99.6 38.7 

69.l 40.9 

Load 
Pressure 

ASPHALT 

BASE 

SUBBASE 

E4 
(ksi) 

47 
41 
so 

so 
41 
so 

44 
41 
so 

24 

-4S.4 

-41.S 

-23.S 

9,820 lbs 
12S psi 

10" 

10" 

12" 

SUBGRADE (to 240") 

FIGURE 2 Setup of MDD and strain gauge for moduli evaluation of pavement layers. 
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TABLE 11 Layer Moduli V aloes Backcalculated Using Deflection and Strain Data 

Speed MOD (mils) 
(q>h) Description Depths 

311 2011 3211 

Measured 8.46 3.36 1.56 
20 Calculated 8.46 3.36 1.56 

% Error 0.0 0.0 0.0 

Measured 7.50 2.81 1.34 
35 Calculated 7.31 2.74 1.34 

% Error 2.6 2.4 0.0 

Measured 6.98 2.74 1.37 
50 Calculated 6.79 2.69 1.36 

% Error 2.7 1. 7 0.6 

One fundamental way to evaluate the significance of the dif
ferences between the moduli values from the various analyses 
is to study their influence on the end product, i.e., equivalent 
single axle loads (ESALs). It is very common that the back
calculated moduli will be used in either of the following two 
analyses: 

1. To evaluate the capacity of the existing pavement section 
using the AASHTO design guide ( 10), or 

No. 
Max. Strain Moduli Cksi) Iteration 

Cmicrostrain) E1 E2 E3 E4 

155.4 291 9 19 44 2 
171.0 
-10.0 

120.8 414 8 21 48 2 
132.5 
-9.7 

79.9 751 5 14 36 2 
88.8 

-11.2 

2. To evaluate the capacity of the existing pavement section 
using a mechanistic-empirical approach (11). 

The end product of the two analyses is the number of ESALs 
that the pavement section can handle before the ultimate 
failure of the pavement. 

The AASHTO design guide procedure consists of evalu
ating the structural number (SN) of the e:Xisting pavement 
section and determining the ESALs for specific values of re-

TABLE 12 Impact of Various Backcalculated Moduli for Thin Sections 

Method of Standard AASHTO Critical Cracking 
Backcalculation Number ESAL's Strains ESAL's 

Analysis (SN) (millions) (Micro) (millions) 

1. FWD Load & Surf ace Deflection 4.S 2.4 168 3.2 

2. FWD Load & MDD Deflections 4.3 30.0 208 1.1 

3. Truck Load & Strain Gauge, 
SO mph 3.6 2.0 198 0.9 

4. Truck Load & Strain Gauge, 
3S mph 3.4 1. 7 277 O.S 

s. Truck Load & Strain Gauge, 
20 mph 3.3 31.0 32S 0.4 

6. Truck Load & MDD, so mph 4.4 so.o 139 2.4 

7. Truck Load & MDD, 3S mph s.o so.o 132 2.8 

8. Truck Load & MDD, 20 mph 4.3 so.o 141 2.2 

Mean 27.1 1. 7 
Standard Deviation 20.9 1.0 
Coefficient of Variation (%) 77 S9 
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liability-, standard deviation, loss of pounds per square inch, 
and subgrade moduli. In this analysis, the following values 
were used: 

• Reliability, 95 percent; 
•Standard deviation, 0.35; and 
•Loss of pounds per square inch, l.5. 

On the basis of the thickness of the pavement section and the 
backcalculated moduli, the SN value was evaluated for each 
combination of pavement type (i.e., thin or thick) and for 
each method of backcalculation analysis. When using the 
AASHTO nomograph, a maximum value for the effective 
roadbed soil resilient modulus of 40,000 lb/in. 2 and a maxi
mum value of 50 million ESALs were used. 

The second analysis consisted of evaluating the capacity of 
the existing pavement section using a mechanistic-empirical 
approach. The following fatigue performance equation, de
veloped by Finn et al., was selected for this analysis (11): 
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logN1 = 15.947 - 3.291 iog(
1
;_.) - 0.854 log(1~) 

where 

N1 = number of load applications required to cause 10 per
cent Class 2 cracking of wheel tracks; 

e = tensile strain at bottom of asphalt concrete layer; and 
E = resilient modulus of asphalt concrete layer. 

The tensile strains at the bottom of the asphalt concrete 
layer were evaluated from the multilayer elastic solution, and 
the resilient modulus value was obtained from the back
calculated moduli. 

The data shown in Tables 12 and 13 indicate that there are 
significant differences among the predicted ESALs from var
ious methods of backcalculation analyses. Figures 3 and 4 
show the distribution of AASHTO and cracking ESALs for 
the thin and thick sections, respectively. 

TABLE 13 Impact of Various Backcalculated Moduli for Thick Sections 

Method of Standard AASHTO Critical Cracking 
Backcalculation Number ESAL's Strains ESAL's 

Analysis (SN) (millions) (Micro) (millions) 

1. FWD Load & Surface Deflection 6.1 so 72 S7.l 

2. FWD Load & MOD Deflections 8.0 so 93 17.6 

3. Truck Load & Strain Gauge, 
SO mph 5.7 so 101 10.3 

4. Truck Load & Strain Gauge, 
3S mph 4.7 so 146 4.S 

s. Truck Load & Strain Gauge, 
20 mph S.l so 166 3.8 

6. Truck Load & MOD, so mph 6.1 so 127 6.9 

7. Truck Load & MOD, 3S mph S.9 so 134 6.1 

8. Truck Load & MOD, 20 mph S.l so 188 3.2 

9. Truck Load, MOD, & Strain 
Gauge, SO mph 6.5 so 82 lS.6 

10. Truck Load, MOD, & Strain 
Gauge, 3S mph 6.4 so 120 7.4 

ll. Truck Load, MOD, & Strain 
Gauge, 20 mph 5.5 so lSS 4.3 

Mean so 12.4 
Standard Deviation 0 14.8 
Coefficient of Variation (%) 0 119 

Excluding the FWD Load & Surf ace Deflection Analysis 

Mean 8.0 
Standard Deviation 4.8 
Coefficient of Variation 60 
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FIGURE 3 Distribution of predicted ESALs from various analyses, thin 
section (see Table 12 for method). 
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FIGURE 4 Distribution of predicted ESALs from various analyses, thick section 
(see Table 13 for method). 

CONCLUSIONS AND RECOMMENDATIONS 

On the basis of an appraisal of the backcalculated moduli 
from the various analyses, the following conclusions and rec
ommendations can be made. 

• The backcalculated moduli of all the pavement layers are 
significantly affected by the mode of loading (i.e., FWD or 
truck). The modulus of the asphalt concrete layer was reduced 
by 50 percent as a function of reducing the speed from 50 to 

20 mph. The effect of truck speed on the granular and subgrade 
layers was insignificant. 

•The effect of the magnitude of the axle load on the back
calculated moduli of all the pavement layers was insignificant. 
This observation indicates that for the data collected in this 
experiment and the methods of analyses used, the effect of 
the material's nonlinearity is very small. 

• The combined analysis of strain and MDD data show that 
the speed has a significant effect on the modulus of the asphalt 
concrete lc:tyer. The back calculated moduli from these com-
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bined analyses have high merit because they satisfy two inde
pendently measured pavement response parameters (strains 
and depth deflections). 

• The effect of the various backcalculation analysis on the 
predicted ESALs was very significant. The coefficients o~ var
iations of the predicted ESALs were 77, 59, and 119 percent 
for the AASHTO and cracking ESALs of the thin and thick 
sections, respectively. The coefficient of variation of the cracking 
ESALs on the thick section was dramatically improved by the 
removal of FWD load and surface deflection analysis. 

• The FWD load and surface deflection backcalculation 
analysis has shown the closest agreement between the AASHTO 
ESALs and the cracking ESALs. However, the set of moduli 
generated from this analysis did not satisfy the independently 
measured depth deflections (Table 4). 

On the basis of the findings of the research presented in this 
paper, it is almost impossible to produce one set of layer 
moduli that satisfies all of the pavement response parameters. 
The combined analysis of MDD deflections and strain gauge 
measurements represents a major step forward toward the 
appropriate solution. However, it does not represent the com
plete solution because it did not satisfy the FWD load and 
surface deflection case. In the meantime, it seems appropriate 
to use the FWD load and surface deflection analysis while 
the research for the perfect solution continues because it is 
the only analysis that provided a close agreement between 
the AASHTO and the cracking ESALs. 
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Modeling Material Nonlinearity in a 
Pavement Backcalculation Procedure 

J. M. BRUNTON AND J. R. DE ALMEIDA 

The development of improved procedures for the computation 
of effective stiffnesses of pavement layers from deflection bowls 
measured using the falling weight deflectometer (FWD) with par
ticular emphasis given to the behavior of granular materials and 
subgrades is described. So far, the interpretation of FWD data 
at the University of Nottingham has been carried out using the 
computer program PADAL. In this program the pavement is 
represented by a series of linear elastic layers. The nonlinear 
properties of the subgrade are incorporated by dividing the subgrade 
into a series of sublayers, each having a different stiffness based 
on a stress-dependent elastic model derived from the results of 
laboratory repeated load triaxial tests. PADAL 2, an updated 
version of P ADAL in which the nonlinearity of the subgrade is 
approximately modeled in the horizontal direction, has been de
veloped. This modification allows for a more realistic description 
of the variability of elastic stiffnesses throughout the pavement. 
A comparison is made between two models incorporated in the 
back-analysis program to simulate the resilient behavior of fine
grained soils. FENLAP, a new finite element code for the struc
tural analysis of pavements has been developed. The program 
includes a number of different nonlinear constitutive relation
ships. The finite element analysis may serve for calibrating the 
simpler layered elastic analysis approach. A pavement section 
is analyzed using the two computer programs, PADAL 2 and 
FENLAP. 

The computer program PADAL was developed at Nottingham 
in 1985 (J) for the backcalculation of elastic stiffnesses of the 
pavement layers from deflection bowls measured using the 
falling weight deflectometer (FWD). Since then it has been 
extensively used to evaluate the condition of existing pave
ments in situ. Meanwhile, research has continued to develop 
and improve analytical methods for interpreting the results 
of FWD surveys on road pavements with thick granular layers. 
To pursue these objectives, two numerical techniques have 
been considered for the analysis of pavement structures, 
multilayered elastic systems, and finite elements. 

In PAD AL the pavement is represented by a series of linear 
elastic layers. The nonlinear properties of the subgrade are 
incorporated by dividing the subgrade into a series of sub
layers, each having a different stiffness based on a stress
dependent elastic model derived from the results of laboratory 
repeated load triaxial tests. Extensive use of PADAL over 
the last 7 years to evaluate in situ pavements has shown this 
backcalculation technique to be generally satisfactory; however, 
experience has shown that it has some limitations, especially 
for pavements with thick granular bases. Recent development 
has continued to enhance the back-analysis procedure; in par-

Department of Civil Engineering, University of Nottingham, Uni
versity Park, Nottingham, England NG7 2RD. 

ticular, consideration has been given to a new constitutive 
relationship for the subgrade, a nonlinear elastic model for 
granular materials, and a scheme for taking into account the 
stress dependency of stiffnesses in the horizontal direction. 

With reference to the finite element method, a new computer 
program for the nonlinear analysis of pavements (FENLAP) 
has been developed. A pavement section backcalculated 
through PADAL is recomputed in FENLAP using the elastic 
stiffnesses obtained in PADAL. The results are used to com
pare the two programs. 

DEVELOPMENTS ON COMPUTER PROGRAM 
PADAL 

Nonlinear Elastic Subgrade Models 

For the structural analysis of pavements, accurate modeling 
of the behavior of the subgrade is important because the 
subgrade has a major influence on the pavement performance, 
particularly when considering deflections under wheel load
ing. For a realistic description of the subgrade condition, it 
is desirable to adopt nonlinear stress-strain relationships. 

The computer program PADAL, which performs the back
calculation of stiffnesses of the individual pavement layers on 
the basis of FWD data, uses Brown's nonlinear elastic model 
for the subgrade, developed from laboratory testing (2). 

(1) 

where 

Er = resilient modulus; 
p~ = effective mean normal stress caused by overburden; 

qr = deviatoric stress caused by wheel loading; 
A = material constant, typically in the range of 20 to 200 

MPa; and 
B = material constant, typically in the range of 0 to 0.5. 

Subsequent laboratory testing of fine-grained soils has re
sulted in the development of a new model at Nottingham by 
Loach in a paper by Brown et al. (3), expressed by 

(2) 

where C is a material constant, typically in the range of 10 
to 100, and Dis a material constant, typically in the range of 
1to2. 
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This relationship should constitute an improvement to 
Equation 1, because it was formulated after a comprehensive 
set of cyclic triaxial tests on samples more representative of 
soil in the ground. Therefore, Loach's model was incorpo
rated in P ADAL. All the essential characteristics of the repre
sentation of the subgrade in PADAL have been r.etained as 
for the model of Brown et al. (1). Hence, the subgrade is 
divided into five sublayers, and stresses at the middepth of 
each sublayer are considered for the calculation of stiffnesses 
and successive adjustments of the material constants, de
pending on the matching between measured and computed 
deflections at two outer points of the FWD deflection bowl. 
Figure 1 shows a typical deflection bowl and corresponding 
structure with the subgrade subdivision layers. 

The only modification in the new algorithm is the imple
mentation of a different procedure for adjusting stiffness be
tween successive iterations. Using Brown's model, the stiff
ness of the upper layers and the elastic parameters of the 
subgrade were adopted in each iteration as follows (J): 

de. ( )' Eni = Eoi ~ 

A =A (de} 
n 0 dm1 

B = B ( dcm r 
n o dmm 

where 

(3) 

(4) 

(5) 

Eni• E0 ; = new and old computed 
stiffnesses for layer i, 

An, A 0 , Bn, B0 = new and old values of 
subgrade parameters A and 
B, 

dci, dmi, dc1, dm1, dcm 1 dmm = computed and measured 
deflections at sensors j, l, 
m, and 

k = integer exponent that ini
tially is equal to 1 but may 
vary as iterations proceed. 

Because of the greater difficulty in achieving convergence 
for Loach's model, it was found necessary to adopt different 

Radial distance (m) 

0.3 0.6 0.9 1.2 

800 

Surface deflections 
(microns) 

TRANSPORTATION RESEARCH RECORD 1377 

values for the power index k. The exponent adopted used for 
the subgrade is half the value previously adopted (k/2 in Equa
tions 4 and 5). Hence, the variation of the subgrade stiffness 
throughout the iterations is much smoother than before, mak
ing this approach more stable. However, the reduced power 
index for the subgrade implies that the convergence rate will 
be slower. To overcome this, the exponent of the upper layers 
is increased from k to 2k in Equation 3. Even so, the rate of 
convergence is usually slower for Loach's model than for 
Brown's model. 

Comparison of Nonlinear Subgrade Models 

The same pavement was back-analyzed with both Brown's 
and Loach's models. Details of the structure analyzed are 
presented in Figure 2. Brown's model took 31 iterations to 
perform the back-analysis, whereas with Loach's model con
vergence was reached after only 78 iterations. Additionally, 
the input parameters C and D used in this example were not 
very different from the values eventually determined; other
wise the number of iterations required by Loach's model would 
have been greater. 

The output is summarized in Table 1. The results obtained 
using each of the models are very similar, for both deflections 
and stiffnesses. These results confirm that PADAL tends to 
unique solutions even when different constitutive relation
ships are compared. However, in Loach's model the exponent 
D of Equation 2 is slightly lower than 1. That is, according 
to the relationship, the subgrade shows a stress hardening 
behavior because its stiffness increases with increasing devia
toric stress. This was not expected, since fine-grained soils 
have always been regarded as stress softening materials. 

The experimental data that led to Loach's model were based 
on tests at high (qlp~) ratios compared with those that occur 
at depth in the subgrade. In fact, for stress pulse durations 
of ls and O. ls (representative of the stress pulses induced in 
the subgrade by the FWD), Loach used 0.2 for the minimum 
value of (qlp~). However, when using PADAL, this ratio for 
the lower part of the subgrade was found to be substantially 
smaller (0.008 in the preceding example). Therefore, the stress 
conditions that exist in the deep subgrade were not repro
duced, so it is possible that the model is not appropriate for 
these situations. 

contact = 1023kPa 

/

pressure I radius = 150nnn 

3200 MPa 200mm 
100 MPU 200mm 

80 MPa (J()()mm 

1~5~~ lm 

128MPal lm 

2m 

FIGURE 1 Typical deflection bowl (left) and corresponding structure (right). 
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t 
I geophone deflections and spacings 

When an unstressed state is approached, Loach's model 
tends to predict infinite stiffnesses. However, most soils ex
hibit a finite maximum stiffness even when tested at low de
viatoric stress. This seems to point out the inadequacy of 
Loach's model for low values of (qlp~), which may explain 
the odd values obtained for the constant D ( < 1). 

I A _________ _ 
,..,-- ---.. 

174 131 92 62 43 29 22 

'~<Xr I ~<Xr I ~<Xr I ~cxr I ~cxr I ~~ I 
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Nonlinearity of Subgrade in Radial Direction 

The original version of PAD AL, despite incorporating a non
linear elastic relationship for the subgrade, is unable to model 
nonlinearity in the horizontal direction. This shortcoming is 
common to all packages that are based on layered elastic 
analysis, because it is assumed that each layer or sublayer has 
a unique stiffness. Thus, although the stresses vary with ra
dius, the stress dependency of the materials in the radial di
rection cannot be reproduced. 

For a generic point in the subgrade at depth z and radius 
r, PADAL assigns a stiffness E(z,r) that is based on the stresses 
calculated at a point located underneath the load center (r = 0) 
and at the middepth Z of the sublayer considered, that is, 

E(z,r) = A(p~)B 
qr (Z,O) 

(6) 

FIGURE 2 FWD data for full-scale pavement. 

An approximate procedure has been devised to overcome this 
restriction, that is, to make the subgrade stiffness variable 
with radius. Clearly, this procedure can be accurately achieved 

TABLE 1 Comparison of Models in PADAL and PADAL 2 

PADAL PADAL~ 

Brown's Model i:Oadi's Model Brown's Model r::oadi's M'.Odel 

No. Iterations 31 78 36 39 

d2Error (%) -2.65 -2.78 -3.16 -2.62 

d3 Error(%) -2.48 -2.60 . -2.69 -2.52 

ci(; Error(%) 4.62 4.65 4.49 4.68 

Eas (MPa) 5041 5009 4814 5068 

Esb (MPa) 245 251 337 229 

Esg-11 (MPa) 174 170 148 (220) 180 (162) 

Esa-12 (MPa) 232 232 199 (249) 243 (229) 

Es~-13 (MPa) 301 303 260 (295) 316 (306) 

Ess-14 (MPa) 399 403 345 (372) 418 (411) 

Esg-15 (MPa) 582 587 507 (524) 603 (600) 

Notes: d1, ... ,d7 =deflections at the geophone locations. 

Eas, Esb, Esg = stiffnesses of asphalt, sub-base and subgrade layers (subgrade with 5 

sub-layers). 

Deflections dl, d4, d5 and d7 were adopted for the matching of computed and 

measured deflection bowls, hence their errors are negligible. 

The "-" sign means that the computed deflection is lower than the measured one. 

The subgrade stiffnesses out of "( )" refer to locations beneath the load whereas the 

values within "( )" refer to a distance of 1.80 m away from the load axis. 
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only through finite element techniques, so simplifications have 
had to be adopted for the layered analysis. Essentially, this 
new approach computes the surface deflection at a certain 
radial position using a set of stiffnesses for the subgrade cor
responding to the stresses in the subgrade at the same radial 
position. Thus, adopting Brown's relationship, the surface 
deflection at a distance R from the load center is calculated 
on the assumption that each sublayer of the subgrade has a 
stiffness given by 

E(z,r) = A(p~)B 
qr (Z,R) 

(7) 

This procedure is not entirely correct because a unique stiff
ness is still assumed for each layer in each deflection com
putation. Nevertheless, the adoption of stiffnesses taken from 
the stress state of points directly beneath the location where 
surface deflection (d) is to be computed can be justified by 
the following expression: 

J
o 1 

d = _
00 

E [crz - v(crr + cr0)] dz (8) 

where 

E,v = Young's modulus and Poisson's ratio, respec
tively, 

crz, err, cr0 = vertical, radial, and tangential stresses, respec
tively, and 

z = depth. 

From Equation 8 it can .be concluded that the deflection 
depends mainly on the stiffnesses that exist below the point 
considered, for the integration variable is z (r is kept con
stant). However; because the stresses are calculated using 
constant moduli in the radial direction, there will be an error 
because the evaluation of stresses does not take into accowit · 
the variation of stiffness with radius. This limitation is inev
itable in layered analysis, in which a unique stiffness must be 
assigned for each layer to proceed with the computation. In 
spite of that, the new approach seems to be much more ap
propriate than the earlier one. 

The subgrade stiffnesses used for adjusting each deflection 
are then different and the analysis is carried out at each stage 
using a set of subgrade moduli corresponding to the radial 
position being considered. The stresses required for the cal
culation of the subgrade stiffnesses are computed every 10th 
iteration only, because they do not vary significantly between 
iterations. A summary of the procedure adopted is as follows: 

1. Assume initial stiffnesses of individual layers and subgrade 
constants. 

2. Calculate stresses in the subgrade (for first iteration and 
subsequent 10th iterations only). 

3. Calculate deflections at each radial position (using sub grade 
stiffnesses at corresponding radii for all but first iteration). 

4. Compare calculated and measured deflections at each 
radius. 

5. Adjust subgrade constants on the basis of deflection com
parison. 

6. Having calculated stresses and elastic constants of the 
subgrade, determine subgrade stiffnesses at selected radial 
positions. 
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7. Adjust stiffnesses of upper layers on the basis of deflec
tion match. 

8. Repeat Steps 2 through 7 until convergence is achieved. 

When convergence has been reached, it is possible to repro
duce the spatial variation of the subgrade stiffness, both ver
tically and horizontally, according to Equation 7. 

The iteration process involves only calculation of the stresses 
at the radial positions where the deflections have been se
lected for matching purposes. For other locations, the eval
uation of subgrade stiffnesses must be preceded by the cal
culation of the stresses at those locations. By linear interpolation 
of the stiffnesses already determined at the selected points, 
estimates of the subgrade stiffness at any radial location can 
be obtained. These may then be used to calculate the stresses 
at the same radial position and consequently the actual stiff
nesses from Equation 7. The use of linear interpolation is 
acceptable as variations in stiffness do not significantly affect 
the values of stress. 

The consideration of stresses outside the symmetry axis also 
implies that the three-dimensional equivalent of the mean 
normal stress, p, and deviatoric stress, q, should be used. For 
the axisymmetric system adopted in PADAL, these stresses 
take the following form: 

(9) 

(10) 

where crz, crn cr0 are vertical, radial, and tangential stress, 
respectively, and T zr is the shear stress in the zr plane. 

·To obtain convergence when using both Brown's and Loach's 
models, the subgrade constants (A and B or C and D) were 
adjusted as shown in Equations 4 and 5, but restricting the 
value of the power k to 1. For the upper layers, the stiffnesses 
were adjusted using the same method as in the original PADAL 
program (Equation 3 with· k varying in accordance with the 
pattern of convergence) (J). With this approach convergence 
was achieved and no special modifications were required for 
Loach's model. 

Comparison of PADAL and PADAL 2 

The modifications described earlier were incorporated in a 
new version of P ADAL named PAD AL 2. This new program 
has been tested for the same typical example analyzed earlier, 
using both Brown's and Loach's models. The results are also 
presented in Table 1. The computed deflections match quite 
well against the measured ones (as shown by the low relative 
errors), and their values were practically equal to the deflec
tions obtained when constant stiffnesses with radius were as
sumed. The introduction of a radial variation in stiffness has 
little effect on the overall magnitude of stiffnesses. 

Once again, the value obtained for the exponent D of Loach's 
relation~hip in this example is < 1. This implies that the subgrad~ 
stiffnesses decrease with increasing radial distance from the 
load, contrary to what was expected. 
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Nonlinear Model for Granular Layers 

P ADAL is unable to adequately represent the behavior of 
granular subbases, for it adopts a linear elastic relationship 
for these materials. To overcome this limitation and provide 
a more useful package for the back-analysis of pavements for 
which granular layers are structurally relevant, improved con
stitutive relationships are necessary. After examining several 
possibilities, the K-0 model ( 4) was chosen to describe the 
nonlinear response of unbound granular layers. In this model, 
the resilient modulus Er is given by 

(11) 

where 

0 sum of peak values of principal stresses (first stress 
invariant); 

k1 = material constant, typically in the range of 100 to 
1,000; and 

k2 = material constant, typically in the range of 0 to 0.8 
(these values of ki and k2 apply for stiffnesses and 
stresses in MP a). 

This model has been widely used in structural analysis of 
pavements because its simplicity makes it very attractive for 
numerical applications. However, the K-0 model is often in
accurate when compared with more complex resilient models. 
The simple fact of ignoring the influence of the deviatoric 
stress on the state of deformation of the material shows its 
limitations. An assessment of this model led to the conclusion 
that its performance was generally unsatisfactory (5). 

Despite these limitations, the K-0 model is perhaps the most 
suitable nonlinear elastic relationship for granular materials 
that can be implemented successfully in PADAL, for the 
following reasons: 

1. Only two parameters, k1 and k2 , are considered in the 
definition of the material behavior, whereas other models 
generally involve a greater number of constants. This property 
is very important in PADAL, since the number of deflections 
that must be calculated in each iteration should equal the 
number of material constants to be determined. Thus, an 
excessive number of material constants will increase the amount 
of computation and make it more difficult to converge toward 
a unique solution. 

2. The K-0 model assumes a constant Poisson's ratio for 
the granular layer. Although this assumption is usually re
garded as a drawback, this simplification is beneficial to the 
back-analysis procedure. In fact, the limited number of elastic 
parameters that can be backcalculated in P ADAL implies that 
only the most important ones, that is, the elastic stiffnesses, 
can be taken as unknowns. Therefore, a model with stress
dependent Poisson's ratio is inappropriate to be implemented 
in PADAL. 

3. It was shown· that, although it is inadequate when pre
dicting stresses and strains in granular layers, the K-0 model 
gives reasonable results in terms of vertical displacements (5). 
For the back-analysis of a pavement, the requirements of 
accuracy essentially concern the surface deflection (because 
the evaluation of the elastic stiffnesses is made on the basis 
of these deflections). 
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At the current stage of the research, the method for incor
porating the stress-dependent constitutive relationship in 
P ADAL 2 consists of steps similar to those adopted for the 
subgrade modeling, that is, 

1. Division of the granular layer into sublayers, each one 
having a stiffness consistent with its stress level according to 
Equation 11. 

2. Successive adjustments of the values of parameters k1 

and k2 of· Equation 11, by matching the measured and the 
calculated FWD deflections at two preselected radial loca
tions. 

3. Consideration of the nonlinearity of the granular ma
terial in the horizontal direction, by using an approximate 
approach analogous to the one followed for the subgrade. 

Taking into account the range of thicknesses of granular layers 
that can be found in real pavement structures, it is thought 
that two sublayers should be sufficient to model the behavior 
of these materials. Finer subdivision would not result in any 
significant benefits but would increase the computational pro
cedure. 

FENLAP-NEW FINITE ELEMENT CODE FOR 
PAVEMENT ANALYSIS 

General Description 

To overcome some of the drawbacks inherent to layered anal
ysis, the mainframe computer program FENLAP (Finite Ele
ment Nonlinear Analysis of Pavements) was developed. The 
program performs a finite element calculation of an axisym
metric solid and is designed for the structural analysis of pave::
ments. A version for use on microcomputers has also been 
implemented. 

The domain is modeled using eight-node rectangular ele
ments, with the loading applied as concentrated forces at the 
nodes. All nodes along the bottom of the mesh are fixed. All 
nodes on both sides of the mesh are assumed to be on rollers, 
allowing vertical displacements but preventing radial displace
ments (see Figure 3). 

FENLAP has been devised to allow for easy incorporation 
of various stress-strain models. Several material models have 
been adopted, including linear elastic, Brown's (2) and Loach's 
(3) nonlinear models for fine-grained soils, and the K-0 model 
for granular materials ( 4). 

Analysis Procedure 

In FENLAP the initial stress conditions are obtained directly 
from the specific weights of the materials, the level of the 
water table, the estimated suction values, and the residual 
lateral stresses. Having determined the initial stresses, the 
program calculates the starting values of Young's modulus 
and Poisson's ratio for each nonlinear element that is based 
on the mean normal effective stress, the deviatoric stress, and 
the stress-strain relationships adopted. Then, the vehicle loads 
are applied and the corresponding stresses computed. Using 
the sum of the initial and load-induced stresses, a new set of 
elastic parameters is obtained. 
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FIGURE 3 Finite element mesh and 
boundary conditions in FENLAP. 
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The program continues to iterate until sequential resilient 
modulus calculations for all nonlinear elements agree within 
a specified tolerance. Once a stable solution is reached, nodal 
displacements, strains, and stresses can be printed out. 

Knowing the transient stresses and strains, it is possible to 
obtain equivalent values of elastic stiffness and Poisson's ratio 
associated with the passing of the wheel load alone. These 
elastic parameters are referred to as "chord" moduli, for they 
are obtained from the difference between loaded and un
loaded conditions. Chord moduli are particularly useful, for 
they provide an estimation of the resilient response of the 
layers (5 ,6) and can be compared directly with the nonlinear 
elastic stiffnesses determined in the program PADAL. 

COMPARISON BETWEEN PROGRAMS PADAL 2 
AND FENLAP 

Numerical Example 

To test the approach introduced in PADAL 2 for modeling 
the radial variation of stiffness as well as to further validate 
FENLAP, both programs were used to analyze the same pave
ment. PADAL 2 is a back-analysis program that returns the 
values of stiffnesses corresponding to the surface deflections 
recorded by the FWD, whereas FENLAP is a forward analysis 
program that evaluates displacements, strains, and stresses in 
a pavement with given elastic constants. Hence, a comparison 
between the two programs cannot be made directly; it must 
be carried out by running program FENLAP on a pavement 
with a set of elastic parameters obtained through P ADAL 2 
for the same pavement and then comparing the surface de
flections and the subgrade stiffnesses obtained with both 
methods. 

Data obtained from the same full-scale pavement as was 
used previously was chosen for this comparison. Both Brown's 
and Loach's models were considered in the finite element 
analysis. The respective elastic constants of the subgrade de
termined in PADAL 2 were taken as input parameters in 
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FENLAP. Linear elastic behavior was assumed for the upper 
layers, their elastic stiffnesses being taken from the P ADAL 
output. 

The results obtained using both programs showed a poor 
match between PADAL 2 and FENLAP solutions. Because 
the pavement analyzed in FENLAP assumed a rigid boundary 
at a depth of 10 m, it was decided to rerun PADAL 2 with 
a rigid layer at that depth. The new elastic parameters were 
then input to FENLAP and the program was rerun. The cal
culated deflections at the geophone locations and subgrade 
stiffnesses are presented in Table 2 . 

This second match resulted in an improved comparison 
between the two programs. However, some differences were 
still found in both stiffnesses and deflections. The following 
reasons may explain the differences: 

1. The finite element method is, by nature, an approximate 
technique, in which factors such as the mesh size and the 
convergence criteria influence the results. 

2. The approach followed in PADAL 2 to model the stress 
dependency of stiffnesses in the radial direction is based on 
a simplification, as described above. Therefore, the procedure 
is approximate. 

3. Although the finite element lower boundary can be sim
ulated in PADAL 2 by assigning a rigid layer at the corre
sponding depth, P ADAL 2 is unable to reproduce the trun
cation of the domain at a certain radial distance, as it is required 
by the finite element method. 

Nevertheless, the trends of the solutions obtained with both 
programs are not very different. Hence, despite the limita
tions point out, the approximate nonlinear modeling proce
dure adopted in PADAL 2 for the subgrade has been shown 
to satisfactorily match the output from the more accurate 
FENLAP analysis. 

Finite Elements in Pavement Backcalculation 

Because the finite element method has advantages over the 
layered analysis in modeling the nonlinear behavior of ma
terials, it could potentially provide a framework for a back
calculation procedure. However, finite element techniques 
use much more computing time than programs that are based 
on layered analysis. For instance, in the mainframe computer 
of University of Nottingham, a FENLAP iteration on a typical 
pavement system can last more than 30 sec (if a mesh is used 
that is sufficiently fine to guarantee accuracy), whereas a 
PADAL iteration of the same system takes only about 3 sec. 
Considering the backcalculation is a trial-and-error process 
that implies many runs, the difference in computing time be-

-tween the two approaches would be substantial. 
Finite element calculations require a rigid boundary placed 

at some finite distance below the surface. Although various 
procedures have been proposed to estimate the depth of a 
rigid layer (7,8), none appears to apply satisfactorily to a wide 
spectrum of pavements. Hence, unless some geological in
formation enables the approximate location of the bedrock 
to be known, a subgrade with infinite depth is usually as
sumed. The assignment of an arbitrary depth for the rigid 
bottom then can be a potential source of inaccuracy in a finite 
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TABLE 2 Comparison Between PADAL 2 and FENLAP for Full-Scale Pavement 

FWD PADAL~ FENLAP 
Data Brown's MOdel Loach' s mOdel Brown's MOdel LOach's MOdel 

d1 (µm) 174.0 174.0 174.0 168.5 180.1 

d1 (µm) 131.0 127.3 128.1 122.2 133.6 

d3 (µm) 92.0 89.6 89.9 85.7 94.0 

<4 (µm) 62.0 62.0 62.0 59.5 64.4 

ds (µm) 43.0 43.0 43.0 41.8 44.1 

ci6(µm) 29.0 30.3 30.4 30.4 30.6 

d1 (µm) 22.0 22.0 22.0 23.2 22.0 

Esg-11 (MPa) 179 (219) 228 (163) 183 (220) . 228 (162) 

Esg-12 (MPa) 209 (233) 264 (220) 221 (241) 267 (216) 

Esg-13 (MPa) 239 (254) 297 (269) 258 (276) 295 (254) 

Esg-14 (MPa) 275 (285) 338 (322) 302 (307) 332 (304) 

Esg-15 (MPa) 331 (337) 402 (393) 329 (326) 438 (431) 

Notes: PADAL 2 backcalculates elastic stiffnesses from measured values whereas FENLAP 

determines the deflections from the stiffnesses obtained using PADAL 2. 

The subgrade stiffnesses without"()" refer to locations beneath the load whereas the 

values within"()" refer to a distance of 1.80 m away from the load axis. 

element backcalculation scheme, because two different po
sitions of the lower boundary will necessarily lead to different 
solutions. The shortcoming of finite element programs being 
limited to solve finite domain problems in both vertical and 
horizontal directions can be overcome by the use of infinite 
elements. However, it is doubtful whether the supplementary 
effort required to consider them would be worthwhile. 

In summary, at this stage of the investigation no conclusions 
can yet be made about the usefulness of a finite element 
backcalculation method, although the amount of computing 
time associated would probably rule out its implementation 
for practical purposes. However, it is certain that finite ele
ments can provide valuable information to assist with a back
analysis procedure, particularly in connection with the fol
lowing points: 

1. To assess the significance of considering nonlinear models 
for a range of various pavements. 

2. To compare the performance of several constitutive re
lationships tested. 

3. To determine average resilient moduli that may describe 
the global response of the pavement layers in an accurate 
way. 

CONCLUSIONS 

The investigations carried out to date essentially have been 
concerned with developing and improving computational 
techniques for the nonlinear structural analysis and evaluation 
of pavements, paying particular attention to the modeling of 
the stress-dependent constitutive relationships of the foun-

1 dation layers. The examples given in the paper have been 
selected as representative of a number of structures investi-

gated. Further validation studies are ongoing, with particular 
consideration being given to the use of various load levels to 
determine material nonlinearity. 

Loach's relationship for fine-grained soils was incorporated 
into program PADAL. The results obtained with this model 
and with Brown's (previously adopted) were similar. How
ever, when applying Loach's relationship to P ADAL, the well
known stress softening behavior of clays was not reproduced. 

P ADAL 2, an updated version of PAD AL in which the 
nonlinearity of the subgrade is approximately modeled in the 
horizontal direction, was developed. This development allows 
for a more realistic description of the variability of elastic 
stiffnesses throughout the pavement. Loach's model was also 
tested on PADAL 2, but the inconsistency outlined above 
remained. In view of that, Brown's relationship is considered 
preferable for modeling the subgrade in PADAL. 

Attention was given to the nonlinear modeling of granular 
layers in P ADAL. Among the available models, the K-0 model 
seems the most adequate for this purpose. FENLAP, a new 
finite element code for the structural analysis of pavements, 
was implemented and validated. FENLAP includes a range 
of various nonlinear constitutive relationships and is a valu
able tool for pavement design and evaluation. 

The viability and utility of a finite element backcalculation 
procedure was discussed. Although more appropriate for non
linear problems, this approach would be much more time 
consuming than the current one, which is based on layered 
elastic analysis. 

ACKNOWLEDGMENTS 

The research described in this paper was made possible by 
the financial support of Commission of the European Com-



106 

munities, the U.K. Science and Engineering Research Coun
cil, and the U.K. Transport and Road Research Laboratory. 
The authors are also grateful for the assistance rendered by 
SWK Pavement Engineering Ltd., United Kingdom. 

REFERENCES 

1. S. F. Brown, W. S. Tam, and J. M. Brunton. Structural Evalu
ation and Overlay Design: Analysis and Implementation. Proc., 
6th International Conference on the Structural Design of Asphalt 
Pavements, Ann Arbor, Mich., 1987, pp. 1013-1028. 

2. S. F. Brown. The Characterisation of Cohesive Soils for Flexible 
Pavement Design. Proc., 7th European Conference on Soil Me
chanics and Foundation Eng., Vol. 2, 1979, pp. 15-22. 

3. S. F. Brown, S. C. Loach, and M. P. O'Reilly. Repeated Loading 
of Fine Grained Soils. Contractors Report CR 72. U.K. Transport 
and Road Research Laboratory, Crowthome, Berkshire, England, 
1987. 

TRANSPORTATION RESEARCH RECORD 1377 

4. R. G. Hicks and C. L. Monismith. Factors Influencing the Re
silient Response of Granular Materials. In Highway Research Rec
ord 345, TRB, National Research Council, Washington, D.C., 
1971, pp. 15-31. 

5. S. F. Brown and J. W. Pappin. Modeling of Granular Materials 
in Pavements. In Transportation Research Record 1022, TRB, Na
tional Research Council, Washington, D.C., 1985, pp. 45-51. 

6. G. T. H. Sweere, A. Penning, and E. Vos. Development of a 
Structural Design Procedure for Asphalt Pavements with Crushed 
Rubbled Base Courses. Proc., 6th International Conference on 
Structural Design of Asphalt Pavements, Vol. I, Ann Arbor, Mich., 
1987, pp. 34-49. 

7. W. Uddin, A.H. Meyer, and W.R. Hudson. Rigid Bottom Con
siderations for Nondestructive Evaluation of Pavements. In Trans
portation Research Record 1070, TRB, National Research Council, 
Washington, D.C., 1986, pp. 21-29. 

8. G. T. Rohde, W. Yang, and R. E. Smith. Inclusion of Depth to 
a Rigid Layer in Determining Pavement Layer Properties. Proc., 
3rd International Conference on Bearing Capacity of Roads and 
Airfields, Trondheim, Norway, 1990, pp. 475-486. 



TRANSPORTATION RESEARCH RECORD 1377 107 

Backcalculation of Design Parameters for 
Rigid Pavements 

J. UZAN, R. BRIGGS, AND T. SCULLION 

Current rigid pavement backcalculation procedures use only in
terior or center slab deflection bowls that are measured far from 
any crack or joint. Usually two parameters-the rigidity of the 
slab and the modulus of subgrade reaction-are evaluated. The 
backcalculated subgrade modulus is recommended for design sub
ject to a correction/calibration factor. However, since the mod
ulus of subgrade reaction depends on the size of the loaded area, 
various calibration factors may be required for various loading 
conditions at the time of the testing and for various assumptions 
in the design procedure concerning the loading condition, namely 
interior or edge loading conditions. Furthermore, when a stabi
lized layer is used beneath the concrete slab it is not clear what 
the backcalculated parameters represent. Does the .backcalcu
lated rigidity of the slab include the stabilized layer or is it in
cluded in the backcalculated subgrade modulus of reaction? The 
answers to these questions have an impact on the computation 
of stresses that are the basis of any rigid pavement design pro
cedure. A procedure for backcalculating the slab rigidity and the 
modulus of subgrade reaction for either the center slab or the 
free-edge loading condition is briefly described. The material 
parameters and the slab rigidity were backcalculated using the 
plate on Winkler foundation for interior and free-edge ·loading 
conditions. The center slab results are compared with those that 
are backcalculated using linear elastic layer models. The proposed 
method uses the MODULUS computer program framework in 
which a data base of theoretical deflection bowls is generated and 
used thereafter with a pattern search algorithm to find the set of 
parameters (the characteristic length e and the subgrade modulus 
of reaction k) that minimizes the error between measured and 
computed deflections. Results backcalculated from five Strategic 
Highway Research Program jointed concrete monitor sites are 
presented. The slab thicknesses range between 9.3 and 11.4 in., 
and the base layers are either granular, asphalt, or cement sta
bilized. Deflection tests were made at three load levels using a 
falling weight deflectometer. Results include (a) a comparison of 
C and k values backcalculated at the center slab and at the edge 
(it is clearly seen that the k-values derived from free-edge con
dition are two to four times larger than those obtained from center 
slab deflections) and (b) a comparison of results computed using 
both the Hogg model and the linear elastic layered model. It is 
clearly seen that the Hogg model produces subgrade moduli sim
ilar to those produced using the linear elastic model. Further
more, with the Hogg model the effect of the stabilized base layer 
is included in the C-parameter. 

The evaluation of the load-deformation characteristics from 
deflection-based nondestructive deflection testing (NDT) is, 
in essence, similar for flexible ·and rigid pavements (1). How
ever, because of the existence of joints, cracks, and free edges, 
the boundary conditions prevailing in rigid pavements are 

J. Uzan and T. Scullion, Texas Transportation Institute, Texas A&M 
University, College Station, Tex. 77843. R. C. Briggs, Texas De
partment of Transportation, 125 East 11th Street, Austin, Tex. 78701. 

more complex than those in flexible pavements. These con
ditions are best treated with finite element solutions of plates 
resting on one- or two-layer systems or on a Winkler foun
dation. When load transfer characteristics are included in the 
evaluation, the problem becomes too complicated for stan
dard backcalculation procedures. 

The approach is presented in Uzan (1) and some is repeated 
here for completeness. The backcalculation scheme makes 
use of simple solutions that assume that the cracks or joints 
are far from the load and do not affect the deflection bowl. 
These solutions are applicable for plain or simply reinforced 
concrete pavements in which cracks are widely separated, in 
contrast to continuously reinforced concrete pavements in 
which cracks are fairly close. In general, the distance between 
joints and cracks would be less than eight times the charac
teristic length of the system (in which case the size of the plate 
may be considered as infinite (2 ,3)], and the use of the simple 
solutions constitutes an approximation. The framework pre
sented in the paper is general and finite element programs 
instead of the simple solutions could be used for deflection 
computations. 

In this paper a backcalculation procedure is described to 
determine the appropriate layer properties from field deflec
tion measurements. The procedure involves two steps: in the 
first step, a factorial deflection data base is built using multiple 
runs of a theoretical model; in the second step, a pattern 
search and interpolation scheme are used to match field mea
sured and theoretical deflection bowls. The output is the set 
of layer properties that minimizes the error between measured 
and computed deflections. In this paper the authors compare 
the results from three different theoretical pavement models: 
(a) a multilayer linear elastic model; (b) Hogg model, and (c) 
Hertz-Westergaard model. Furthermore, calculations with 
deflections measured near a free edge can be compared with 
those made with deflections measured at the center of the 
slab. This analysis enables an examination of the significance 
of the k-subgrade modulus of reaction and the procedures of 
modeling rigid pavements with stabilized base layers. 

THEORETICAL MODELS FOR COMPUTING 
SLAB DEFLECTIONS 

Three types of models are used for evaluating the load
deformation characteristics of pavement materials. These are 
the multilayer linear elastic model, the Hogg model of a slab 
supported by an elastic foundation, and the Hertz-Westergaard 
model of a slab supported by a liquid foundation. These models 
all use linear load-deformation characteristics, implying con-
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stant moduli of elasticity, Poisson's ratios, and modulus of 
subgrade reaction. 

In the multilayer elastic system model, the pavement is 
represented by linear elastic layers that extend to infinity in 
the horizontal direction. This model, widely used in flexible 
pavement evaluation, corresponds to the· interior loading case 
in which both the load and the deflection sensors are far from 
any joint or crack. The boundary conditions at the interfaces 
from the layers can be varied from completely rough to smooth 
(4,5). In the case of a concrete pavement with unbound base 
material, the interface conditions have negligible effects on 
deformations and stresses. However, when the base layer is 
stabilized, the effects of interface conditions on stresses and 
deformations may be significant. 

The second model considered is the Hogg model (6,7). 
With this model the pavement is represented by an infinite 
slab resting on an elastic foundation. This model, like the 
linear elastic model, corresponds to the interior loading case 
only. The model is in essence a two-layer system with addi
tional assumptions concerning the first layer, which is repre
sented by a slab (8). In this model, the pavement parameters 
are the subgrade modulus of elasticity, Esv and the radius of 
relative stiffness of the slab subgrade system ee (which is a 
function of the elastic parameters of the concrete and of the 
sub grade and the slab thickness). 

The third model used is.the Hertz-Westergaard model (9,10). 
With this model the pavement is represented by an infinite 
or semiinfinite slab resting on a dense liquid foundation (also 
known as a Winkler foundation). In this model, two loading 
cases are considered: (a) the interior loading case (known as 
the Hertz model) in which the slab is infinite and the load 
and deflection sensors are far from any joint or crack; and 
(b) the free-edge case (known as the Westergaard model) in 
which the slab is semiinfinite and the load and deflection 
sensors are near a free joint and far from any additional joint 
or crack. The pavement parameters are the subgrade modulus 
of reaction, k, and the radius of relative stiffness of the slab
subgrade system ek (which is a function of the elastic param
eters of the concrete, the sub grade modulus of reaction and 
the slab thickness). 

Closed-form solutions for deflection bowls exist only for 
the case of a concentrated load (9 ,11). In the case of a uniform 
pressure distributed over a circular area, the solution of the 
concentrated load may be integrated numerically. In the in
terior loading case, a computer program given by Selvadurai 
(11) was used to compute. the deflections at the surface. In 
the free-edge loading case, Westergaard equations (12) were 
integrated over the loading area using the procedure pre
sented by Uzan and Sides (13). 

In the three-layer and Hogg models, a rigid base at any depth 
in the subgrade can be easily included. The Hertz-Westergaard 
model does not have this capability because the subgrade is 
represented by a spring or a liquid that is dimensionless. 

BACKCALCULA TION PROCEDURE 

The backcalculation of layer properties for rigid pavement 
follows the MODULUS backcalculation framework already 
developed for flexible pavements. It is described in detail 
elsewhere (14,15). For flexible pavements the outputs are the 
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set of layer moduli that minimize the error between measured 
and theoretically calculated deflection bowls. The existing 
system is a two-step process. In the first step, a linear elastic 
program is run for a range of layer moduli, and the resulting 
deflections are stored in a deflection data base. In the second 
step, a pattern search and interpolation scheme are used to 
minimize the error between measured and computed deflec
tion bowls. 

The multilayer system model described in this paper is es
sentially the same as the flexible pavement system. The dat~ 
base is built by varying the moduli of each pavement layer in 
tum and storing the computed deflections. 

In both the Hogg and the Hertz-Westergaard models, the 
data base is built by varying the subgrade modulus £ 58 (or the 
subgrade modulus of reaction k) and the radius of relative 
stiffness ee (or fk). In the analysis discussed for the Hogg 
model, 10 values of subgrade modulus (range 2,000 to 75,000 
lb/in. 2) and 10 values of ee (range, 10 to 210 in.) were com
puted. This resulted in 100 theoretical deflection bowls being 
generated and stored. For Hertz-Westergaard, a 10 x 10 
factorial was again stored with ranges of k for 25 to 1,500 lb/ 
in. 3 and ek from 10 to 140 in. These ranges are intended to 
represent the limits of possible values. 

The program can handle any sensor arrangement. In all 
cases deflections are computed at the sensor locations used 
in the field measurements. For the SHRP testing program 
this is at 0, 8, 12, 18, 24, 36, and 60 in. from the center of 
the load. Only one data base of computed surface deflections 
is required for each sensor arrangement, and the first step of 
the procedure need not be repeated if the data base is already 
available. The procedure used in this paper can handle any 
number of sensors or any sensor arrangement. Moreover, the 
Hogg model includes both the infinite and finite subgrade 
thickness cases. The procedure presented is unique in that 
both center and free-edge deflection bowls can be analyzed 
to backcalculate the modulus of subgrade reaction and the 
modulus of elasticity of the concrete. 

The results of the numerical integration have been checked 
against other analysis methods, such as the FE results pre
sented in the appendix, and have been found to be compa
rable. A direct comparison of the results of backcalculation 
obtained with the procedure described in the paper (named 
JUSLAB) and with the ILLI-BACK computer program fol
lows. Table 1 presents results of backcalculation for eight rigid 
pavement sections at three different load levels. The proce
dures and objective functions of the backcalculation are usu
ally different in JUSLAB and ILLI-BACK programs. For the 
sake of comparison, the procedure and objective function in 
JUSLAB were changed to resemble those in ILLI-BACK. In 
ILLI-BACK, the computation procedure is (a) to obtain the 
characteristic length from the basin area; (b) to compute a 
k-value for each sensor; and (c) to compute a mean value. It 
appeared that in several cases analyzed the computed k-value 
from the last sensor deflection was much lower than the other 
k-values obtained from the other six sensors. The procedure 
of taking the mean is then similar to dropping the last sensor. 
The results of backcalculation using JUSLAB were obtained 
by fitting the first six sensors (by means of weighting factors) 
and minimizing the squared error between measured and com
puted deflections at these six sensors. The results obtained 
with JUSLAB and ILLI-BACK compare very well; different 
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TABLE 1 Comparison of Backcalculation Results 

Subgrade Modulus of Reaction in pci, for Load Level 

Section 1 2 3 

JU SLAB ILLI-BACK JU SLAB ILLl-BACK JU SLAB ILLl-BACK 

I 564 505 

J 249 252 

K 162 144 

L 125 143 

M 296 302 

N 252 241 

0 161 161 

p 591 501 

results will be obtained if the seventh sensor is not dropped 
from the analysis and if the objective function to be minimized 
is changed, for example, from squared error to absolute error. 

CASE STUDY DESCRIPTION 

To evaluate the backcalculation procedure, Strategic Highway 
Research Program (SHRP) falling weight deflectometer (FWD) 
data were processed on five SHRP general pavement study 
sites in Texas. Average slab thicknesses and other information 
are given in Table 2. All the pavements were jointed concrete 
with asphalt shoulders. 

In the SHRP deflection testing procedure, deflections are 
taken at midslab, edge, comer, and pavement joints. In this 
analysis the center slab and the edge FWD deflection data 
were used. SHRP uses three loading levels for rigid pavements 
(approximately 9, 12, and 16 kips) and collects four replicate 
drops at each test point. In the analysis that follows the four 
replicate drops were normalized to the average load and then 

TABLE 2 Layer Characteristics of Study Pavements 

SHRP 
ID # 

3003 

3589 

3699 

4142 

4152 

Pavement Joint 
Characteristics Spacing 

Plain 15 ft 

Reinforced 15 ft 

Reinforced 60 - 20 ft+ 

Reinforced 60 - 20 ft+ 

Reinforced 30 ft++ 

AC Asphaltic Concrete 
GR Crushed Gravel 
CT Cement Treated 
LT Lime Treated 
SS Select Sand 

Slab 
Thickness 
(Inches) 

9.3 

10.l 

10.l 

9.6 

11.4 

555 

341 

262 

126 

283 

238 

146 

592 

518 533 508 

328 288 272 

323 250 268 

139 131 149 

288 292 299 

233 248 244 

146 196 202 

618 552 590 

averaged so that a single deflection bowl was processed for 
each load level. This procedure takes care of the random 
errors, as planned by SHRP. Therefore, the averaging process 
used includes (a) computing the average load, (b) normalizing 
each of the four deflection bowls to the average load, and (c) 
averaging the normalized bowls. 

In general, 60 deflection bowls were processed for each 
site, three load levels at 20 positions. In all cases the load was 
applied on a 12-in.-diameter FWD load plate. Deflection sen
sors were located at 0, 8, 12, 18, 24, 36, and 60 in. from the 
center of the plate. 

PRESENTATION OF RESULTS 

The results of this analysis are shown in Figures 1 through 5, 
details of which follow. The results from all five sites are 
presented on a single diagram. Within each site the results 
from various locations and load levels are presented. In each 
analysis all seven sensors were used in matching measured 

Base Subbase 

Thickness Type* Thickness Type* 
Subgrade (Inches} (Inches} 

AC 3.7 LT 7.2 Clay 

Sandy/ 
GR 6.0 -- -- Clay 

Sandy/ 
CT 5.8 LT 6.0 Clay 

AC 7.9 SS 8.8 Sand 

Sandy/ 
CT 6.3 LT 5.6 Clay 

+ 60 ft 6 in between construction joints with towels 20 ft between warping joints. 

++with transverse cracks in each slab. 
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.and theoretical bowls, and the average error per sensor was 
computed. Figure 1 shows the percent error per sensor be
tween measured and computed deflection. It is seen that the 
error is very large, approaching 10 percent in the cases of the 
Hertz and Westergaard models compared with the Hogg or 
layered linear elastic model. In the following analysis, all 
solutions that resulted in more than 6 percent error per sensor 
(and solutions that resulted in unacceptable results) have been 
excluded for Figures 2 through 5. 

Figure 2 shows the results for the linear elastic layered 
analysis in terms of the backcalculated modulus of the subgrade 
and modulus of concrete at center slab. In modeling the pa¥e
ment, the complete layering shown in Table 2 was used. For 
example, for section 4152 the pavement was modeled as four 
layers (11.4 in. of concrete resting on a 6.3-in. cement-treated 
base over a 5.6-in. lime-treated subbase over a semi-infinite 
depth subgrade). In all modeling, the subgrade depth was set 
at semi-infinite. The backcalculated subgrade moduli ranged 
from 20 to 45 ksi and concrete moduli ranged from 4 to 8 
million lb/in. 2 (8 million lb/in. 2 was set as maximum). 

Figure 3 shows the backcalculated results from using the 
Hogg model on the center slab deflections. The subgrade was 
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assumed to be semi-infinite. The backcalculated subgrade 
moduli ranged from 20 to 50 ksi and characteristic length ee 
ranged from 25 to 45 in. 

Figure 4 shows the backcalculated results obtained using 
the Hertz model with the center slab deflections. The modulus 
of subgrade reactions ranged typically from 50 to 200 lb/in. 3 , 

with a few readings reaching 300 lb/in. 3
• The characteristic 

lengths ranged typically from 40 to 70 in. 
Figure 5 shows the backcalculated results obtained using 

the Westergaard edge solution. The modulus of subgrade re
actions ranged typically from 200 to 700 lb/in. 3 with charac
teristic lengths ranging from 35 to 60 in. 

DISCUSSION OF RESULTS 

The following observations are made with regard to the results 
presented in Figures 1 through 5. 

1. Even after screening, the error in the fitting of the de
flection bowl seems to be very large in the Hertz and Wes
tergaard models. However, the error is acceptable for the 
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FIGURE 1 Average error per sensor between computed and measured deflection: (a) linear layered elastic model; (b) Hogg with 
center deflections; (c) Hertz with center deflections; and (ti) Westergaard with edge deflections. 
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FIGURE 2 Subgrade (top) and concrete (bottom) modulus 
backcalculated using linear layered elastic model for each 
SHRP test section. 

Hogg and layered linear elastic models. In the case of rigid 
pavements, material behavior is very close to linear and does 
not induce appreciable systematic error. It may be argued 
that the error is caused by the boundary conditions that are 
not fulfilled because of the proximity of the cracks and joints. 
However, this deficiency exists for both the Hertz and Wes
tergaard models, as well as for the Hogg and layered linear 
elastic models. It is the authors' opinion that the bad fitting 
is the result of systematic errors induced by the model repre
sentation of the subgrade support, namely, that in the cases 
of strong subgrade, with elastic moduli of 20 to 45 ksi, the 
subgrades cannot be simulated as liquid or spring. The above 
hypothesis should be checked with weaker subgrade mate
rials. If this is found to be the case, the use of the k model 
-should be questioned in rigid pavement design. The back
calculation was made using all sensors, including the seventh 
sensor, which was found in several cases to be underpredicted. 
A similar trend is found in ILLI-BACK results in which the 
error caused by the seventh sensor may be in excess of 30 
percent. 

2. The modulus of subgrade reaction at the edge is two to 
four times higher than that obtained from the center slab. A 
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FIGURE 3 Subgrade modulus (top) and slab characteristic 
length (bottom) backcalculated using Hogg model with center 
slab deflections. 
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discussion of this finding together with a comparison of earlier 
results, such as those of Teller and Sutherland (16),- is given 
in the appendix to the paper. The k-values at the center of 
the slab appear very low. As will be discussed later, the mod
ulus of subgrade reaction represents the subgrade layer and 
does not include the stabilized base material on top of the 
subgrade. This result suggests that the modulus of subgrade 
reaction is not an adequate material property for modeling 
slab response because it is a function of the loading geometry. 
Using linear elastic theory, one can find that the subgrade 
modulus of reaction is proportional to the modulus of elas
ticity and inversely proportional to the size of the loaded area. 

3. From Figures 2 and 3 it is observed that the modulus of 
the subgrade is identical for both the linear layered elastic 
model and the Hogg model. The Hogg model is a simplified 
two-layered system, whereas the linear elastic is either a three
or four-layered system. This difference implies that in the 
Hogg model, the base-subbase layers are included in the plate 
rigidity to give a composite plate that rests on the subgrade. 
This result is very important for choosing the computation 
scheme of the bending stresses. In this case the method of 
equivalent moment of inertia or thickness should be used in 
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FIGURE 4 Modulus of subgrade reaction (top) and slab 
characteristic length (bottom) backcalculated using Hertz model 
with center slab deflections. 

computing the bending stresses. Similar behavioral effect is 
assumed to occur for the Hertz-Westergaard model, namely 
that the stiffness effect of the base and subbase layers is in
cluded in the plate (pavement) rigidity (1). 

4. In all cases the e values backcalculated <1.re relatively 
large. However, as mentioned earlier, it appears that this 
value includes a contribution from the base and subbase lay
ers. To evaluate this contribution the equivalent thickness he

8 

for the slab was calculated using the following formula: 

h3 = et: 12(1 - vDk 
eg Ee (1) 

for the Hertz-Westergaard model and 

h3 = 2C 12(1 - vD e; 
eg Ee (2) 

C = E2 (1 - Vz) 
(1 + v2) (3 - 4v2) 

(3) 

for the Hogg model, 
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FIGURES Modulus of subgrade reaction (top) and slab 
characteristic length (bottom) backcalculated using Hertz
Westergaard model with edge deflections. 

where 

Ee = modulus of elasticity of concrete (an average value 
of 6,500,000 lb/in. 2 was used in the calculation), 

E2 = modulus of elasticity of subgrade, · 
vc = Poisson's ratio of concrete (a value of 0.2 was used), 

and 
v2 = Poisson's ratio of subgrade (a-value of 0.4 was used). 

The equivalent thickness was computed for each location and 
load level. In Table 3 the average equivalent thicknesses for 
each section are compared with the actual thicknesses. The 
equivalent thickness is much larger than the actual concrete 
thickness (except for the second sections in which a lower Ee 
should have been used). It approaches the combined thickness 
of the concrete and the cement-treated base together. This 
result indicates that there is a good bond between the layers. 
To cjerive a relationship between equivalent thickness heq and 
pavement variables, it is important to know the exact layer 
thickness and to collect data on a wider range of pavement 
sections. 

5. The relationship between subgrade elastic modulus Es
8 

and the subgrade k-value was developed by the Corps of 
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TABLE 3 Comparison of Actual Slab Thickness with Calculated Equivalent Slab Thickness 

Actual 
Slab 

Section Thickness Type 
ID (inches) 

3003 9.3 AC 

3589 10.1 GR 

3699 10.1 CT 

4142 9.6 AC 

4152 11.4 CT 

t ...... --
~. 

10+--~~~+--~-+-~+---i--+-+-~ 
10 100 

modulus of elasticity, ksi 

FIGURE 6 Relationship between modulus 
of elasticity and modulus of subgrade 
reaction. 

Base 

Thickness 
(inches) 

3.7 

6.0 

5.8 

7.9 

6.3 

Engineers (17) and is shown in Equation 4 (kin pounds per 
cubic inch and £ 58 in pounds per square inch): 

l k _ (log £ 58 - 1.415) 
og - 1.284 (4) 

This equation is shown graphically in Figure 6 together with 
the correlations obtained from edge and center slab condi
tions. As can be seen, the Corps of Engineers line lies between 
the lines generated for edge and center slab and therefore 
represents an average correlation. 

CONCLUSIONS AND RECOMMEND A TIO NS 

The use of four different models to backcalculate rigid pave
ment material parameters has led to the following conclusions: 

1. The Winkler foundation model for rigid pavements may 
be not appropriate for the cases analyzed with strong subgrades. 
Similar analyses should be conducted on weak subgrades to 
further evaluate this conclusion. 

2. The subgrade modulus of reaction does not seem to be 
a material property. The k-value for edge conditions is two 
to four times larger than that for center conditions for the 
same site. One should then use the values obtained only for 
the same conditions that prevailed in their derivations. For 
example, the values obtained for the center conditions can 
be used only with a procedure (design procedure, for ex-

Equivalent Slab Thickness 

Figure 3 Figure 4 Figure 5 
Hogg Hertz Westergaard 

(center) {center) (edge) 

12.60 12.62 14~03 

9.59 11.63 12.27 

16.29 13.20 14.48 

14.29 12.15 13 .18 

14.28 14.56 17.40 

ample) that uses the same infinite slab size conditions. This 
result makes the edge condition backcalculation necessary for 
use with design procedures that uses the edge conditions. 

3. Bending stress computations should be made using the 
method of equivalent thicknesses. It is recommended that the 
deflection bowls and the backcalculation method be used with 
SHRP data to develop and calibrate the method. 
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APPENDIX 

The dependence of the backcalculated k on the location of 
load (center versus free edge) may be questioned, according 
to earlier results. For example, on the basis of four slabs and 
one set of basin measurements on each slab (using an average 
of 12 observations), Teller and Sutherland (16) concluded, 
"for conditions that are comparable there is rather good 
agreement between the values of modulus of subgrade re
actions, k, as determined by pavement deflection, for the 
interior and edge loadings but the value for the corner load
ings is consistently lower." However, Carlton and Behrmann 
(18) stated, "from the data obtained in this study, it appears 
that the effective subgrade modulus is the same for both cor
ner and edge loadings. In previous model tests, however, 
determinations of the subgrade modulus for the model had 
shown that for interior loadings, the effective k was 35 pounds 
per cubic inch. This is approximately half the value of k mea
sured at the edge and at the corner. It is believed that this 
apparent increase in k near the boundaries of the slab may 
be explained by additional support derived from the subgrade 
outside the limits of the slab." · 

Despite the above contradictory results, it appears that a 
gradual increase in the subgrade modulus as the load moves 
from the center to the edge and then to the corner would be 
acceptable [see work by Ioannides et al. (3)]. The question 
would then be, How much increase would be acceptable? The 
results presented in the paper suggested that the ratio of the 
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backcalculated k values from edge and interior loading can 
be as large as 2 to 4. As mentioned in the paper, these results 
are based on field deflections collected by the Long Term 
Pavement Performance program of SHRP. 

The difference between Teller and Sutherland and SHRP 
deflection results is seen very clearly from the ratios of the 
maximum deflections per unit load in the center and edge 
loadings. In the case of Teller and Sutherland, the ratio is 
about 1 to 4, whereas in the SHRP section case, the ratio is 
about 1 to 1.3. In the case study reported by Uzan (1), the 
ratio of the edge to center loading deflections did not exceed 
2. It is not clear what the cause is of the discrepancy of the 
deflection ratios. It may be attributed to any of the following: 
the dynamic FWD loading as compared with the static loading 
condition used by Teller and Sutherland, warping of the plates, 
or the presence of the voids. Readers are given the oppor
tunity to make their own judgment~ about which value of k 
to use in the design. 
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Asphalt Thickness Variation on Texas 
Strategic Highway Research Program 
Sections and Effect on Backcalculated 
Moduli 

ROBERT C. BRIGGS, TOM SCULLION, AND KENNETH R. MASER 

Four Long Term Pavement Performance monitoring sites, part 
of the Strategic Highway Research Program (SHRP), were in
vestigated in Texas with ground penetrating radar (GPR) to de
termine asphalt and base layer thicknesses as well as base mois
ture content. It was found that, with coring, the GPR could 
determine asphalt layer thicknesses to ± 0.11 in. This accuracy 
is reduced to ± 0.32 if the GPR results are not calibrated with 
cores. The base thicknesses could be determined to ± 0.99 in. 
The data obtained during this survey indicated that significant 
variations in layer thicknesses were present within the 500-ft SHRP 
sections. Practical limitations in the data collection process have 
forced SHRP personnel to treat pavement thicknesses as shown 
on plans, or obtained during the drilling and sampling process, as 
representative of the entire section, even though it is recognized 
that this may not be true. Deflection data currently are being 
gathered on the SHRP sites and will be used to backcalculate the 
material properties of the pavement layers. Values for material 
properties obtained through the backcalculation of deflection ba
sins are extremely sensitive to pavement layer thickness. It was 
the intent of this study to quantify the errors introduced by var
iations in pavement layer thicknesses that are not accounted for 
in the backcalculation process. It was found that errors of up to 
100 percent in pavement layer moduli were possible when com
paring the moduli obtained using GPR measured thicknesses and 
moduli obtained using the SHRP data base thicknesses. It was 
also found that deflection basins alone are not a good indicator 
of layer thickness variations and that a good fit between measured 
and calculated deflection basins is not a good indicator of the 
correctness of the moduli. values. The paper concludes by rec
ommending that some method be investigated to quantify layer 
thickness variations on SHRP sites before using the deflections 
for backcalculation purposes. 

The Strategic Highway Research Program (SHRP) as part of 
the Long Term Pavement Performance (LTPP) study, is cur
rently performing deflection testing on over 1,000 in-service 
pavement sections located around the United States and Can
ada with falling weight deflectometers (FWDs). Measure
ments of pavement deflections under load are a generally 
accepted method of determining the material properties of 
the pavement layers and subsequent performance under traffic. 
Information obtained during this effort will be used to im-

R. C. Briggs, Texas Department of Transportation, 125 East 11th 
Street, Austin, Tex. 78701. T. Scullion, Texas Transportation Insti
tute, Texas A&M· University, College Station, Tex. 77843. K. R. 
Maser, Infrasense, Inc., 765 Concord Avenue, Cambridge, Mass. 
02138. 

prove existing or formulate new equations for the design of 
pavements and overlays as well as pavement performance 
models for pavement management systems. 

The SHRP staff has committed significant resources to en
suring that the deflection data obtained are complete, accu
rate, and meaningful before placement in the National Pave
ment Data Base. To achieve this end, numerous quality 
assurance practices have been developed. Manuals detailing 
the FWD data collection procedures on GPS rigid and flex
ible, as well as the SPS sections have been compiled and used 
to train FWD operators (1). Variables such as pavement sur
face temperature, as well as temperature gradients. within the 
pavement structure, both of which heavily affect pavement 
deflections, are recorded by the FWD operator at the time 
of test. The FWD data collection program has been modified 
to include a subroutine that calculates the variance of multiple 
deflections taken at the same point and allows the operator 
to reject those deflections if the variance is too high. Programs 
such as FWDCHECK and FWDSCAN (2) have been written 
by SHRP contractors and distributed to the regional coor
dinating offices to identify FWD data files that are incomplete, 
contain questionable data, or contain deflections that indicate 
that the SHRP section is composed of variable pavement 
structure. An absolute calibration process has been developed 
by SHRP contractors and is scheduled to be implemented in 
four locations around the United States to ensure that the 
SHRP-owned FWDs have not drifted out of calibration and 
to certify state-owned FWDs for SHRP L TPP data collection. 
This calibration process is intended to ensure that the FWDs 
are measuring deflections at the accuracy published by their 
manufacturers (2 percent of the deflection ± 2µ). These qual
ity assurance practices are considered vital in determining 
accurate moduli of the pavement layers. 

There is a variable within the structural evaluation process 
in SHRP (a) that cannot be controlled in the design of the 
experiment, (b) can be quantified only in an indirect sense, 
( c) whose variance or standard deviation cannot be measured 
at all, and ( d) that has a tremendous impact on the accuracy 
of the backcalculated material properties of the constituent 
pavement layers. This variable is pavement layer thickness. 

SHRP pavement layer thickness data is obtained from two 
sources: (a) plan sheets and (b) measurements taken during 
the L TPP material sampling activities at the test pit locations 
on either end of the SHRP section. Obvious disadvantages 
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are inherent in both sources. Plan sheets do not always reflect 
what was actually constructed, particularly when field changes 
have not been recorded on the plans. Normal variations in 
layer thicknesses as a result of construction activities are not 
reflected in the plans. Although layer thicknesses can be mea
sured directly during the material sampling activities at both 
ends of the-test section; there is no guarantee that these mea
surements are representative of the pavement structure lo
cated within the 500 ft between the test pits. To make matters 
worse, the plans often do not agree with the results obtained 
from the test pit. Layer thicknesses cannot be measured within 
the confines of the test section because drilling and trenching 
would disturb the structural integrity of the pavement and 
render the section useless for the study of pavement distress 
propagation. Thus, one is forced to assume that the pavement 
structure at either end of the SHRP section is representative 
of the entire section. 

The Texas Department of Transportation (TxDOT) has 
faced this dilemma for years. Deflection testing equipment 
has been used for more than 20 years for design of new pave
ments and overlays. Recent acquisition of FWDs has ex
panded the role of deflection testing to determination of load 
zoning requirements, pavement evaluation for superheavy 
permit loads, and network level deflection testing for pave
ment management. In every case, the engineer is forced to 
assume that the pavement structure found on the cross-section 
drawings of the plan sheets is represe~tative of the entire 
section under test. Experience has shown that this is not al
ways true, .as many pavements have been overlaid multiple 
times, increasing significantly the thickness of the asphalt sur
facing. Deviations from the plans often are necessary during 
construction and are not shown on the drawings. Variations 
in layer thicknesses are commonplace as a result of variations 
in the construction process. 

To overcome this problem, TxDOT has sponsored several 
research projects with the Texas Transportation Institute with 

·the objective of developing a swift, accurate, nondestructive 
method for measuring pavement layer thicknesses and their 
variations along the roadway. This test technique is intended 
to be used in conjunction with the FWD. Ground penetrating 
radar (GPR) is one of the technologies currently under study. 

As a result of these studies, recent improvements in hard
ware and signal processing techniques have boosted GPR 
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capabilities and accuracy. A report recently . submitted to 
TxDOT indicates that GPR, as developed in this study, has 
the capability of measuring the thickness of asphaltic concrete 
with an accuracy of ± 0.1 in. and determining base thickness 
on .asphaltic pavements to within ± 0.99 in. if cores are ob
tained to calibrate the radar (3). Without coring (using only 
radar), the accuracy drops to ± 0.32 in. for asphalt concrete. 

GPR SURVEY OF SHRP SITES 

During June 1990, a GPR survey was performed on four 
SHRP LTPP sites near College Station, Tex. (3). These sites 
were Sections 481178, 483559, 481109, and 481050. The pur
pose of the survey was to determine how closely the GPR 
apparatus could predict asphalt and base thicknesses as well 
as determine moisture content of the base material. SHRP 
sites were selected as the pavement structure was reasonably 
well documented. Each test run consisted of 1,500 ft of pave
ment, 500 ft before the SHRP section, the SHRP section itself, 
and 500 ft after the test section. This provided 1,000 ft of 
pavement from which materials could be extracted for deter
mination of dielectric constant. It also allowed the researchers 
to core the pavement and check the accuracy of the radar 
predictions. Four passes were made at each SHRP test sec
tion, one at 5 mph in the left wheel path, and one at 5, 15, 
and 40 mph over the right wheel path. Three types of de
structive testing was performed to verify GPR results: (a) 
4-in.-diameter wet cores were taken to verify asphalt concrete 
pavement (ACP) thickness; (b) 6-in.-diameter dry cores were 
obtained to verify base moisture content predictions; and ( c) 
cone penetrometer tests were performed to measure GPR 
base thickness predictions. As a result of this study it was 
determined that GPR could predict asphalt thicknesses to 
within ± 0.11 in. with verification and calibration by coring, 
and to ± 0.32 in. without coring. Base thicknesses could be 
predicted within ± 0.99 in. and base moisture could be pre
dicted within 2 percent by weight. Furthermore·, the radar 
data indicated that significant variations in layer thicknesses 
were present on most of the SHRP sections tested. 

Tables 1 through 4 compare the thicknesses measured with 
GPR on the four sites and that obtained from the SHRP data 
base, and Figure 1 illustrates this graphically. As can be seen 
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TABLE 2 Assumed Versus Measured Thicknesses, Section 481050 

ASSUMED THICKNESSES: 2.3 in. HMAC, 8.3 in. Granular Base 
.·· :: ... : .. :.·· ·:·::·-:-.. · .. · • ... · .· ...... .. - . .. ... ····• .. 

, 
·•··• ···'"""·· .· .. · 

.. ········-· .... 
..... ·•·· 

0 2.0 10.4 

so 2.4 11.8 

100 2.3 13.0 

ISO 2.0 11.2 

200 2.4 10.2 

2SO 2.7 10.3 

300 2.7 IO.I 

350 2.2 10.0 

400 2.4 10.0 

4SO 2.1 11.0 

~nn ' 1 11 I! 

TABLE 3 Assumed Versus Measured Thicknesses, Section 481178 

8.6 10.3 

50 8.4 9.7 

100 8.1 10.5 

ISO 8.0 10.5 

200 8.0 10.8 

250 8.2 8.9 

300 8.3 10.4 

3SO 8.6 10.0 

400 8.4 8.7 

450 8.3 8.2 

TABLE 4 Assumed Versus Measured Thicknesses, Section _483559 

ASSUMED THICKNESSES: 7.0 in. HMAC, 6.0 in. Base 
... . 

• ...... .·.·•· .. . .. · ........ . .. 
····· ........ .............. ... :/.> . ... 

0 8.2 7.2 

so 9.0 7.0 

100 9.1 7.0 

ISO 8.2 7.8 

200 8.7 7.5 

250 8.3 . 7.2 

300 7.6 7.0 

3SO 7.1 8.0 

400 7.4 7.8 

4SO 7.2 7.8 

cnn 74 II n 
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FIGURE 1 Assumed layer thicknesses for SHRP data base versus layer thicknesses obtained from GPR measurements: (a) Section 
481109, (b) Section 481050, (c) Section 481178, and (d) Section 483559 •. 

from the figure, the differences approached 2 in. on 481109, 
481178, and 483559, whereas on 481050 a difference of up to 
5 in. occurred at 100 ft from the beginning of the section. This 
led to the question of how these variations in pavement struc
ture could possibly affect the backcalculated moduli of the 
paving materials if the pavement structure was assumed to be 
that which is stored in the SHRP data base. To quantify these 
variations, the FWD deflections were obtained from the data 
base. Pavement layer moduli were backcalculated using the 
SHRP layer thicknesses and the thicknesses obtained with 
GPR. The remainder of this report documents the results of 
this comparison. 

DEFLECTION TESTS RESULTS 

FWD deflection files were obtained for each of the SHRP 
sites: 481109, 481050, 481178, and 483559 from the South-

eastern RCO. Only the midlane deflections were used in this 
comparison to avoid the effects of any distresses that may 
have been present in the wheel paths. Although deflections 
are obtained at 25-ft intervals on the test sections, the radar 
data were reported in 50-ft intervals; thus only deflections at 
50-ft intervals were used in this analysis. A total of 16 de
flection tests were performed at each test point, with four 
drops at four separate load levels. The 16 deflection basins 
at each point were normalized to 10,000 lb and then averaged 
for presentation in Tables 5 through 8, as well as graphically 
in Figure 2. However, for backcalculation purposes, the basins 
were neither normalized nor averaged. 

No correlation was apparent between the variations in pave
ment thickness and the variations in deflections obtained along 
the section, as evidenced in a comparison of Figures 1 and 2, 
with the exception of the 100-ft position on 481050. Here, the 
deflections seemed to reduce as the base thickness increased. 
The deflections indicate that significant variation, either in 

TABLE 5 Average Normalized Deflections, Section 481109 
. ... .... "' 

.. . .. 

0 11.18 10.06 9.25 7.86 6.~8 4.57 2.43 

50 8.46 7.53 6.86 5.84 4.93 3.48 1.96 

100 8.92 7.81 7.02 5.80 4.72 3.07 1.35 

150 8.08 7.09 6.36 5.29 4.32 2.81 1.15 

200 7.12 6.13 5.47 4.56 3.74 2.51 1.18 

250 8.77 7.80 7.10 5.97 4.97 3.46 1.87 

300 10.18 8.98 8.19 6.94 5.79 4.03 2.05 

350 11.22 9.96 9.06 7.62 6.32 4.26 2.01 

400 8.34 7.14 6.42 5.36 4.42 3.00 1.42 

450 7.64 6.61 5.93 4.93 4.03 2.67 1.17 

500 5.96 5.11 4.51 3.60 2.83 1.73 0.69 
.. ·. •···· .. < . · .. :.· .. : ..... ·•.· ··. 

.. ......... ... ~~ . .. IA 
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TABLE 6 Average Normalized Deflections, Section 481050 

~ ···-········.·-···· 
.. ,_/••.·:·::,:::_,.•.-:. _____ .,- :::·:·,_;-· 

·'·••••••·-n~;;,;;.::• 
.. -.... - • .!" 

0 20.6S 13.~1 8.9S 6.01 4.47 2.91 1.61 

so 27.46 17.73 11.68 7.40 5.01 3.01 1.93 

100 IS.96 10.59 7.31 5.26 4.!I _3.09 1.84 

ISO 14.89 9.72 7.04 5.26 4.18 3.12 1.91 

200 21.34 12.29 7.98 5.41 3.98 2.73 1.69 

2SO 17.87 11.93 8.38 5.82 4.20 2.75 1.61 

300 2S.70 16.32 10.90 7.43 5.36 3.57 1.93 

350 2S.68 16.20 10.47 7.07 5.14 3.37 1.99 

400 23.09 14.75 9.85 6.64 4.84 3.22 1.94 

450 17.93 11.35 7.92 5.56 4.13 2.79 1.71 

500 20.97 13.59 8.78 5.84 4.26 2.89 1.70 
.. -.. 

w h ;2 1:: ''ii45 ·. ,:_'·:':i:·::·,.~·--· • .., .. ·-· ......... _. __ ·• .. , .. _ .... .......... ,·:···:·•:•·:. 
. 9.02 · ... :·_ .. ::· Q:""\) 
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. :·::· . .:.-~ d~ .. ·. 

.1 ;,_~ ·.·.-:·<·oRii . :::·-:> :'i:••ol~·-.··· ••. _. 'ri\i:' ·-:·---······-•·-.··'·.•· .. ······ :-.-.. ':-.-,Qi(,"·.-- ... 

TABLE 7 Average Normalized Deflections, Section 481178 

··~·~ •:',._ ......... ,_. c:::.• ·•• ..... 
·- . :.• ""- ... .. 

0 7.97 6 99 6.28 5.42 4.49 3.06 1 74 

so S.73 4.73 4.16 3.61 3.11 2.47 1.65 

100 6.70 5.53 4.90 4.32 3.75 3.04 2.00 

ISO 6.76 5.72 S.08 4.49 3.90 3.18 2.08 

200 S.77 4.63 4.07 3.60 3.17 2.62 1.83 

250 S.92 4.84 4.2S 3.73 3.25 2.69 1.84 

300 S.07 4.12 3.61 3.16 2.77 2.29 1.56 

3SO 7.40 6.10 5.28 4.48 3.74 2.83 1.77 

400 4.57 3.79 3.36 3.02 2.71 2.29 1.59 

450 S.36 4.48 3.96 3.49 3.05 2.47 1.70 

500 6.17 4.96 4.34 3.81 3.31 2.66 1.80 

, .. .. - ill ... ................. ............ . ...... , . ............ 
,.-.. , 

TABLE 8 Average Normalized Deflections, Section 483559 

- :~f- ·:•· : R:s•.< t:·: .. :R?lr 
" .. -::·: .. :• 

0 6.22 5 ~1 5 07 4 '~ 3.66 ?.69 l'U 

so 5.60 5.06 4.68 4.10 3.54 2.57 1.28 

100 5.73 5.10 4.50 4.20 3.75 2.62 1.37 

150 5.24 4.64 4.20 3.56 3.02 1.98 0.85 

200 3.90 3.47 3.14 2.58 2.08 1.30 0.50 

250 4.76 4.24 3.66 3.17 2.41 1.55 0.53 

300 5.31 4.58 4.07 3.29 2.57 I.SO 0.49 

350 6.07 5.40 4.81 3.86 3.03 1.73 0.50 

400 5.32 4.59 4.04 3.35 2.56 I.SI 0.43 

450 S.74 S.04 4.34 3.45 2.63 1.48 0.42 

500 S.72 4.92 4.37 3.S4 2.74 1.66 O.SI 

··4.26'• ~ 
:-·_•·.·:/:',\ri.,;;.;:\ ::::. 'ri ~~· : ::: n ~1··:. .... .-:· :••··· , .. ,· ..... · 
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FIGURE 2 Average normalized deflections obtained on SHRP sites: (a) Section 481109, (b) Section 481050, (c) Section 481178, and 
(d) Section 483559. 

strength or structure, can be found within each of these SHRP 
sites. 

BACKCALCULATION OF MATERIAL 
PROPERTIES 

The backcalculation effort for each section consisted of two 
runs. The first run was performed using thicknesses obtained 
from the SHRP data base. The second run was performed 
using thicknesses obtained from the GPR survey. The 
MODULUS program ( 4) was used for the backcalculation 
process. All other variables were held constant between the 
two runs, including the upper and lower ranges for the moduli. 
A rigid layer was assigned at 240 in. from the pavement sur
face. Poisson ratios were selected on the basis of commonly 
used values obtained from the literature. 

For the MODULUS runs using the assumed layer thick
nesses, the program was run iteratively with the goal of achiev
ing an average error of 2 percent or less per geophone when 
comparing the backcalculated versus measured deflection ba
sins while restricting the upper and lower ranges of moduli 
to reasonable limits. 

Each test point consisted of 16 deflection basins, four drops 
at each of four load levels. The modulus program was run on 
each of the 16 deflection basins, and the average of the results 
is reported in the tables. The material types and associated 
thicknesses can be found in Tables 1 through 4. 

RESULTS 

In almost every case, using measured thicknesses in place of 
assumed thicknesses resulted in a better fit when comparing 

the measured versus backcalculated deflection basins. Figure 
3 illustrates this clearly. In virtually every case, except for 
several points on Section481178, the utilization of the GPR 
measured thicknesses improved the deflection basin fit; in the 
case of 481050 and 483559, it improved it dramatically. Note 
however, that on Section 481178, using the assumed thick
nesses, the average error per sensor was already below the 3 
percent range, and from Figure 1 we can observe that the 
measured versus assumed thicknesses were not significantly 
different compared with those in the other three sections. 
Thus, for this section, the introduction of GPR measured 
thicknesses did not improve by much the results of the analysis. 

Tables 9 through 12 indicate that by introducing GPR
measured thickness in lieu of the SHRP data base thicknesses, 
the overall average error per sensor decreased from 1.41 to 
1.01 on Section 481109, decreased from 6.38 to 2.94 for Sec
tion 481050, increased from 2.7 to 2.92 on Section 481178, 
and decreased from 3. 96 to 1. 73 on Section 483559. The stan
dard deviation increased or decreased accordingly. It should 
be reiterated here that nothing was changed between the 
MODULUS runs using measured versus·assumed layer thick
nesses except the thicknesses themselves. 

ACP Moduli 

Tables 13 through 16 present the average backcalculated mod
uli for the ACP, base, and subgrade layers for all four SHRP 
sections, using both assumed and measured thicknesses. The 
modulus values are shown at 50-ft intervals beginning at the 
zero point on the section. Each cell on the table represents 
the average results for 16 deflection basins. 

Tables 17 through 20 summarize the average percent dif
ference between the backcalculated moduli using assumed 
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FIGURE 3 Average error per sensor for backcalculation using measured versus assumed layer thicknesses: (a) Section 481109, (b) 
Section 481050, (c) Section 481178, and (d) Section 483559. 

TABLE 9 Average Error per Sensor, Section 481109 

so 1.99 1.98 

100 1.21 O.S1 

ISO 2.41 0.74 

200 0.43 0.4S 

2SO 1.93 2.08 

300 0.96 0.8S 

3SO 0.66 O.S2 

400 0.3S 0.3S 

4SO 0.82 1.S1 

0.4S 

TABLE 10 Average Error per Sensor, Section 481050 

.\·.·:•i'i\S~~:+Hlf:~·~~~~!::t;:t i\f~sY@P.it@~~~g§;::::i 
0 2.11 1.90 

so 1.31 l.33 

100 10.06 6.42 

lSO 10.17 7.17 

200 7.80 1.38 

2SO s.so 1.04 

300 5.48 1.59 

350 6.46 2.0S 

400 6.79 1.47 

450 7.07 S.93 

500 7.46 \ 2.08 
..... .. :.•• .. .-:···.··· ........... · .... ::. ,_.:::-:··y . · . • . . .·.. . : : ·, . --~-~ : .. · ' •.• : ·=· 
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TABLE 11 Average Error per Sensor, Section 481178 

•< :.M.5YM£Q.·±8i9~~~~~Wi:: ;:.,:;t~§~1ii£m$~~$•:\\:;, 
.40 

so 2.87 3.02 

100 2.20 2.22 

ISO 2.IS 2.16 

200 3.07 3.IS 

2SO 3.00 3.49 

300 3.00 3.06 

3SO 3.00 3.03 

400 2.3S 3.22 

4SO 2.87 3.4S 

soo 2.80 3.02 

TABLE 12 Average Error per Sensor, Section 483559 

0 1.09 1.14 

so 0.82 1.06 

100 2.23 2.32 

ISO 1.16 1.01 

200 2.14 2.11 

2SO 3.80 2.32 

300 4.35 1.93 

350 7.93 2.49 

400 7.13 1.48 

450 7.95 2.02 

500 4.90 1.15 

· .: 3.9is 

TABLE 13 Average Backcalculated Moduli Values, Section 481109 
:'':·, .. ,.:··,,,:.,.,, 

:,-, .. A 

0 1270861 33664 14124 1<;M~'l6 44736 141<;1 

so 1202360 142277 17825 1462478 2S0581 18052 

100 1217483 22513 22511 1551991 27447 22202 

150 1320798 24936 24933 160S4SO 31070 24155 

200 1395401 60562 26715 1434563 111030 26503 

250 1286523 79352 18388 1707190 88442 18712 

300 1226050 46981 16237 1507749 67952 16190 

350 1171804 16987 16120 1452957 16457 16154 

400 1166171 62700 22207 1281846 82963 22046 

450 14S2738 27851 26153 1687505 43427 25592 

soo 1·3SS823 38777 38772 1422720 38138 

.. ,·':·'·'·:·.'::C i<:so66o:::: :: ''2i180• 

~dlQ'l' '-1·. -::~~7;/ 



TABLE 14 Average Backcalculated Moduli Values, Section 481050 

- '.J·'•:1·-···-- ~ 
0 690852 38840 23374 1036038 37344 22922 

50 692701 22517 19550 616998 21775 19486 

100 320045 90470 23662 521148 64469 22657 

150 502121 99999 23725 228976 93773 22897 

200 214275 47506 25471 291054 39058 26469 

250 609746 58961 22897 619669 43219 23755 

300 315167 38452 18270 328046 29480 19024 

350 307956 36833 19163 558852 29177 20026 

400 354099 43090 20134 522756 32926 21108 

450 285640 68302 24029 723510 50631 24137 

500. 440044 44734 22681 960286 33068 24013 

:?/.,.: l::.·o·.·.'• 

.. ·.·. ·.•·.•.·:o:·o:.x:o::· 

TABLE 15 Average Backcalculated Moduli Values, Section 481178 

I ....... 
... ······• 11111 -.. 

0 865565 41414 19925 892935 44140 19849 

50 583858 328485 22116 581501 386996 22446 

100 501303 316250 17800 511040 339547 17906 

150 558158 291878 16907 577812 320001 17020 

200 459003 597719 19922 461585 599727 20046 

250 492775 467289 19809 467628 739099 20460 

300 554894 565781 23353 555878 592894 23498 

350 482413 155280 20348 486347 165743 20424 

400 664908 817949 21823 763059 999997 23086 

450 634126 432760 21238 600036 782441 22130 

500 463280 396455 20396 455242 476503 20708 
··•·•··· ...... ·. ·.··•···• 

Iii ···. 
..· 

TABLE 16 Average Backcalculated Moduli Values, Section 483559 

0 2073723 116974 24749 1639274 46312 25452 

50 3119528 70918 26140 1802766 22659 27467 

100 261971 I 183844 24385 1688967 51458 25258 

150 2805006 16771 39117 1934697 15621 40157 

200 3117260 18814 62457 1902148 18764 61693 

250 2354590 16206 54012 1681229 15783 52440 

300 1815968 15994 53306 1601528 15862 52561 

350 1456681 15000 45964 1649556 15000 45502 

400 1717293 16289 54288 1739869 16072 53568 

450 1440741 15864 52876 1509539 16015 53377 

500 1677222 15039 49402 1636301 15377 49642 

:: t:A:Vsi J\ ft.~1•~~193;: >i:4}61oy: )\44245 :'· ····· }107so1: , .s :22~29.f\\ %::44~~~ nm 

,:) nrsili;: ·::·; '.:\6o~9o8 •· , ~31~5.J :: ., :12943 . .:s122t63 " ::: f~.S!ii::r \ WJ726it tJ 
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TABLE 17 Percentage Difference in Backcalculated Moduli, Section 481109 

0 18.29 32.89 0.19 

so 21.63 76.12 1.27 

100 27.48 21.92 -1.37 

ISO 21.SS 24.60 -3.12 

200 2.81 83.33 -0.80 

2SO 32.70 11.46 1.76 

300 22.98 44.64 -0.29 

3SO 23.99 -3.12 0.22 

400 9.92 32.32 -0.73 

4SO 16.16 SS.93 -2.14 

soo 4.93 -1.6S 

TABLE 18 Percentage Difference in Backcalculated Moduli, Section 481050 

0 49.97 -3.8S -1.93 

so -10.93 -3.29 -0.33 

100 62.84 -28.74 -4.2S 

ISO -S4.40 -6.23 -3.49 

200 3S.83 -17.78 3.92 

2SO 1.63 -26.70 3.7S 

300 4.09 -23.33 4.13 

3SO 81.47 -20.79 4.SI 

400 47.63 -23.S9 4.84 

4SO IS3.29 -2S.87 0.4S 

soo 118.23 -26.08 S.87 

Av 3S.39 -19.46 1.46 

TABLE 19 Percentage Difference in Backcalculated Moduli, Section 481178 

0 3.16 6.S8 -0.38 

so -0.40 17.81 1.49 

100 1.94 7.37 O.S9 

ISO 3.S2 9.64 0.66 

200 O.S6 0.33 0.62 

2SO -5.10 S8.17 3.29 

300 0.18 4.79 0.62 

3SO 0.82 6.74 0.37 

400 14.76 22.26 S.79 

4SO -S.38 80.80 4.20 

soo 20.19 . l.53 
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TABLE 20 Percentage Difference in Backcalculated Moduli, Section 483559 

0 -20.9S 

so -42.21 

100 -3S.S3 

ISO -31.03 

200 -38.98 

2SO -28.60 

300 -11.81 

3SO 13.24 

400 1.31 

4SO 4.78 

soo -2.44 

versus measured thicknesses for the 16 basins at each test 
point. 

These tables indicate that the backcalculated moduli of the 
ACP layers, being highly sensitive to assumptions regarding 
the pavement structure, are adversely affected by normal layer 
thickness variations found on these SHRP sections. In the 
case of Section 481109, the average backcalculated modulus 
of the ACP increased from 1,278,728 lb/in. 2 to 1,510,644 lb/ 
in. 2 when substituting the measured layer thicknesses for the 
SHRP data base thicknesses. Figure 4 illustrates this graph
ically. In each of these plots, the ACP moduli value obtained 
utilizing the assumed thicknesses is plotted against the x-axis, 
whereas the modulus value obtained utilizing the GPR mea
sured thicknesses is plotted against the y-axis. The straight 
line on the graph represents the line of equality. Each point 
on the graph represents one deflection basin. From this graph, 
it is apparent that by using assumed thicknesses from the 
SHRP data base, one runs the risk of consistently over- or 
underpredicting the modulus of the ACP layer. 
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-68.0S S.08 
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-6.86 2.66 

-0.27 -1.22 

-2.61 -2.91 

-0.82 -1.40 
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0.96 0.9S 

2.2S 0.49 

For Section 481050, the average ACP modulus increased 
from 430,240 lb/in. 2 to 582,425 lb/in.2 , or 35 percent, when 
comparing assumed versus measured thicknesses. However, 
from Figure 4 it is apparent that the differences are far worse 
when considering individual deflection basins. Several de
flection basins exhibited changes in backcalculated moduli of 
over 100 percent. 

Section 481178, having less difference between the assumed 
versus the measured layer thicknesses, exhibited little change 
in ACP modulus. In fact, the average difference, as can be 
seen in Table 19, was only 1.48 percent, the largest change 
occurring at 400 ft from the beginning of the section and that 
being 14. 76 percent. Furthermore, most of the points fell on 
the line of equality in Figure 4. 

Sedion 483559 exhibited an interesting phenomenon near 
the beginning of the section, in which the ACP moduli reached 
the somewhat questionable value of 4,000,000 lb/in. 2 while 
using the SHRP assumed thicknesses. Note that the average 
error per sensor between the measured and calculated de-
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Oil :l 

700,000 .9 .. 
"' = =~ 600,000 .; ~ 

"CJ 
0 500,000 ); 

400,000 
400,000 600,000 800,000 1,000,000 

(cl 

4,000,000 

l 3,500,000 
=-ii f 3,000,000 
); t 2,500,000 
Oil :l 
·~ ~ 2,000,000 

; ~ 1,500,000 

~ ~ 1,000,000 

~ 500,000 

Modulus using Assumed Thicknesses, PSI 

0 +---+---+----<--+---+---+---t-----4 

0 500,000 1,000,0 1,500,0 2,000,0 2,500,0 3,000,0 3,500,0 4,000,0 
00 00 00 00 00 00 00 

Modulus using Assumed Thicknesses, PSI 

(di 

FIGURE 4 Backcalculated asphalt moduli using assumed versus measured layer thicknesses: (a) Section 481109, (b) Section 481050, 
(c) Section 481178, and (d) Section 483559. 
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flection basin was in most cases less than or near 2 percent. 
By using the GPR-measured thicknesses, the moduli were 
reduced to near 2,000,000 lb/in.2, which is more consistent 
with values found elsewhere on the section, and the average 
error per sensor was similar to that obtained using the SHRP 
data base thicknesses. Table 4 provides insight into the cause 
of this apparent discrepancy. By examining Table 4 we find 
that between Test Points 0 and 300, substantial differences 
exist between the assumed and the measured ACP thick
nesses. Differences of up to 2 in. were found at points 50 and 
100. By taking this discrepancy into account, the backcalcu
lated moduli on these points were not only more realistic, but 
the standard deviation of the moduli values over the section 
were reduced from 606,908 lb/in. 2 to 122,163 lb/in. 2

, as can 
be seen in Table 16. This illustrates that the error between 
the measured and calculated basin in the backcalculation pro
cess is not always a good indicator of the accuracy of the layer 
moduli obtained during the process. 

The standard deviations of the ACP moduli increased for 
Sections 481109, 481050, and 481178 when substituting GPR 
measured thicknesses with those from the SHRP data base. 
In two instances, for Sections 481178 and 481109, the increase 
is considered by the authors to be negligible. However, for 
Section 481050 a dramatic increase from 161,801 to 243,727 
can be seen. The ACP thicknesses, both measured and as
sumed, are less than 3 in. The FWD is relatively insensitive 
to variations in ACP modulus when the layer is this thin. That 
is, the deflections obtained do not vary significantly with changes 
in ACP modulus at this level of thickness. Thus when per
forming the backcalculation, one may expect a wide variation 
in the predict~d ACP modulus when attempting to fit the 
basins. For instance, by varying the difference between the 
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measured and calculated deflection basin by only a few tenths 
of a mil, wide variations in ACP modulus will result. It is 
standard practice in Texas to fix the ACP modulus to some 
temperature corrected value during the backcalculation pro
cess. For these reasons, the increase in standard deviation of 
the ACP modulus values for Section 481050 cannot be con
sidered significant. 

The ACP moduli values seem high for Sections 481109 and 
483559. This can be explained as the result of combining the 
thin ACP surface layer with the underlying asphalt stabilized 
base layer that was present on both sections. 

Base Course Moduli 

The base course moduli were affected by the changes in thick
nesses as well. Figure 5 illustrates the affect of including the 
GPR measured thicknesses in the analysis. Generally, by us
ing assumed layer thicknesses, one underpredicts the base 
course modulus on Sections 481109 and 481178. On Section 
481050 the reverse is true. From Tables 17 through 20 it is 
apparent that, on average, the modulus is underpredicted by 
44.13 and 23.48 percent on 481109 and 481178, respectively. 
For Sections 481050 and 483559, it is overpredicted by 19.46 
and 50.39 percent, respectively. 

Another interesting finding was that the base course mod
ulus for Section 483559 was substantially less than the subgrade 
modulus (22,629 versus 44,283 lb/in. 2

), suggesting the pres
ence of nonlinearity in the subgrade or the presence of a rigid 
layer. This trend was evident regardless of whether the as
sumed layer thicknesses or the GPR-measured thicknesses 
were used in the backcalculation procedure. 
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FIGURE 5 Backcalculated base moduli using assumed versus measured layer thicknesses: (a) Section 481109, (b) Section 481050, (c) 
Section 481178, and (d) Section 483559. · 
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FIGURE 6 Backcalculated subgrade moduli using assumed versus measured layer thicknesses: (a) Section 481109, (b) Section 
481050, (c) Section 481178, and (d) Section 483559. 

Subgrade Modulus 

As can be seen in Figure 6, the subgrade modulus value was 
affected very little by the variation in pavement thicknesses. 
Tables 17 through 20 show that the differences were less than 
2 percent. Because this result was expected before the anal
ysis, and because it is consistent with backcalculation theory, 
no further discussion is deemed necessary. 

DISCUSSION OF RESULTS 

Since at this time no laboratory testing of the materials ob
tained from the test pits on the sections has been performed 
by the SHRP contractors, it is difficult to determine the ac
curacy of-the moduli, whether obtained using assumed thick
nesses or GPR measured thicknesses. However, it is safe to 
say that if variations in layer thicknesses exist on SHRP sec
tions, and the results of the GPR survey indicate that they 
do, and these variations are ignored in the backcalculation 
process, one can expect erroneous backcalculation results. 
Regardless of the complexity of the backcalculation scheme, 
the quality of the deflection data, or the thoroughness and 
care expended in the process, the magnitude of the errors 
probably will be along the lines of those found here. 

With regard to backcalculation errors, they may not be 
significant with respect to ~he overlay design process. In cer
tain cases, there may be compensating effects between layers. 
A 20 to 30 percent error in the backcalculation process may 
not have a great effect on overlay requirement, since the 
"error" is compensated for by thickness, that is, the total 
stiffness of both systems is essentially the same. The effect of 
-the error is~ of course, dependent on the design procedure 
being used; Any design procedure that- uses tensile strain at 
the bottom of the ACP layer would be sensitive to these errors 
in the backc;alculation process. -

CONCLUSIONS 

The results of this study indicate that 

1. Variations found in layer thicknesses on SHRP sites in 
Texas are large_ enough to cause up to 100 percent error in 
the backcalculated modulus of the surface layer of the pave
ment, if not taken into account. 

2. These variations also resulted in up to 80 percent error 
in the base materials. 

3. These variations did not appreciably affect the backcal
culated modulus of the subgrade. 

4. Deflection basins alone cannot be used to identify or 
quantify changes in pavement layer thicknesses, which are 
severe enough to adversely affect the accuracy of the back
calculated moduli. 

5. If reliable backcalculated moduli values are to be ob
tained on SHRP sites, or for that matter any pavement sec
tion, some method of identifying and quantifying layer thick
ness variations must be used before the backcalculation process. 

6. The success with which a calculated deflection basin is 
"matched" with a measured basin is not a good indicator- of 
the accuracy of the backcalculated moduli. It is possible to 
obtain small error terms with inaccurate moduli values. 
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Validation of Moduli Backcalculation 
Procedure Using Multidepth 
Deflectometers Installed in Various 
Flexible Pavement Structures 

Y. R. KIM, N. P. KHOSLA, S. SATISH, AND T. SCULLION 

Falling weight deflectometer (FWD) data collected during June 
1990 and May 1991 from test sections along US-421 Bypass near 
Siler City, North Carolina are presented. The test road consists 
of 12 types of pavement sections (different materials and thick
nesses, but all with asphalt concrete surface course), two of each 
type in twp directions of traffic, for a total of 48 test sections. 
Twenty-four northbound sections are installed with strain gauges, 
pressure cells, thermocouples, and moisture sensors. The mul
tidepth deflectometers (MDDs) are installed in eight sections with 
varying layer materials and thicknesses. FWD testing was per
formed on some sections with the MDDs, seven sections in June 
1990 and four sections in May 1991. FWD loading was applied 
on top of the MDDs for both of the trips. During the June 1990 
trip, the FWD load plate was placed on one or two additional 
locations with offset distances up to 32 in. At each position, three 
FWD drops were applied, and the resulting surface deflections 
and depth deflections were measured simultaneously using FWD 
geophones and the MDDs, respectively. The MODULUS back
calculation program developed by the Texas Transportation In
stitute was used to backcalculate the moduli values· of each sec
tion. Then the backcalculated moduli values were entered into a 
forward calculation program with known pavement layer thick
nesses, assumed Poisson's ratios, and the magnitude and geom
etry of FWD loading to calculate the surface and depth deflec
tions. The surface and depth deflections were finally used to 
calculate the average vertical strains of different layers at the 
centerline of loading. In the validation process, the comparison 
between the measured and predicted depth deflections was first 
used to evaluate the influence of different assumptions made 
before backcalculation. The validity of the backcalculation pro
gram based on the multilayered elastic theory was investigated 
by comparing the measured and predicted pavement responses, 
such as surface deflections, depth deflections, and average vertical 
strains within the layers. Finally, the influence of different flexible 
pavement designs with varying thicknesses and layer material 
types was studied using the average vertical strains within various 
layers. 

Nondestructive testing has become a powerful tool for de
termining in situ properties of pavement layers needed for 
pavement design and rehabilitation. Numerous deflection-based 
methods have been developed to backcalculate layer moduli 
for multilayered flexible pavements, mostly dependent on the 
theory of linear elasticity. These deflection-based backcal-

Y. R. Kim, N. P. Khosla, and S. Satish, Department of Civil En
gineering, North Carolina State University, Box 7908, Raleigh, N.C. 
27695-7908. T. Scullion, Texas Transportation Institute, Texas A&M 
University, College Station, Tex. 78743. 

culation programs can be divided into two groups. One is the 
iterative approach, in which a set of moduli that minimizes 
an error between the measured deflection and calculated de
flection from a forward calculation scheme is determined it
eratively. The other group uses a data base approach that 
uses a forward calculation scheme to build a deflection data 
base from sets of assumed moduli. Then regression equations 
with interpolation techniques are used to determine a set of 
moduli that minimizes the error between the measured and 
calculated surface deflections. Some advantages of the data 
base approach have been documented (J ,2). 

One of the major concerns of many practicing engineers 
has been how valid the deflection-based backcalculation pro
grams are in measuring accurate, dependable layer moduli of 
flexible pavements with not only varying thicknesses and ma
terial types, but also with different levels of damage in pave
ments due to traffic and environmental conditions. One way 
of checking the validity is to backcalculate the layer moduli 
from an instrumented pavement section with known layer 
thicknesses and material types and calculate. responses of the 
same pavement with the forward calculation method used in 
the backcalculation program. Comparing these calculated 
pavement responses against the measured values from the 
instrumented test sections will allow one to evaluate how 
significantly the assumptions made. in the forward calculation 
scheme and backcalculation approach violate in situ behavior 
of layer materials. 

The purpose of this paper is (a) to evaluate one of the 
deflection-based backcalculation programs using the multi
layered elastic analysis, MODULUS, by comparing actual 
measurements of surface and depth deflections and average 
vertical strains with the predicted values from the WESS for
ward calculation scheme used in the MODULUS program 
and (b) to investigate the effect of different flexible pavement 
designs on the response of various layers under the FWD 
loading. 

INSTRUMENTED PAVEMENT TEST SECTIONS 

A research project, "A Comparative Study of Performance 
of Different Designs for Flexible Pavements," sponsored by 
the North Carolina Department of Transportation, is under 
way at the North Carolina State University. As a part of this 
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project, a 7.5-mi-long test road consisting of 48 test sections 
was constructed along US-421 Bypass near Siler City, North 
Carolina, in June 1990. In each direction of traffic, 12 types 
of flexible pavements (Table 1), typical in North Carolina, 
were constructed with 2 replications. This resulted in 12 pave
ment designs, 2 replicates, and 2 traffic levels (i.e., 2 traffic 
directions), for a total of 48 test sections. 

All 24 northbound test sections were instrumented with the 
following in situ gauges: subgrade pressure transducers, 
subgrade moisture cells, subgrade thermocouples, base course 
moisture cell (for aggregate base only), base course ther
mocouple (except for asphalt base), asphalt strain gauges, and 
asphalt thermocouples. No instrumentation was provided for 
the southbound roadway, although the performance of these 
sections would also be monitored. 

In selected sections (Sections 1-3, 6-9, and 11), the mul
tidepth deflectometers (MDDs) were installed after comple
tion of the construction. The MDD is an L VDT deflection 
measuring device that is retrofitted into pavement layers (3 ,4). 
Under the passage of a single load the MDD can be used to 
measure the depth deflection profile and the induced average 
vertical compressive strains. After repeated loads the MDD 
can be used to measure the permanent deformations in each 
of the pavement layers. A schematic of a typical MDD after 
installation is shown in Figure 1. Figure 2 presents the MDD 
locations in the test sections. 

The traffic level (passes and weights) along the highway is 
monitored using the CMI weigh-in-motion device. Further
more, the longitudinal profiles of all the sections have been 
monitored, along with rut depth measurements and periodic 
surface condition surveys. More detailed information on the 
test sections can be found elsewhere (5). 

TEST PROTOCOL 

The data presented in this paper were generated from two 
trips made in June 1990 and May 1991. A falling weight de-

TABLE 1 Section Descriptions 

Section No. 1-1" H' HB• 

1, 23 r 1.5" 

2 2" 

24 2" 

3, 16 2" 3" 

4, 18 2" 1.5" 

5 2" 1.5" 

17 2" 1.5" 

6, 21 2" 3" 

7, 20 2" 1.5" 5.5" 

8, 19 2" 

9, 22 2" 3" 4" 

10, 15 2" 1.5" 

11, 14 2" 5.5'' 

12, 13 2" 1.5" 4" 

Note: ·1-1 Asphalt surface course 
H Asphalt binder course 
HB Asphalt-stabilized base course 

ABC Granular base course 
CTB Cement-treated base course 
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flectometer (FWD) was used for both trips. During the trip 
in June 1990, surface deflections with FWD geophones and 
depth deflections with the MDDs were measured simulta
neously from seven MDD sections (Sections 1, 2, 3, 6, 7, 8, 
and 9). Since only one lane was open to traffic during the 
FWD testing, limited time was available for field testing, and 
therefore testing of only seven MDD sections could be com
pleted. 

The testing sequence for the June 1990 trip was as follows. 
The FWD load plate was placed directly on top of the MDD 
top cap. An offset distance of approximately 3 in. from the 
center of the load plate was used to prevent the center geo
phone from sitting directly on the brass top cap. Three drops 
of approximately 9,000 lb were applied, and the resulting 
surface and depth deflections were measured simultaneously. 

The tests were repeated at other offset distances (Positions 
A and B). On Section 1, as an example, Position A has the 
distance from the center of the load plate to the middle of 
the MDD hole set at 20 in.; in Position B the distance was 
32 in. At both the locations deflection data were collected 
using three drops of approximately 9,000 lb. When the FWD 
load plate was not over the MDD hole (Positions A and B), 
the movement of the anchor was monitored by measuring the 
movement on the center core of the MDD system. This was 
achieved by placing one of the FWD surface geophones (the 
geophone at 60 in.) on top of a pedestal mounted on the 
center core. Different offset distances were used in each sec
tion. 

During the May 1991 trip, the limitation in testing time and 
difficulties with the MDD data acquisition program encoun
tered in some sections prevented conducting FWD tests on 
all the MDD sections. As a result, deflection data from only 
five sections (Sections 3, 6, 7, 8, and 9) are presented in this 
paper. FWD loading was applied on top of the MDDs using 
the same method as in June 1990, but no offset FWD testing 
was conducted. During both the trips, MDD deflection mea
surements were made by a data acquisition program installed 
in a Compaq 386 portable computer. 
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FIGURE 1 Typical cross section of MDD after installation (4). 

ANALYSIS AND DISCUSSION 

Moduli Backcalculation 

Typical MD D signal and normalized surface and depth de
flections in Section 1 are presented as an example in Figures 
3(a) and 3(b), respectively . .In Figure 3(a), the traces are 
smooth for each of the MDDs. Duration of the pulse is ap
proximately 30 msec. Figure 3(b) contains extremely valuable 
information for validating backcalculation schemes based on 
surface deflections. The surface deflection is represented by 
the solid line, and the other symbols represent depth deflec
tions measured by the various MDDs. The "+" symbols at 
the bottom of the graph are the measured anchor movements. 

The surface deflection data were entered into the MOD
ULUS backcalculation program, Version 4.0, to calculate the 
layer moduli for all seven sections. The "best" sets of back
calculated moduli of seven sections for the June 1990 and May 
1991 trips are presented in Table 2. In processing the FWD 
surface deflection data to determine the moduli values in 
Table 2, the following assumptions were made: 

1. The moduli of all thin surfacing less than 4 in. thick were 
fixed constant. These moduli were determined by the MOD-

ULUS program on the basis of the type of coarse aggregate 
used in the surface course and the asphalt concrete temper
ature at the time of FWD testing. For the June 1990 trip, the 
asphalt concrete temperature was calculated from the air tem
perature. For the May 1991 trip, it was measured from the 
thermocouple at a 1-in. depth from the surface. 

2. For the sections with the asphalt concrete base, both the 
surface and base were counted as a single layer. 

3. Depths to bedrock were left to be calculated by the 
MODULUS program for all the sections. 

4. The stabilized subgrade was assumed to be 7 in. thick. 

Assumptions 1 and 2 were made on the basis of knowledge 
from the literatures and the authors' experience with the back
calculation technique. Although actual depths to bedrock were 
measured during the construction of the test sections, it was 
determined not to use these values because the drilling lo
cations in the sections could have been different from where 
the MDDs were installed. The validation of these assumptions 
is discussed later in this paper. 

The following observations were made from Table 2: 

1. The calculated asphalt concrete moduli values for the 
given temperatures seemed reasonable except for Section 8 
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FIGURE 2 MDD locations (AC = asphalt concrete, ABC = aggregate base course, CTB = cement-treated base, and ST AB 
SUBG = stabilized subgrade). 

in May 1991. The AC surface modulus value of Section 8 was 
calculated from the MODULUS program on the basis of tem
perature and coarse aggregate type. 

2. For both trips, the granular base over the stabilized 
subgrade in Section 2 had a much higher modulus than the 
granular base over the soft subgrade in Sections 1 and 3, 
demonstrating the effect of confinement and support on gran
ular layer modulus. 

3. The modulus of the cement-treated base (CTB) in Sec
tion 6 was much higher than that of the CTB in Section 8 for 
both trips. This could be explained by the appearance of 
random longitudinal and transverse cracks on the surface a 
short time after the construction of Section 8, perhaps indi-

eating that the CTB was cracked, resulting in a lower effective 
modulus. 

4. The subgrade moduli values for Sections 1, 3, 7, and 9 
were very low (3 to 7 ksi) for both trips, indicating that the 
subgrade on these sections was saturated. The subgrade mod
uli values on the sections with the stabilized subgrade (Sec
tions 2 and 8) were unreasonably high. Perhaps this was due 
to the low stress state in these layers, but most likely it was 
due to the limitation of the multilayered elastic theory used 
in the backcalculation procedure. 

5. The analysis of data from both trips revealed that the 
cement-stabilized subgrade in Section 2 was much stiffer than 
the lime-stabilized subgrade in Section 8. This is generally 
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FIGURE 3 (a) Raw MDD data under FWD loading on Section 1; 
(b) normalized surface and depth deflections from Section 1. 

expected because the strength gain due to lime stabilization 
is mainly dependent on pozzolanic reaction, whereas cement 
stabilization provides· additional important cementitious re
action forming hydrates of calcium silicate. 

6. In most cases, calculated depths to bedrock from the 
MODULUS program were smaller than the actual depths to 
bedrock measured during the construction of the project, al
though this comparison might not be fair due to different 
locations in drilling and FWD testing. 

Unreasonably high moduli values of the aggregate base 
course and subgrade over or under the stabilized subgrade 
reported in Observations 2 and 4 indicate the limitation of 
the multilayered elastic theory. It must be recognized by prac
ticing engineers that the deflection-based moduli backcalcu
lation schemes built on the multilayered elastic theory mea
sure the effective modulus, not the modulus as the material 
property. 

Validation by Comparing Surface and Depth 
Deflections 

The traditional approach to backcalculating layer strength 
relies solely on the surface deflection. Various schemes are 

available for performing the backcalculation, but little effort 
has been expended in validating the numbers calculated in 
such schemes. 

One way of validating backcalculation schemes is using the 
MDD depth deflections. Once the modulus of each layer has 
been determined, deflections at different depths can be cal
culated from the WESS forward calculation program using 
the thicknesses of layers, assumed Poisson's ratios used in the 
backcalculation, the backcalculated layer moduli values, and 
the magnitude and geometry of FWD loading. The discrep
ancy between the measured depth deflections and the pre
dicted depth deflections can be used as an estimate of how 
valid the backcalculated moduli are for various design types. 

This validation process has been applied to the backcal
culated moduli values in Table 2 and resulted in Figures 4 
through 10. The following observations can be made from 
these figures: 

1. Stabilized layers in Sections 2, 6, and 8 lowered the sur
face and depth deflections considerably. 

2. Except for Section 8 in May 1991, surface deflections 
were predicted very accurately for both trips, as shown in 
Figures 4a through lOa. The larger discrepancy of Section 8 
from the May 1991 trip might be due to the poor condition 
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TABLE 2 Layer Moduli Backcalculated Using FWD Data 
Collected on Each Section 

(a) June 1990 

Moduli in ksi 

Section Surface Base Stabilized 
Subgrade 

1 2or 12.4 
2 20r 80.8 404.9 
3 115 10.0 
6 183 1709.6 
7 102" ... 
8 20r 307.4 170.3 
9 101· 

(b) May 1991 

Moduli in ksi 

Section Surface Base Stabilized 
Subgrade 

1 314° 12.0 
2 168' 51.5 215.1 
3 125 5.6 
6 223 1133.9 
7 235• 
8 508° 184.5 61.S 
9 352" 

Note: •Depth to bedrock. 
'Temperature assumed. 

Subgrade 

4.7 
40.5 
4.1 

10.1 
3.1 

30.7 
3.3 

Subgrade 

4.4 
21.5 
4.7 

12.3 
5.6 

18.3 
6.6 

•Fixed modulus based on the temperature. 
'Not measured. 

Calculated Actual 
DB· {ft) DB· (ft) 

5.4 > 20 
18.1 18 
3.4 15 
7.3 NIM' 
3.4 > 15 
7.9 > 20 
4.3 16 

Calculated Actual 
DB' (ft) DB' (ft) 

4.9 > 20 
7.3 18 
3.2 15 

13.9 NIM' 
6.1 > 15 
7.9 > 20 
9.8 16 

"Calculated value for AC surface and AC base layer combined. 

Temp.• 
(°F) 

107 
107 
107 
107 
107 
107 
107 

Temp.' 
(OF) 

93 
114 
100 
108 
82 
80 
83 

Temperature measured from the thermocouple at 1 inch depth from the surface. 

of Section 8 described earlier. The pavement condition survey 
conducted in July 1991 revealed severe rutting and fatigue 
cracking in Section 8. 

3. The maximum surface deflections of full-depth asphalt 
concrete pavements in Sections 7 and 9 were much lower in 
May 1991 than in June 1990. This could be mainly due to 
lower testing temperatures in May 1991 as indicated in 
Table 2. 

4. The surface deflection of Section 8 increased significantly 
in May 1991, indicating severe deterioration of the section. 

5. For the June 1990 trip, the measured deflections at the 
interfaces of different layers were larger than the predicted 
deflections, as shown in Figures 4b through lOb, 4c through 
lOc, and 5d through 9d. The trend was somewhat reversed 
for the May 1991 data in Figures 6b through lOb and 6c 
through lOc. 

6. However, the deflections within the subgrade for the 
June 1990 trip were predicted accurately except in Sections 7 
and 9 (Figures 8 and 10) of full-depth asphalt concrete pave
ments. 

7. The accuracy of deflection prediction became much worse 
in the May 1991 data, especially for the subgrade. 

Whether the discrepancy between the measured and pre
dicted depth deflections is acceptable depends on how and 
where the backcalculated moduli are to be used. If a pavement 
engineer were to measure relative stiffnesses of different lay
ers in pavements, oeflection-based backcalculation schemes 
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based on the multilayered elastic analysis could be sufficiently 
accurate. However, the comparison between the measured 
and predicted depth deflections made earlier indicates that 
great caution has to be used should the purpose of the back
calculation be more detailed analysis of pavement responses 
in different layers. 

Validation by Comparing Strains 

Since the interface deflection is the sum of deformations in 
all the layers below that interface, it is difficult to study which 
layer is more responsible for the discrepancy between the 
measured and predicted values. This can be better accom
plished by using either the deformation or the strain in each 
layer. Once the surface and depth deflections are measured, 
one can calculate the deformation within each layer by sub
tracting the L VDT reading at the bottom of the layer from 
that at the top of the layer. The average vertical strain can 
then be determined by dividing the deformation within the 
layer by the distance between two L VDTs. 

The calculated average vertical strains due to the FWD 
loading right on top of the MDDs in June 1990 and May 1991 
are plotted in Figures 11 through 13. In these figures, com
pressive strains are presented on the positive axis. Large er
rors between the measured and predicted strains within dif
ferent layers were noticeable. In general, it was difficult to 
conclude from these figures which layer the strain values were 
predicted more accurately for. 

In Figure 11, the average vertical AC layer strains calcu
lated from the measured depth deflections increased consid
erably in 1991, which might indicate the lower structural bear
ing capacities of these layers due to the accumulation of damage 
between June 1990 and May 1991. There was a unique trend 
in the 1991 data of the strains calculated from the measured 
deflections being higher than the predicted average vertical 
strains. Also, the accuracy in predicting the average vertical 
strains became poorer in 1991, which could demonstrate the 
limitations of the multilayered elastic theory. 

Figure 12 shows the average vertical strains within the base 
·layers. In Sections 6 and 8 with the cement-treated bases, the 
average vertical strains calculated from the measured deflec
tions were much smaller than those in other sections. Com
parison of the strains in 1990 and 1991 indicated that there 
was almost no change in the magnitudes of the strains cal
culated from the measured deflections. The most important 
finding from Figure 12 was the larger discrepancies between 
the strains from the measured and the predicted depth de
flections in Sections 1 and 3 with the aggregate base courses. 
This may be because unbound aggregate materials dilate when 
they are subjected to compressive loading. The dilatation of 
aggregate materials causes higher confining pressure around 
them that eventually yields lower strain values in the layer 
than the predicted ones from the multilayered elastic theory. 

The subgrade strains in Figure 13 seemed to have a unique 
trend of the measured strains calculated from the deflections 
being larger than the predicted strains for all the cases. This 
indicates that pavement design or rehabilitation methods based 
on the multilayered elastic analysis underestimate the com
pressive strain within the sub grade, which is an important 
parameter in the prediction of rutting. 
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FIGURE 4 June 1990 and May 1991 results of Section 1: (a) surface deflection, (b) deflection at top 
of the base, (c) deflection at top of the subgrade, (d) deflection 13 in. into the subgrade, and 
(e) absolute errors from different assumptions (June 1990). 

The same conclusion on the subgrade strain prediction can 
be drawn from Figure 14 with the offset loading conditions. 
In the asphalt concrete layers [Figure 14(a)], large vertical 
tensile strains were developed in most sections except Sections 
6 and 9. The average vertical strains calculated from the mea
sured deflections indicated that all the layers in Section 8 were 
in a tensile mode except the subgrade. This different response 
of Section 8 could be explained again by the early damage in 
this section. That is, the stress-strain behavior of the layers 
in Section 8 could be difficult to predict from the forward 
calculation program based on the multilayered elastic analysis. 

Validation of Assumptions 1 through 3 

There are various backcalculation schemes available today 
with different deflection-matching algorithms. The differ
ences among these algorithms result in different moduli values 
for the same deflection data. A more discouraging fact to 
inexperienced pavement engineers is that, even with the same 
backcalculation program, one can get very different ·results 
from the same deflection basin. Some of the basic reasons· 
why backcalculation programs fail to give reasonable values 
are summarized by Chou et al. (6) as follows: 
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FIGURES June 1990 and May 1991 results of Section 2: (a) surface deflection, (b) deflection at top 
of the base, (c) deflection at top of the stabilized subgrade, (d) deflection at top of the subgrade, 
(e) deflection 7.7 in. into the subgrade, and(/) absolute errors from different assumptions (June 
1990). 

1. Pavement materials consist of a very large range of pos
sible properties that may not always comply well with the 
linear elastic, homogeneous, and isotropic assumptions used 
in elasticity theory. 

2. The accuracy of backcalculated moduli values is depen
dent on the accuracy of input parameters, such as the thick
ness of each layer, Poisson's ratio of layer materials; and the 
depth of subgrade to bedrock. Loading condition and how 
well sensors are resting on the pavement also affect the ac
curacy of moduli values. 

In spite of difficulties from these nonideal conditions, a few 
analysts with specialized or private knowledge often can pro-

duce more reasonable results. This knowledge may be related 
to the experience of a particular pavement section or may 
exist in research reports, textbooks, general experience, com
mon sense, and engineering rules of thumb (6). The assump
tions made earlier for the sections studied in this paper are 
based on this type of.knowledge. 

Since the depth deflections measured by MDDs could be 
used in evaluating the accuracy of the backcalculation tech
nique, the influence of making different assumptions with the 
MODULUS program could be investigated. The same de
flection basins used to generate moduli values in Table 2 were 
input to the MODULUS program with different combinations 
of Assumptions 1, 2, and 3. The moduli values were back-
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FIGURE 6 June 1990 and May 1991 results of Section 3: (a) surface deflection, (b) deflection at top 
of the base, (c) deflection at top of the subgrade, (d) deflection 9.9 in. into the subgrade, and 
(e) absolute errors from different assumptions (June 1990). 

calculated from the surface deflections . with different as
sumptions, and depth deflections were calculated from the 
WES5 forward calculation program. The absolute errors for 
different cases were calculated and plotted against the depth 
of L VDT in the last subfigures of Figures 4 through 10. Five 
cases were studied with the following conditions: 

1. The surface modulus of thin surfacing was fixed. Other 
conditions were the same as in Case 2. 

2. The surface modulus of thin surfacing was not fixed. The 
depth to bedrock was left to be calculated by the MODULUS 
program. 

3. The measured depth to bedrock was input to the 
MODULUS program. Other conditions were the same as in 
Case 2. 

4. Top 24 in. of subgrade was considered as a separate 
layer. Other conditions were the same as in Case 2. 

5. Asphalt concrete base layer was separated from the sur
face and binder courses in Sections 7 and 9. Other conditions 
were the same as in Case 2. 

The first assumption, fixing the modulus for thin surfacing, 
was applicable to Sections 1, 2, and 8. As could be seen by 
comparing Cases 1 and 2 of these sections in Figures 4, 5, and 
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subgrade, and (e) absolute errors from different assumptions (June 1990). 

9, the absolute errors were smaller when the surface modulus 
was fixed. In Figures 8 and 10 for Sections 7 and 9, respec
tively, combining the asphalt concrete base layer with asphalt 
concrete surface course (Case 2) also resulted in better pre
diction than splitting these layers (Case 5). The effect of forc
ing the measured depth to bedrock in the MODULUS pro
gram, Case 3, produced larger errors in predicting depth 
deflections than in Case 2 (Figures 4 through 6 and 8 through 
10). Also, the consideration of the top 24 in. of subgrade as 
a separate layer (Case 4) increased the absolute error, as 
shown in Figures 7, 8, and 10. These observations verified 
the validity of the assumptions made in backcalculating the 
moduli values in Table 2. 

Effect of Various Designs on Average Layer Vertical 
Strains 

All the test sections were designed such that a comparative 
study of the performance of various flexible pavement designs 
could be conducted. The data obtained from the instrumented 
gauges under the FWD loading and the standard vehicle load
ing, pavement condition survey, and the weigh-in-motion will 
produce invaluable information for the pavement ·design and 
rehabilitation. In this section, the average vertical strains of 
multilayers in Figures 11 through 13 were used in evaluating 
the effect of different designs (i.e., varying thicknesses and 
material types) on the pavement response. 
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FIGURE 8 June 1990 and May 1991 results of Section 7: (a) surface deflection, (b) deflection at top 
of the asphalt concrete base, (c) deflection at top of the subgrade, (d) deflection 14.4 in. into the 
subgrade, and (e) absolute errors from different assumptions (June 1990). 

The first noteworthy observation made from Figures 11 
through 13 was the beneficial effect of stabilized layers in 
Sections 2, 6, and 8. In Figure 13, the average vertical strain 
values in the subgrade of Sections 2, 6, and 8 were much 
lower than those of other sections due to the stiffening effect 
of stabilization. The comparison of the subgrade strains in 
Sections 1 and 2 yielded more detailed information on the 
beneficial effect of subgrade stabilization. Section 1 has 3.5-
in.-thick AC surfacing with no stabilization, and in Section 
2, the surface course is only 2 in. thick but the top 7 in. of 
the subgrade is stabilized with the cement. Although the av
erage vertical strains in the aggregate base layer were almost 
the same for both the sections in Figure 12, the strains in the 
asphalt _concrete and in the subgrade were reduced consid-

erably in Section 2, which is an important factor in minimizing 
rutting in pavements .. 

The same type of comparison could be made with Sections 
6 and 8. Section 6 has 5-in.-thick AC surfacing with no subgrade 
stabilization, and Section 8 has only 2-in.-thick AC surfacing 
but with the lime-stabilized subgrade. Although the beneficial 
effect of the stabilized subgrade could not be fully recognized 
because of the cement-treated base layers in both sections, 
still the average vertical strains in the base layer and subgrade 
of Section 8 with the stabilized subgrade were smaller than 
those in Section 6 without subgrade stabilization. 

The influence of base stabilization could also be studied by 
comparing the strains of Sections 2 and 8. Sections 2 and 8 
have identical designs except for the material type and thick-



Kim et al. 

c 
0 

ts 
Cl) 

i; 
c 

c 
0 u 
t> 
i; 
c 

:i' 
! 
c 
0 v 
i 
c 

6 

3 

6 

3 

9 

6 

3 

---Meas., 1990 

Pred., 1990 

-·-
Meas., 1991 

Pred., 1991 

(a) 

20 40 60 80 
Radial Distance (Inches) 

Meas., 1990 

Pred., 1990 

Meas., 1991 
)( 

~Prod., 1991 

(c) 

5 10 15 20 25 
Offset (Inches) 

Meas., 1990 

Pred., 1990 

• 
Meas., 1991 

)( 

)( 
Pred., 1991 

(e) 

10 15 20 25 
Offset (Inches) 

c 
0 u 
Cl) 

i; 
c 

:i' 
! 
c 
0 u 
Cl) 

i; 
c 

6 

3 

9 

6 

3 

Meas., 1990 

)( Pred., 1990 

• 
Meas., 1991 

)( 

~Pred.,1991 

(b) 

5 10 15 20 25 
Offset (Inches) 

Meas., 1990 

Pred., 1990 

Meas., 1991 
)( 

)( 

~Pred., 1991 

(d) 
0'~0----,.5-----....----.----~------1 

10 15 20 25 
Offset (Inches) 

1.6.----------------
(f) 

:i 1.2 

! 
5 .. w 0.8· 

~ 
0 
.a 0.4 c 

)( 

+ 
0 

)( 

0 

)( 

)( 

Case 1 

Case2 
0 

Case3 
0 

)( 

5 10 15 20 

LVDT Depth (Inches) 
25 

139 

FIGURE 9 June 1990 and May 1991 results of Section 8: (a) surface deflection, (b) deflection at top 
of the cement-treated base, (c) deflection at top of the stabilized subgrade, (d) deflection at top of the 
subgrade, (e) deflection 6.9 in. into the subgrade, and (/) absolute errors from different assumptions 
(June 1990). 

ness of the base layer. The results in Figures 11 and 13 show 
that the strains in the AC layer and in the subgrade were 
lower in Section 2. Furthermore, some block cracking ob
served in the sections with the cement-treated base courses 
after the construction makes the researchers question the ben
efits of the cement-treated base course. 

The comparison of Sections 1 and 3 in Figures 11 through 
13 can also give an interesting finding. In Section 1, the thick
nesses of the surfacing and the aggregate base layer are 3.5 
and 12 in., respectively, whereas Section 3 has 5-in.-thick AC 
surfacing and 8-in.-thick aggregate base course. As a result, 
the average vertical strain in the AC surfacing was much lower 
in Section 3 with a thicker AC layer, but the vertical strains 

in the aggregate base layer and in the subgrade were lower in 
Section 1. Therefore, a 1.5-in. increase in the AC layer thick
ness with a 4-in. reduction of the base layer thickness increased 
the average vertical strains in the base layer and in the subgrade. 

The effect of replacing 12-in.-thick aggregate base course 
with 5.5-in.-thick asphalt concrete base course was investi
gated by comparing the vertical strains of Sections 1 and 7 in 
Figure 13. The average vertical strains in the subgrade were 
almost the same for both sections. This observation indicates 
that, as far as the vertical compressive strain in the subgrade 
is concerned, the structural capacity of 5.5-in.-thick asphalt 
concrete base is almost the same as that of 12-in.-thick un
bound aggregate base course. 
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The vertical strain values from Sections 3, 6, and 9 could 
be compared to evaluate the effect of different base materials. 
Sections 3, 6, and 9 have the same design except 8-in.-thick 
unbound aggregate base, 5.5-in.-thick cement-treated base, 
and 4-in. asphalt concrete base, respectively. The average 
vertical strain in the subgrade was highest in Section 3 and 
lowest in Section 6, demonstrating the beneficial effect of base 
layer stabilization. This was evident for both trips in Figure 
13. 

141 

In general, Section 2 resulted in the lowest average vertical 
strain in the subgrade. Although the thickness of the AC 
surface was only 2 in., cement stabilization of the top 7 in. 
of subgrade reduced the subgrade strain very effectively. This 
emphasizes the importance of taking care of poor subgrade 
on the pavement design and rehabilitation. 

CONCLUSIONS 

FWD testing was performed on the instrumented test sections 
during June 1990 and May 1991. The MODULUS backcal
culation program generally resulted in reasonable effective 
moduli values considering the material types and environ
mental conditions except in Section 8, which had severe dam
age. The validation process using the WES5 forward calcu
lation program revealed that the error-minimizing technique 
used in the MODULUS program provided fast and accurate 
fitting of surface deflection basins in various designs of flexible 
pavements. 

The depth deflections measured from the multidepth de
flectometers can be a powerful tool in evaluating the accuracy 
and dependability of backcalculated moduli values. The fol
lowing conclusions were made from the validation of the back
calculated moduli values using depth deflections and average 
vertical layer strains: 

1. The assumptions made in this paper during the back
calculation appeared to reduce the errors between the mea
sured and calculated depth deflections. 

2. According to the comparison between the measured and 
calculated depth deflections of both trips, great caution has 
to be exercised when the backcalculated moduli are used in 
predicting response of pavements at different depths. 

3. The accuracy in predicting depth deflections became poorer 
in 1991, especially for the subgrade. This could be an indicator 
of the additional systematic errors in 1991 due to the accu
mulated damage of the pavements. 

4. The multilayered elastic analysis overpredicted the av
erage vertical compressive strains within the aggregate base 
layers, demonstrating the effect of higher confining pressure 
developed from the dilatation of the aggregate materials under 
the compressive loading. 

5. The average vertical sub grade strains were underesti
mated by the multilayered elastic analysis in all the sections 
of both trips. 

6. The comparative study of the structural capacities of 
various designs also revealed the importance of stabilizing a 
poor subgrade in reducing the average vertical subgrade strain. 
Further study with the data from gauges and more field testing 
will yield invaluable information in pavement design and re
habilitation. 
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Implementation of Falling Weight 
Deflectometer Load-Zoning 
Procedure in Texas 

JEFF JACKSON AND MIKE MURPHY 

The Texas Transportation Institute, on behalf of the Texas De
partment of Transportation (TxDOT), has developed a computer 
program, LOADRATE (Project 473) to be used as a load-zoning 
analysis tool for two-layer pavements. A comparison study was 
undertaken of the solutions generated by LO AD RA TE and those 
obtained using the Texas triaxial classification methodology for 
determining allowable wheel load capacity. The Texas triaxial 
method historically has been used to determine whether load 
zoning is warranted on a given roadway and is also used as a 
"check" for pavement designs generated by the flexible pavement 
design system computer program when used for low-traffic-volume 
roadways. For this comparison, deflection data were collected on 
all load-zoned roads (228.68 mi) in Ellis County of the Dallas 
district using the falling weight deflectometer. The LOAD RATE 
program was used to compute both unadjusted and adjusted base 
moduli using the temperature/moisture correction features of the 
LOADRATE program. An allowable axle load for single, tan
dem, and tridem axles was then computed by the program using 
an allowable rut depth of 0.5 in. as the failure criteria. The results 
generated by the LOADRATE program do not give reasonable 
allowable loads as a function of pavement thickness. Additional 
field calibration of the LOADRATE program is warranted. 

Of the more than 78,000 centerline-mi of roadway on the 
state-maintained highway network in Texas, approximately 
17,250 mi, or slightly more than 22 percent, is load zoned. 
This load-zoned mileage is primarily made up of light-duty 
pavements within the farm-to-market (FM) road system and 
typically are constructed of unbound base materials with a 
thin wearing surface of asphalt and aggregate. In areas ex
hibiting especially weak subgrade soils, some load-zoned 
roadways are constructed of stabilized materials, including 
hot-mix asphalt concrete surface courses and asphalt, lime, 
or cement-treated bases and subgrades. 

Load zoning is almost exclusively accomplished by limiting 
gross vehicle weight to 58,420 lb, the maximum legal load in 
Texas when many of these roads were constructed. The Texas 
triaxial load capacity method currently is used to determine 
whether load zoning is warranted on a roadway segment and 
provides a means for computing the required thickness of the 
pavement structure to prevent rutting of the subgrade caused 
by excessive wheel loads (J). On the basis of a need for an 
improved method of analyzing load-zoned roadways using 
mechanistic analysis of nondestructive test data, the Texas 
Department of Transportation (TxDOT) sponsored a re
search project with the Texas Transportation Institute at Texas 

Texas Department of Transportation, 125 East 11th Street; Austin, 
Tex. 78701-2483. 

A&M University to develop a computer program for deter
mining the allowable axle load and remaining life of light
duty pavements. This program, LOADRATE, uses either 
falling weight deflectometer (FWD) or dynaflect deflection 
data to backcalculate moduli values for base and subgrade 
layers and then uses pavement layer and traffic information 
to determine the allowable axle load to ensure a minimum 
10-year design life that is based on failure caused by 
rutting (2). 

OBJECTIVE AND SCOPE 

The LOADRATE computer program is currently being eval
uated by TxDOT, and the results are being compared with 
those from the Texas triaxial load capacity method. The ob
jective of this paper is to present findings of one such com
parison, involving an analysis of FWD and soil triaxial clas
sification data that were collected for all load-zo"ned roads in 
Ellis County (Dallas district). The results of this analysis will 
be given and the strengths and limitations of each method 
will be discussed. Conclusions will be drawn on the basis of 
these results, subject to inferences that can be made using 
the field data that were collected. 

TEXAS TRIAXIAL METHOD 

Developed in the late 1940s, the Texas triaxial classification · 
method is used to determine the required thickness of a pave
ment structure to ensure against subgrade compression failure 
caused by a design wheel load for either a 10- or 20-year 
design life. This method is currently used to check pavement 
designs generated by the flexible pavement design system 
(FPS) and is used in determining the allowable wheel load 
for load-zoning purposes (J). 

The Texas triaxial method classifies paving materials on a 
scale from 1 to 6 (1 being considered a good flexible base 
material and 6 being considered a very weak subgrade). These 
classifications are based on a triaxial test that determines the 
shearing resistance of soils, soil aggregate mixtures, and base 
materials. The test consists of applying an axial load to cylin
drical specimens of specified dimensions, supported by var
ious, known lateral pressures until failure occurs. The test is 
run on saturated specimens that yield conservative results, 
especially for materials in West Texas, where saturated con
ditions rarely occur (3,4). 
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A chart that is based on empirical data has been developed 
that relates the triaxial class and pavement thickness to design 
wheel load. The pavement thickness necessary to prevent 
subgrade compression failure (rutting) is determined by read
ing the design wheel load on the horizontal axis of the chart, 
intersecting this value with the material classification and then 
reading the required material thickness in inches off the ver
tical axis (see Figure 1). For load-zoning purposes, the thick
ness of the pavement structure and the subgrade soil triaxial 
classification are known and the allowable wheel load for a 
10-year design life is determined on the basis of these values. 
Allowable wheel loads less than 10,000 lb warrant road load 
zoning. 

For pavement design purposes, a thickness reduction is 
allowed for pavement layers that are stabilized. The method 
for determining the allowable thickness reduction is based on 
the type of stabilizing agent used (cement, asphalt, lime, etc.) 
and the thickness of the stabilized layer. In determining the 
allowable wheel load, stabilized layers are accounted for by 
increasing the effective thickness of the pavement structure. 
The theory is that stabilized materials, being stiffer than non
stabilized materials, spread the load more and therefore re
duce vertical compressive stresses to the subgrade, resulting 
in a higher allowable wheel load. The allowable thickness 
reduction is dependent on the cohesiometer value for the 
material. Table 1 gives recommended cohesiometer values 
for various stabilized layer types and thicknesses. To deter-

WHEEL LOAD IN THOUSANDS OF POUNDS 
4 8 12 16 20 24 28 32 36 40 

•(INCHES) 

FIGURE 1 Triaxial classification lead capacity chart. 

TABLE 1 Cohesiometer Values for Stabilized Materials 

STABILIZED MATERIAL TYPE 
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mine the equivalent pavement thickness, the cohesiometer 
value for the stabilized layer is determined from available 
data or selected on the basis of estimates in Table 1. Referring 
to Figure 2, the allowable thickness reduction is determined 
by entering the chart on the vertical axis with. the pavement 
thickness, intersecting the appropriate cohesiometer value line 
and reading the thickness reduction on the horizontal scale. 
The equivalent pavement thickness equals the actual pave
ment thickness plus the allowable thickness reduction (3). If 
a stabilized subgrade exists, only the equivalent thickness re
duction resulting from the stabilized layer is included in the 
equivalent pavement thickness-the actual thickness of the 
stabilized subgrade is not included. 

As an example, the equivalent ·thickness of the following 
pavement structure will be determined: 

Surf ace course 

Asphalt surface 
treatment (1 in.) 

Base course 

10-in. limestone 
flexible base 

Sub base 

6-in. lime stabilized 
sub grade 

Entering Figure 2 with a depth of pavement structure of 17 
in. and a cohesiometer value of 250, the allowable thickness 
reduction is computed as 2.5 in. The equivalent pavement 
thickness would then be computed as 

Surface course 

Asphalt surface 
treatment (1 in.) 

7 
I 

I 

'--'---< v 

I 

I 
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v ~ ~/ //,,, 
~v ' 

Base course 

10-in. limestone 
flexible base 
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7 
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I/ / / 

I v ~ './"\ 
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v 

Equivalent thickness 
reduction 

2.5 in. 
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/ v v 

/ 
000 

~ v 
~ 
COt ESIC MEl ER~ ~LUE 
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FIGURE 2 Thickness reduction chart for stabilized layers. 

COHESIOMETER 
VALUE 

Lime Treated Base > than 3" Thick 
Lime Treated Subgrade > than 3" Thick 
Cement Treated Base > than 3" Thick 

300 
250 

1000 
300 
800 
550 
300 

Cold Mixed Bituminous Materials > 3" Thick 
Hot Mixed Bituminous Materials > 6" Thick 
Hot Mixed Bituminous Materials 4" to 6" Thick 
Hot Mixed Bituminous Materials 2" to 4" Thick 
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The equivalent pavement thickness would then be 13.5 in. If 
we assume a soil triaxial classification of 6.0 and refer to 
Figure 1, we determine that this pavement structure provides 
sufficient depth of coverage for a wheel load capacity of ap
proximately 6,000 lb (for an estimated design life of 10 years). 
We would then conclude that this pavement warrants load 
zoning because the allowable wheel load is less than 10,000 lb. 

LOADRATE 

The LOADRATE computer program was developed by the 
Texas Transportation Institute at Texas A&M University. 
LOADRATE provides a mechanistic modeling approach for 
analyzing light-duty pavements using backcalculated moduli 
for the base and subgrade, base course thickness, subgrade 
material type, and traffic data (4). The program is able to 
correct base moduli for temperature and moisture variation 
and can predict rutting for three subgrade types;, heavy clays 
(CH), clayey silt/silty clay (CL-ML), and clayey/silty sand 
(SC-SM). However, the program is flexible and gives the user 
the option to specify parameters that are based on laboratory 
data for soil types specific to the roadway being evaluated (4). 

LOAD RATE determines remaining life and allowable axle 
loads on the basis of a specified limiting rut depth. The pro
gram was designed to analyze two-layer problems (base and 
subgrade) and cannot determine remaining life on the basis 
of failure from fatigue cracking of an asphalt surface course. 

Remaining life calculations require the user to provide either 
(a) the current annual traffic in 18-kip equivalent single axle 
loads (ESALs), traffic growth rate, and length of analysis 
period in years or (b) the 1st and 20th year average daily 
traffic (ADT) and the total number of 18-kip ESALs in 20 
years. The rut depth prediction model relates accumulated 
permanent strain to number of load applications and subgrade 
type. The model is of the form 

log EP = log a + b log N 

where 

EP = accumulated permanent strain, 
a,b = material constants based on soil type, and 

N = number of 18-kip load applications. 

(1) 

The determination of the remaining life then becomes a straight
forward calculation that is based on a predetermined allow
able rut depth, traffic, and subgrade soil type. TxDOT has 
established criteria that require a remaining life of at least 10 
years for FM roads. If the LOAD RATE program determines 
that 100 percent of the test sections analyzed can accommo
date the projected number of 18-kip ESALs without exceed
ing the predetermined rut depth, then the program reports 
that legal axle load limits are allowed and load zoning is not 
required. If the remaining life is computed to be less than 10 
years, the program then determines the allowable axle load 
limits for single, tandem, and tridem axles that would ensure 
a minimum life of 10 years and reports these reduced axle 
load limits in the output. 
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ROADWAYS USED FOR COMPARISON 

All load-zoned roadway sections in Ellis County of the Dallas 
district were tested with the FWD. A total of 31 FM roadways 
totaling 228.680 mi were measured in this county. Of the 31 
FMs measured, only 20 FMs totaling 135.260 mi were either 
fully or partly compatible for use with LOADRATE. Some 
were compatible over their entire length and some contained 
sections within the length of the roadway that were compatible 
for analysis using the LOADRATE program. Compatibility 
in this case is defined as a roadway containing only a two
layer pavement structure (a sub grade and a base with a thin 
surfacing material) or a pavement that could, for practical 
purposes, be considered as a two-layer pavement structure, 
as can be seen in Table 2. This limitation is an inherent one 
and is totally acceptable as the program was designed within 
this limitation. 

The 20 FMs were segmented into roadway sections that 
were based on changes in the typical sections of the pavements 
(changes in the structural composition of the layers of the 
pavements) or changes in traffic volume for a total of 49 
roadway sections. Finally, of the 49 sections, 40 sections to
taling 114.566 mi were compatible for analysis using the 
LOADRATE program. This amounted to approximately 50 
percent of the measured mileage being compatible for analysis 
using the LOADRATE program, which is not much different 
from that stated by the LOADRATE developers in their 
report (2). Although this percentage does not appear to be 
significant, if it were assumed to represent the percentage of 
all mileage of load-zoned FMs in the state that could be an
alyzed using LOADRATE this would amount to an approx
imate total of 8,625 mi of the approximate 17 ,250 mi of current 
load-zoned roadways in the state (a sizeable contribution to 
load-zone analysis of low-volume roadways). 

LIMITS ON INFERENCE SPACE 

The subgrade soil of all load-zoned roadways in Ellis County 
were in the relatively poor category (triaxial class 5.4 to 5.2), 
as can be seen in Table 2. Obviously, this very limited range 
inhibits the accuracy of extrapolation of results to the fair and 
good ranges (triaxial class 4.0 to 1.0). In addition, the de
flection collected was taken primarily in the summer months, 
which may generate moduli of elasticity that are stronger than 
those that have been generated from deflection data taken 
during the spring thaw period. Therefore, the results obtained 
in this comparison and the subsequent observations and con
clusions drawn are for a small range of the subgrade triaxial 
class scale and for moduli values that have been revised or 
adjusted by the LOADRATE temperature/moisture correc
tion routine from a summer condition to a spring-thaw con
dition. 

WHEEL LOAD CAPACITIES BASED ON TEXAS 
TRIAXIAL METHOD 

The Division of Materials and Tests (D-9) of TxDOT provided 
the subgrade triaxial class data and the Texas triaxial wheel 



TABLE2 Original Input Data for Texas Triaxial and LOAD RA TE Methods 

SURFACE BASE SUBGRADE SOIL TRAFFIC 
THICK THICK TRI AXIAL 1990 2010 20 YEAR 

S! TYPE {IN.) TYPE {IN.) DESCRIPTION CLASS ADT ADT ESALS 
1 1-C.S.T. 0.50 FLEXBASE 12 SILTY CLAY 5.4 1,150 2,500 436,000 
2 2-C.S.T. 1.00 FLEXBASE 14 SILTY CLAY 5.4 1,150 2,500 436,000 
3 1-C.S.T. 1.00 FLEXBASE 10 SILTY CLAY 5.2 1,200 1,700 461,000 

ON 1-C.S.T. 
4 2-C.S.T. 1.00 FLEX BASE 12 SILTY CLAY 5.4 1,450 2,900 485,000 
5 1-C.S.T. o. 50. FLEXBASE 10 SILTY CLAY 5.4 610 1,050 255,000 
6 2-C.S.T. 1.00 LIME TRTD 7 SILTY CLAY 5.2 370 710 85,000 

FOUND CRSE 
7 2-C.S.T. 1.00 FLEXBASE 6 CHALK W/ 5.2 5,400 11,100 1,472,000 

SILTY CLAY 
8 2-C.S.T. 1.00 FLEXBASE 6 CHALK W/ 5.2 910 1,800 356,000 

SILTY CLAY 
9 2-C.S.T. 1.00 FLEX BASE 12 SILTY CLAY 5.3 1,000 2,200 183,000 

10 2-C.S.T. 1.00 FOUND CRSE 15 SILTY CLAY 5.3 1,000 2,200 183,000 
11 2-C.S.T. 1.00 FOUND CRSE 15 SILTY CLAY 5.3 1,000 2,200 183,000 
12 1-C.S.T. 1.00 FLEXBASE 10 SILTY CLAY 5.2 590 1,200 120,000 

ON 1-C.S.T. 
13 1-C.S.T. 0.50 FLEXBASE 6 SILTY CLAY 5.2 590 1,200 120,000 
14 1-C.S.T. 0.50 FLEX BASE 6 CHALK W/ 5.2 440 910 100,000 

SILTY CLAY 
15 1-C.S.T. 0.50 FLEXBASE 6 CHALK W/ 5.2 1,100 2,200 185,000 

SILTY CLAY 
16 2-C.S.T. 1.00 FLEXBASE 12 SILTY CLAY 5.3 740 1,400 303,000 
17 1-C.S.T. 1.00 FLEXBASE 12 SILTY CLAY 5.3 1,100 2,400 427,000 

ON 1-C.S.T. 
18 1-C.S.T. 0.50 FLEXBASE 6 SILTY CLAY 5.3 450 940 133,000 
19 2-C.S.T. 1. 00 FLEXBASE 8 SILTY CLAY 5.4 1,050 2,300 143,000 
20 A.s·. B. 1.25 FLEX BASE 6 SILTY CLAY 5.4 3,600 7,400 299,000 
21 2-C.S.T. 1. 00 A.S.B. 6 SILTY CLAY 5.4 3,300 6,700 539,000 
22 ACP 1.00 FLEX BASE 8 SILTY CLAY 5.4 1,000 1,700 258,000 
23 2-C.S.T. 1. 00 A.S.B. 6 SILTY CLAY 5.4 1,000 1,700 258,000 
24 ACP 1.00 SOIL ASPH 6 SILTY CLAY 5.4 90 180 20,000 

BASE 
25 2-C.S.T. 1.00 LIME STAB 12 SILTY CLAY 5.4 540 1,000 253,000 

BASE 
26 2-C.S.T. 1. 00 FLEX BASE 12 SILTY CLAY 5.4 90 180 50,000 
27 2-C.S.T. 1.00 FLEX BASE 10 SILTY CLAY 5.4 190 370 46,000 
28 1-C.S.T. 0.50 SOIL ASPH 6 SILTY CLAY 5.4 1,550 2,900 491,000 

BASE 
29 1-C.S.T. 0.50 SOIL ASPH 6 SILTY CLAY 5.4 830 1,700 342,000 

BASE 
30 2-C.S.T. 1.00 FLEXBASE 12 SILTY CLAY 5.4 830 1,700 342,000 
31 2-C.S.T. 1.00 FLEXBASE 6 SILTY CLAY 5.1 830 1,700 342,000 
32 1-C.S.T. 0.50 FLEXBASE 6 CHALK W/ 5.2 5,100 12,200 1,608,000 

SILTY CLAY 
33 1-C.S.T. 0.50 FLEXBASE 6 CHALK W/ 5.2 2,500 4,900 911,000 

SILTY CLAY 
34 1-C.S.T. 0.50 FLEX BASE 6 CHALK W/ 5.2 1,050 2,200 583,000 

SILTY CLAY 
35 2-C.S.T. 1.00 FLEXBASE 6 CHALK W/ 5.2 570 1,150 138,000 

SILTY CLAY 
36 2-C.S.T. 1.00 FLEXBASE 9 CHALK W/ 5.2 1,000 2,000 200,000 

SILTY CLAY 
37 2-C.S.T. 1. 00 FLEXBASE 8 SILTY CLAY 5.3 630 1,100 266,000 
38 2-C.S.T. 1. 00 FLEXBASE 6 SILTY CLAY 5.2 490 950 104,000 
39 1-C.S.T. 1. 00 FLEX BASE 10 SILTY CLAY 5.3 3,500 6,700 360,000 

ON 1-C.S.T. 
40 1-C.S.T. 1. 00 FLEX BASE 10 SILTY CLAY 5.3 1,050 2,000 171,000 

ON 1-C.S.T. 
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load capacity for each of the given roadway sections on the 
basis of the engineering data given to them concerning each 
section. The wheel loads provided by D-9 were for a 20-year 
pavement life and, according to the Texas triaxial method, 
the allowable wheel loads were adjusted by a factor of two 
to obtain a 10-year pavement life for comparison with LOAD
RA TE output. In addition, the pavement thickness used for 
the Texas triaxial method is actually an effective thickness, 
as previously discussed, and not the actual thickness as used 
by LOADRATE (see Table 3). These allowable wheel load 
capacities ranged from 3,000 lb to over 13,000 lb/wheel. Be
cause of the basis of the Texas triaxial method, the allowable 
wheel loads increased with an increase in the effective pave-

TABLE 3 Results of Texas Triaxial and LOADRATE Methods 
--

TEXAS TRIAXIAL METHOD 
20 YEAR 10 YEAR 
ALLOW. ALLOW. 
WHEEL WHEEL 

SOIL THICK. LOAD LOAD 
CLASS USED CAPACITY CAPACITY 

S! USED (IN.} (LBS.} (LBS.} 
1 5.4 13.5 4,600 9,200 
2 5.4 15.5 5,400 10,800 
3 5.2 11.5 3,800 7,600 
4 5.4 13.5 4,600 9,200 
5 5.4 11.5 3,200 6,400 
6 5.2 10.5 3,200 6,400 
7 5.2 7.5 1,600 3,200 
8 5.2 7.5 1,600 3,200 
9 5.3 13.5 4,800 9,600 

10 5.3 16.5 7,100 14,200 
11 5.3 16.5 7,100 14,200 
12 5.2 11.5 3,800 7,600 
13 5.2 7.5 1,600 3,200 
14 5.2 7.5 1,600 3,200 
15 5.2 7.5 1,600 3,200 
16 5.3 13.5 4,800 9,600 
17 5.3 13.5 4,800 9,600 
18 5.3 7.5 1,550 3,100 
19 5.4 9.5 2,300 4,600 
20 5.4 9.0 2,100 4,200 
21 5.4 7.5 1,500 3,000 
22 5.4 10.5 2,800 5,600 
23 5.4 7.5 1,500 3,000 
24 5.4 12.0 3,600 7,200 
25 5.4 16.5 6,600 13,200 
26 5.4 13.5 4,600 9,200 
27 5.4 11. 0 3,000 6,000 
28 5.4 10.5 2,800 5,600 
29 5.4 10.5 2,800 5,600 
30 5.4 13.5 4,600 9,200 
31 5.1 7.5 1,700 3,400 
32 5.2 7.5 1,600 3,200 
33 5.2 7.5 1,600 3,200 

34 5.2 7.5 1,600 3,200 
35 5.2 7.5 1,600 3,200 
36 5.2 10.5 3,200 6,400 
37 5.3 9.5 2,400 4,800 
38 5.2 7~5 1,600 3,200 
39 5.3 11.5 3,500 7,000 
40 5.3 11. 5 3,500 7,000 
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ment thickness, as expected. The variability in strength or 
load-carrying capacity of the base course was not a consid
eration in this method except, as previously outlined, in the 
cases in which there existed a stabilized layer. This method 
assumes a worst-case (saturated) condition and, although it 
provides a conservative design, does not always represent the 
conditions in the field. The degree of conservativism is depen
dent on the conditions at a given site and therefore is not a 
constant. However, until an acceptable and reliable replace
ment is decided on, this method is the standard accepted 
method of load-zone analysis for TxDOT because conserva
tivism is preferred when there is a lack of a better process or 
methodology. 

LOADRATE METHOD 

ALLOW. ALLOW. 
AXLE WHEEL 

THICK. LOAD LOAD 
USED CAPACITY CAPACITY 

SOIL GROUP (IN.} (LBS.} (LBS.} 
2) SILTY CLAY 12.5 22,000 11,000 
2) SILTY CLAY 15.0 20,000 10,000 
2) SILTY CLAY 11. 0 20,000 10,000 
2) SILTY CLAY 13.0 20,000 10,000 
2) SILTY CLAY 10.5 22,000 11,000 
2) SILTY CLAY 7.0 26,000 13,000 
2) SILTY CLAY 7.0 17,000 8,500 
2) SILTY CLAY 7.0 22,000 11,000 
2) SILTY CLAY 13.0 23,000 11,500 
2) SILTY CLAY 16.0 23,000 11,500 
2) SILTY CLAY 16.0 24,000 12,000 
2) SILTY CLAY 11. 0 25,000 12,500 
2) SILTY CLAY 6.5 26,000 13,000 
2) SILTY CLAY 6.5 26,000 13,000 
2) SILTY CLAY 6.5 24,000 12,000 
2) SILTY CLAY 13.0 22,000 11,000 
2) SILTY CLAY 13.0 20,000 10,000 
2) SILTY CLAY 6.5 25,000 12,500 
2) SILTY CLAY 9.0 24,000 12,000 
2) SILTY CLAY 7.3 22,000 11,000 
2) SILTY CLAY 7.0 20,000 10,000 
2) SILTY CLAY 9.0 22,000 11,000 
2) SILTY CLAY 7.0 23,000 11,500 
2) SILTY CLAY 7.0 30,000 15,000 
2) SILTY CLAY 13.0 22,000 11,000 
2) SILTY CLAY 13.0 28,000 14,000 
2) SILTY CLAY 11. 0 28,000 14,000 
2) SILTY CLAY 6.5 20,000 10,000 
2) SILTY CLAY 6.5 22,000- 11,000 
2) SILTY CLAY 13.0 21,000 10,500 
2) SILTY CLAY 7.0 22,000 11,000 
2) SILTY CLAY 6.5 23,000 11,500 
2) SILTY CLAY 6.5 23,000 11,500 

2) SILTY CLAY 6.5 20,000 10,000 
2) SILTY CLAY 7.0 25,000 12,500 
2) SILTY CLAY 10.0 26,000 13,000 
2) SILTY CLAY 9.0 22,000 11,000 
2) SILTY CLAY 7.0 26,000 13,000 
2) SILTY CLAY 11. 0 21,000 10,500 
2} SILTY CLAY 11. 0 24,000 12,000 
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WHEEL LOAD CAPACITIES BASED ON 
LOADRATE METHOD 

The Dallas district (District 18) in conjunction with the Di
vision of Transportation Planning (D-10) of TxDOT provided 
the traffic data for the given roadway sections. District 18 
also provided the subgrade soil type and collected the FWD 
data on the given roadway sections (see Table 2). The soil 
types given were best represented by choosing the No. 2, silty 
clay option within the program for this method. The solution 
generated by the LOADRATE program was an allowable 
axle load. To compare on an equal basis, this allowable axle 
load was decreased by a factor of two to an allowable wheel 
load for this comparison. The legal wheel load in Texas is 
10,000 lb/wheel. The allowable wheel loads generated by 
LOADRATE seem to indicate that load-zoning could be re
moved for almost all roadway sections without failures oc
curring within 10 years (see Table 3). The allowable wheel 
loads tended to vary to some degree yet appear to oscillate 
around an almost horizontal line at approximately 10,500 to · 
11,500 lb/wheel (see Figures 3 and 4). The LOADRATE 
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program also prints out the backcalculated moduli it gener
ated that was the basis for its allowable wheel load capacity 
along with traffic, pavement thickness, and subgrade soil type. 

LOADRATE RESULTS COMPARED WITH TEXAS 
TRIAXIAL RESULTS 

Currently, the backcalculated moduli generated by the 
LOADRATE program do not correlate with any degree of 
confidence with the Texas triaxial method. This is primarily 
because the Texas triaxial method is measured in the labo
ratory by testing under worst-case conditions (saturated), 
whereas the backcalculated moduli of elasticity are measured 
in the field and are a time-dependent (seasonal) characteristic 
of the soil. The LOADRATE program does ·allow for ad
justment of the backcalculated moduli values that are based 
on moisture and temperature. The existing moisture condi
tions on these roadways, however, were not measured for 
various reasons; therefore, maximum adjustment allowed by 
LOADRATE was used to ensure that the most conservativ_e 
results would be obtained from LOADRATE for comparison 
with the Texas triaxial method. The moisture and temperature 
corrections did not change the original allowable axle load in 
almost all instances. When the corrections did change the 
allowable axle load (there were only three cases) two sections 
received increases of 1,000 lb each in allowable axle load and 
one section received a decrease of 1,000 lb allowable axle 
load. Even after making this adjustment, the LOADRATE 
results suggest removal of load zoning on all but two roadway 
sections. Because of the inconsistency of results from the 
correction routines, the results reported herein are for the 
original input and output to the LOADRATE program. 

RESULTS AND OBSERVATIONS 

The two methods place different significance on input fact.ors 
such as traffic, moduli values, and soil type (subgrade triaxial 
class). Traffic is not a standard consideration in the Texas 
triaxial method but it is a primary input in the LOADRATE 
method. The moduli values are of no use in the Texas triaxial 
method but are a necessity in the LOADRATE method. The 
subgrade triaxial class is a required input in the Texas triaxial 
method but it is not a user input to the LOAD RATE method. 

The Texas triaxial method appears to give conservative 
allowable wheel loads when the effective thickness is less than 
15 in. The LOAD RATE method appears to give conservative 
allowable wheel loads when the effective pavement thickness 
is greater than 15 in. This observation in itself would not lend 
either method unacceptable. However, the LOADRATE 
method's liberal allowable wheel loads coupled with the fact 
that the LOADRATE method tends to suggest removal of 
load zoning on almost all sections that are currently load · 
zoned lead the authors to believe that more work needs to 
be done to establish the reasons for this discrepancy and pos
sibly to calibrate or modify, or both, the LOAD RATE pro
gram for final acceptance and subsequent use by TxDOT. 
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SUMMARY AND CONCLUSIONS 

As mentioned, the Texas triaxial method does have limita
tions and is a conservative method for a large percentage of 
load-zoned roadways. However, until an acceptable alter
native procedure is developed, tested, and confirmed as a 
standard method of pavement load-zone analysis, the Texas 
triaxial method will still remain the standard method used by 
TxDOT, especially because it is a conservative method for 
the most part and also because it has been in use for many 
years in Texas with acceptable results (partially because of its 
conservative approach). 

The results indicate that, although the LOAD RA TE method 
allows for a more precise manner of measuring a pavement's 
load capacity in the field and at any given point in time, the 
latter could be a disadvantage without readily available in
formation relating to the existing moisture condition and the 
effect of moisture change along a particular roadway section 
on the variation of moduli values because they are heavily 
dependent on moisture conditions. In addition, the backcal
culated subgrade moduli values in general appear to be slightly 
lower than was expected with other backcalculation proce
dures. Although the LOADRATE method does take traffic 
into account, the percent error inherent in traffic predictions 
combined with the fact that the pavement engineering com
munity currently has established no standard, nationwide 
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backcalculation procedure as the most acceptable or realistic, 
further highlights the need for more work on the LOAD
RATE program before implementation can be considered. 
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Implementation of Backcalculation in 
Pavement Evaluation and Overlay 
Design in Oregon 

HAIPING ZHOU, JIM HUDDLESTON, AND JAMES LUNDY 

The implementation of the BOUSDEF backcalculation program 
with emphasis on the comparison between the laboratory-tested 
and backcalculated moduli and in using the backcalculated moduli 
in overlay design is presented. In doing so, two projects, both 
conventional flexible pavement structures, were evaluated for 
overlay design requirement. The deflections were measured with 
a KU AB falling weight deflectometer, and pavement temperature 
was measured during the deflection tests. The laboratory tests 
included determination of modulus for asphalt concrete (AC) 
cores and base materials. For the AC cores, the diametral test 
procedure (ASTM D4123) was followed. The cores were tested 
at three temperatures-42°F, 73°F, and 95°F-to determine the 
AC modulus-temperature relationship. For the base material, the 
triaxial test procedure (AASHTO T-274) was used. The com
parison showed that for the AC materials, the backcalculated 
moduli are generally lower than those that are laboratory tested 
and also seemed to be less susceptible to temperature variations. 
For the base material, the backcalculated modulus slope (k2) is 
slightly higher than that determined from laboratory testing. 
However, in the range in which pavement stresses generally fall, 
a satisfactory comparison is observed. On the basis of the back
calculated and the laboratory results, inputs were developed for 
pavement overlay design using a mechanistic approach. The over
lay design recommendation on these two projects were also com
pared with those from the ODOT (Oregon Department of Trans
portation) standard overlay design procedure. The results from 
both the mechanistic approach and the ODOT procedure were 
very close, implying that the backcalculated moduli provided a 
reasonable estimate of the existing pavement properties. 

Using backcalculation techniques to determine pavement layer 
moduli has received increasing interest among the pavement 
engineering community. To date, a number of computer pro
grams have been developed that use various algorithms. Or
egon Department of Transportation (ODOT) has been using 
a backcalculation program, BOUSDEF, developed at Oregon 
State University (J). The BOUSDEF program is based on 
the method of equivalent thicknesses together with Boussi
nesq's theory. The program, because of its extremely fast 
computing speed and capability of determining nonlinearity 
of granular base and fine sub grade, has been used to assist 
ODOT pavement engineers in evaluating existing pavement 
structural properties and in developing inputs for pavement 
or overlay design using a mechanistic approach. The BOUS
DEF program was initially evaluated by three approaches: 

H. Zhou, Nichols Consulting Engineers, 1885 South Arlington Av
enue, Suite 111, Reno, Nev. 89509. J. Huddleston, Oregon Depart
ment of Transportation, 800 Airport Road, Salem, Oreg. 97310. J. 
Lundy, Department of Civil Engineering, Oregon State University, 
Corvallis, Oreg. 97331. 

(a) comparing the backcalculated moduli with theoretical 
moduli, (b) comparing the backcalculated moduli with results 
from other developed backcalculation programs,and (c) com
paring backcalculated moduli with those from the laboratory 
tests. The evaluation indicated that the moduli backcalculated 
using the BOUSDEF program compared very well with the 
theoretical moduli and also are very similar to those from 
other developed programs. The moduli determined from the 
backcalculation and the laboratory tests were also compared 
on a limited scale and the results were promising. 

This paper presents the implementation of the BOUSDEF 
program with emphasis . on the comparison between the 
laboratory-tested and backcalculated moduli for asphalt con
crete (AC) and base materials and the use of the backcal
culated moduli in overlay design. Two projects, both con
ventional flexible pavement structures, were selected for this 
purpose. To verify the backcalculated results, pavement ma
terials were obtained and tested in the laboratory for deter
mining resilient modulus. On the basis of the backcalculated 
and laboratory-tested values, a set of design inputs was de
veloped and used in a mechanistic approach for the devel
opment of overlay thickness. The overlay thickness was then 
compared with that from the standard procedure currently used 
in Oregon. The procedures used in this study are as follows: 

1. ·Select project sites for evaluation. 
2. For selected sites, perform pavement condition survey 

and deflection test. 
3. Backcalculate pavement layer moduli from deflection 

basin data. 
4. Obtain samples from same road section where deflec-

tions were measured. 
5. Perform laboratory tests on samples. 
6. Compare results from backcalculated and laboratory tests. 
7. Determine pavement layer moduli and other inputs for 

overlay design. 
8. Perform overlay design using a mechanistic approach and 

the ODOT procedure. 

BACKCALCULATION AND LABORATORY 
TESTING PROGRAM 

Project Descriptions 

Two project sites were selected for this study. These two 
projects are typical conventional pavement structures con-
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sisting of an asphalt concrete surface layer over an aggregate 
base and subgrade. Project 1 is located by the Columbia River, 
in northern Oregon. The pavement was constructed in 1969 
and has an average thickness of 6.8 in. of AC and 18 in. of 
aggregate base on the subgrade. In 1989 a pavement condition 
survey was conducted. The pavement had moderate rutting, 
extensive cracking, and apparent delamination and was rated 
fair to poor. The subgrade was identified in the field as sandy 
gravel, brown in color, nonplastic, damp, and very dense. 
Project 2 is situated at the south end of the Willamette Valley 
in western Oregon. The pavement was constructed in 1967 
and has 4 in. of AC and 16 in. of aggregate base on the 
subgrade. The condition survey results showed that the pave
ment had light to moderate alligator cracking and moderate. 
transverse cracking. The pavement was rated fair to poor. 
The subgrade is fine-coarse sandy gravel and dense. 

Deflection Test 

Deflection tests were performed in both travel directions of 
the selected projects using KUAB falling weight deflectom
eter (FWD). The impulse force is created by dropping a set 
of two weights from various heights. By varying the drop 
height, the load at the pavement surface was varied from 
approximately 3,000 to 15,000 lb. A smooth load pulse similar 
to that created by a moving wheel load is generated by using 
the two-mass system (2 ,3). Surface deflections were measured 
with seismic transducers that are lowered automatically with 
the loading plate. The sensor locations may be adjusted for 
the project requirement. For Project 1, the sensors were set 
at distances of 0, 8, 12, 24, 36, and 58 in. For Project 2, the 
sensors were set at distances of 0, 12, 24, 36, 60, and 99 in. 
Although the sensor settings were arbitrary for this study, it 
is important to have one sensor that is far enough away from 
the load to obtain the pavement response from the subgrade. 
For these projects, this distance is approximately 36 in. from 
the load. 

Project 1 is approximately 1 mi long. The deflections were 
measured at 250-ft intervals in both travel directions. Three 
FWD load levels, ranging from approximately 3,000 to 12,000 
lb, were applied at each test spot. There were 45 test spots 
for this project. Deflections were automatically recorded with 
a personal computer. Pavement surface temperatures were 
measured immediately before the deflection testing was per
formed. Eastbound, the measured pavement surface temper
ature was 66°F. Westbound, the measured pavement surface 
temperature was 78°F. 
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Project 2 is approximately 1.3 mi long. The deflections were 
measured at 200-ft intervals. At each test location, two load 
levels were applied ranging from 8,000 to 14,000 lb. There 
were 70 test locations for this project. Recorded data at each 
test location included pavement surface temperature, load 
applied, and deflection at each sensor location. For this proj
ect, the pavement surface temperatures were measured during 
the deflection testing with a thermometer mounted on the 
FWD. The pavement surface temperature varied from 50°F 
to 92°F. 

Backcalculation of Layer Moduli 

The BOUSDEF program was used to backcalculate the mod
ulus for each pavement layer from the deflection data. All 
raw data, without correcting for temperature, were used to 
calculate the pavement moduli at the time of testing. This 
was intended to obtain a whole picture of pavement layer 
properties for the project. During backcalculation, typical 
modulus range and initial modulus values for AC, aggregate 
base, and subgrade were used. Poisson's ratios for AC, ag
gregate base, and subgrade were set at 0.35, 0.4, and 0.45, 
respectively. Deflections measured at various load levels were 
used to backcalculate layer moduli at various stress levels to 
determine nonlinearity of the base and subgrade materials. 
Table 1 presents the summary of the backcalculated results. 
The backcalculated results show that the base material is stress 
sensitive whereas the subgrade material appears not to be. 

Materials Sampling 

Pavement materials sampled at both project sites included 
asphalt concrete cores and base aggregates. Subgrade soil was 
not obtained because of difficulties in getting undisturbed soil 
samples. 

For each project, eight 4-in.-diameter asphalt concrete cores 
were obtained for the determination of resilient modulus. Bag 
samples of aggregate materials were also obtained for the 
modulus testing. 

Laboratory Tests 

Laboratory tests were performed on the pavement samples 
for resilient modulus. For the AC cores, the diametral test 
(ASTM D-4123) was followed. For the aggregate base ma-

TABLE l Summary of Backcalculated Modulus 

Project AC Modulus Base Modulus (psi) Subgrade 
(ksi) 

1 4801 For westbound: MR = 11, 100*8°·33 

2212 For eastbound: MR = 9,800*8°·29 

2 6783 For westbound: MR = 5,100*8°·72 

2872 For eastbound: MR = 9,700*0°·42 

1 Average modulus based on a total of 135 deflection readings 
2 Standard deviation 
3 Average modulus based on a total of 140 deflection readings 

Modulus (ksi) 

21 1 

62 

153 

52 
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FIGURE 1 Resilient modulus testing system: top, diametral 
testing system; bottom, triaxial testing system. 
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terial , the triaxial test (AASHTO T-274) was used. The AC 
core samples for the purpose of testing were trimmed to a 
height of approximately 1.5 to 2.5 in. , depending on the thick
ness of the surface lift. The resilient modulus test was then 
performed on the surface cores. 

The AC cores were tested at three temperatures-42°F, 
73°F, and 95°F-to determine the influence of the temper
ature on the modulus of the asphalt concrete . A diametral 
testing system was employed for the test ( 4). This testing 
system can be used for both diametral and triaxial resilient 
modulus test. The set up of the system is illustrated in Figure 
1. For the diametral test , a temperature chamber was used 
for the control of the temperature. The data acquisition and 
modulus calculation were accomplished by a microcomputer 
that is connected to the testing system. Table 2 summarizes 
the test results for both projects. Actual temperatures at time 
of testing were recorded . The measured resilient modulus at 
73°F and 95°F from Project 2 are much higher than those from 
Project 1 and also appear to be higher than those for con
ventional AC at the same temperature range. The cause of 
these higher moduli is not known. It is very likely that a stiff 
asphalt could have been used in this project. 

The triaxial resilient modulus test on aggregate base ma
terial was performed by following AASHTO T-274. For Proj
ect 1, the moisture-density relationship for the aggregate base 
material was determined in accordance with the AASHTO 
T-99 Method C. The samples for the resilient modulus test 
were then prepared at the maximum density with the optimum 
moisture content. The actual moisture content at time of test
ing was slightly less than the optimum , indicating a slight loss 
of moisture during the testing. The density and actual mois-

TABLE 2 Summary of Laboratory-Tested AC Resilient Modulus 

Project Sample Resilient Modulus (ksi) 
ID 

42°F 73°F 95°F 

1 1-1 2,521 477 183 
1-2 2,886 834 516 
1-3 3,563 728 538 
1-4 2,316 848 601 
1-5 2,733 624 262 
1-6 3,441 718 404 
1-7 2,536 811 560 
1-8 2,054 654 159 

Average 2,756 712 403 
STD 491 117 167 

2 2-1 2,874 1,634 792 
2-2 2,673 1,296 469 
2-3 2,898 1,725 841 
2-4 2,262 1,373 515 
2-5 2,723 1,384 696 
2-6 2,369 1,482 602 
2-7 2,794 1,678 715 
2-8 2,794 1,754 752 

Average 2,674 1,541 673 
STD 219 167 124 
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ture content were measured right after the triaxial test and 
are summarized in Table 3. Resilient modulus test results for 
both samples are plotted in Figure 2. The test results from 
this project indicate that for the same material the resilient 
modulus values increase proportionally to the sample density. 

For Project 2, the samples were prepared at the field mois
ture condition. The aggregate materials were delivered to the 
laboratory directly from the field, and samples were made 
immediately. Four samples were made and similar compac
tion efforts were applied to each sample. Table 4 presents the 
moisture content and density results that were measured im
mediately after the modulus testing, whereas the resilient 
modulus test results are summarized in Figure 3. The test 

TABLE 3 Density Results, Project 1 

Sample ID Optimum Maximum 
Moisture Dry Density 

(%) (pct) 

A 5.2 136.6 

B 5.2 136.6 
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results from this project seem to indicate that for the same 
material, when compacted with similar effects, the relation
ship between the modulus and bulk stress would be similar. 

Comparison of Backcalculated and Laboratory-Tested 
Resilient Moduli 

For AC material, comparisons between the backcalculated 
and laboratory-tested results are provided in Figures 4 and 5. 
The comparisons show that for asphalt concrete, the back
calculated moduli are generally lower than the laboratory
tested moduli and also seem to be less susceptible to tern-

Actual Actual Dry Relative to 
Moisture Density (pct) Max Density 

(%) (%) 

5.1 136.3 99.8 

5.0 131.3 96. l 

10 20 30 50 100 
Bulk Stress (psi) 

FIGURE 2 Laboratory-tested moduli for Project 1. 

TABLE 4 Density Results, Project 2 

Sample ID Moisture Content(%) Dry Density (pct) 

A 5.3 125.0 

B 4.8 126.0 

c 7.7 121.8 

D 6.7 124.3 
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FIGURE 5 Comparison between laboratory
tested and backcalculated AC moduli, Project 2. 
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base moduli, Project 1. 
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FIGURE 7 Comparison between laboratory-tested and backcalculated base 
moduli, Project 2. 

100 

perature variation. At the same temperature, the average 
difference can be expected to be 20 to 30 percent. The existing 
pavements had moderate to extensive cracking; these factors 
may contribute to the lower backcalculated AC moduli. 

DEVELOPMENT OF DESIGN INPUTS FOR 
OVERLAY DESIGN 

Pavement Layer Moduli 
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The difference may also result from the method used in 
moduli determination. The backcalculated AC moduli are 
more of a weighted average value for an entire layer, whereas 
the laboratory-tested moduli, which were measured on intact 
surface cores, are more representative of resilient modulus of 
the specimen. If the cores were taken from an uncracked 
portion of the AC layer and were of good quality, a higher 
resilient modulus would be expected. However, this may not 
truly reflect the entire AC layer material property. For the 
aggregate base material, the backcalculated modulus slope 
(k2) is slightly higher than the laboratory-tested moduli, as 
can be seen in Figures 6 and 7. However, in the range of bulk 
stress in which actual pavement stresses generally fall (e.g., 
5 to 20 lb/in. 2), a favorable comparison can be found. 

The backcalculated moduli represent the pavement material 
properties corresponding to the temperature at the time of 
deflection testing. These modulus values may be converted 
to a standard design temperature or to other temperatures to 
consider temperature effects, similar to seasonal effects, on 
the pavement materials. For this study an attempt was made 
to consider environmental effects on the two projects. To do 
so, a representative temperature for each season was deter
mined on the basis of local weather data. This representative 
temperature as used in this study was an average temperature 
for each season. The pavement temperatures used for char
acterizing the material properties within each season are pre
sented in Table 5, along with modulus values corrected for 

TABLE S Representative Temperature and Corresponding Modulus 

Project Description Spring Summer Fall Winter 

1 Temperature (°F) 49 70 48 37 

AC modulus (ksi) 872 436 908 1,282 
(0.50)1 (1.00) (0.48) (0.34) 

Base modulus (ksi) 202 26 2"11 202 

Subgrade modulus (ksi) 152 21 212 152 

2 Temperature (°F) 50 64 49 42 

AC modulus (ksi) 1,240 777 1,290 1,573 
(0.52) (0.83) (0.50) (0.41) 

Base modulus (ksi) 44 502 452 402 

Subgrade modulus (ksi) 15 202 212 162 

Conversion Factor relative to 70°F (from Figure 6). For Project l, modulus at 
70°F is 436 ksi. For Project 2, modulus at 70°F is 645 ksi. 
Adjusted based on backcalculated results for considering seasonal effects. 
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temperature for the asphalt concrete. The resilient modulus 
for each season was determined by adjusting the backcalcu
lated asphalt concrete modulus to the corresponding temper
ature, using a relationship shown in Figure 8. The modulus 
values at various temperatures may also be determined from 
either the laboratory-tested or the backcalculated results, as 
shown in Figures 4 and 5. For this study, the laboratory-tested 
moduli at the same temperatures appear to be high, whereas 
the backcalculated moduli are more close to those from using 
the relationship shown in Figure 8. 

It should be noted that engineering judgment may be nec
essary to determine what moduli to be used in the overlay 
design. In this study, the base moduli were adjusted on the 
basis of the backcalculated modulus-bulk stress relationship 
and anticipated pavement stresses. For subgrade, because the 
soil is not stress sensitive, a single value determined from 
backcalculation was used. Variation of moisture content in 
base and subgrade was also a factor considered in developing 
the layer moduli for each season. In Oregon, summer and 
fall seasons are much dryer than winter and spring. It was 
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FIGURE 8 Asphalt modulus temperature adjustment factor. 
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assumed that moisture condition in the base and subgrade 
would be slightly dryer in summer and fall; therefore, slightly 
higher moduli were used. If the deflections were measured 
and moduli were backcalculated for each season, the resilient 
moduli determined could be directly used in overlay design. 

Traffic Data 

Projected traffic repetitions were expressed in terms of 18-
kip equivalent axial loads (EALs). It is ideal if the historical 
traffic data are available. These data may help the designer 
evaluate the remaining life of an existing pavement before an 
overlay. However, the historic traffic data are usually difficult 
to obtain. In this study, the historic traffic applications were 
unknown; therefore, the remaining life of the pavements was 
not evaluated. 

Traffic data for both projects was furnished by the Oregon 
State Highway Division (OSHD) traffic section. The data 
came from a 16-hr manual count taken in 1988 and projected 
for a 20-year design period. The traffic applications were then 
broken down for each season. The length of each season was 
determined on the basis of the location of the project. 

Overlay Design Using Mechanistic Approach 

After establishing the appropriate inputs for overlay design, 
a mechanistic design program, MECHOD (MECHanistic 
Overlay Design), was used to determine the thickness of ov
erlay. The MECHOD program was developed at Oregon State 
University (5). The program uses ELSYM5 as its subroutine 
to calculate critical strains at the bottom of AC layer and on 
the top of sub grade ( 6). The strains were then used to evaluate 
fatigue and the subgrade rutting using the relationships de
veloped by Finn and Monismith (7) and The Asphalt Institute 
(8), respectively. In MECHOD, pavement damage for each 
season is determined and the total pavement damage for all 
seasons in the analysis is summed. The inputs required to run 
MECHOD included design load, load radius, moduli, and 
Poisson ratios for each pavement layer, number of seasons in 
analysis, and historical and projected traffic applications for 
each season. The modulus value of overlay material and pro
jected traffic applications for each season are presented in 
Table 6. The modulus values were determined using the repre
sentative temperature data shown in Table 5. 

During calculation, the MECHOD program first uses the 
given data to evaluate the existing pavement. If an overlay is 
needed, on the basis of total pavement damage, the program 
would ask for the modulus of overlay material. For these two 
projects, an overlay modulus value of 450 ksi (at 70°F), was 
used. 

The overlay thickness design is an iterative process. For 
practical purposes, an initial overlay thickness of 1 in. is used 
in the MECHOD program, with a Y2-in. increment for each 

. iteration. The process is repeated until the total pavement 
damage is less than unity. The design results for the two 
projects are summarized in Table 7. Total pavement damage 
for both fatigue and subgrade rutting is also presented in the 
table. These values indicate that after 20 years of service, 
the traffic loadings would consume a certain percentage of the 
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TABLE 6 Inputs for Overlay Design 

Projeci Description Spring Summer Fall Winter 

1 Traffic 4,526,428 11,275,413 4,526,428 6,776,089 
Length of season (mon.) 2' 5 2 3 
% distribution 16.72 41.6 16.7 25.0 
Overlay modulus (ksi) 900 450 938 1,324 

2 Traffic 1,151,132 1,533,307 768,956 1,151,132 
Length of season (mon.) 3 4 2 3 
% distribution 25.0 33.3 16.7 25.0 
Overlay modulus (ksi) 865 542 900 1,098 

Note: Poisson's ratio was assumed to be 0.35 for AC material for all seasons. 

TABLE 7 Overlay Design Results, MECH OD 

Project Overlay Thickness Total Pavement Damage(%) 
(in) 

AC Fatigue Subgrade Rutting 

1 4 

2 2 

design life of the pavement. For the projects evaluated, the 
results show that fatigue damage in the asphalt concrete layer 
will be a major concern, over 95 percent, whereas the rutting 
in the subgrade is not significant, less than 12 percent, after 
overlay is placed. This analysis used a reliability level of 50 
percent because ODOT's present overlay design procedure 
does not take reliability into consideration during overlay 
design. 

Overlay Design Using ODOT Procedure 

The present procedure used to determine overlay require
ments in Oregon is based on deflection measurements of the 
existing pavement (9). The design procedure is essentially that 
of the California Department of Transportation, with modi
fications for Oregon's Traffic and Crushed Base Equivalen
cies. The procedure suggests that tolerable deflection is a 
functjon of traffic and pavement thickness and that additional 
overlay thickness will reduce measured deflection. The de
flections can be measured using either an FWD or the Dy
naflect test equipment. Deflections are typically measured 
every 250 ft within a section. The measured deflections are 
normalized to an equivalent deflection for a 9 ,000-lb load at 
70°F. For deflections measured using the FWD, the equivalent 
deflections are determined by interpolating between the de
flections measured at loads above and below 9,000 lb. The 
equivalent deflections are adjusted to account for the in-place 
pavement temperature. This adjustment is a function of both 
the pavement temperature at the time the deflections were 
measured and the thickness of the existing AC layer. For an 
AC layer greater than 6 in., this procedure does not recom
mend temperature correction. For an AC layer less than 6 in., 
the equivalent deflections are multiplied by the temperature 
correction factor to establish the final normalized deflection. 

The normalized deflection is determined for each location 
where deflections were measured. Statistical analysis is per
formed to determine average and standard deviation. The 

96.5 2.2 

98.3 11.3 

80th-percentile deflection was then calculated and used as a 
design value to determine the overlay thickness. The 80th
percentile deflection is computed using the equation 

D80 = X + 0.84 * S 

where 

D 80 = design deflection value (80th-percentile deflection), 
X = mean deflection, and 
S = standard deviation of deflections. 

The 80th-percentile deflection was then compared with a 
tolerable deflection, which is a function of future equivalent 
axle load repetitions and the thickness of the in-place pave
ment. If the 80th-percentile deflection is less than the tolerable 
deflection, then an overlay is not needed. If the 80th-percentile 
deflection is greater than the tolerable deflection, then the 
percentage reduction in deflection is calculated as 

% reduction = 100 * (D 80 - D,)ID8o 

where D, is tolerable deflection. The value of percent reduc
tion is used to determine the crushed base equivalence factor, 
meaning the 1-in.-thick asphalt concrete is equivalent to a 
certain thickness of gravel. The equivalent factor ranges from 
1.52 to 2.5. A factor of 2.0 is used by ODOT for overlay 
design. The determined overlay thicknesses using the ODOT 
method is summarized in Table 8. 

Comparison of Overlay Design Results 

The comparison of design results, presented in Tables 7 and 
8, indicated that both procedures recommended similar over
lay thicknesses. These results may indicate that for these two 
projects the backcalculated layer moduli are reasonable and 
can be used in mechanistic approach for overlay design pur
poses. The basis for this statement is that the two procedures 
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TABLE 8 Overlay Design Results, ODOT Procedure 

Project Dao D, 
(mils) (mils) 

1 14.1 8.0 

2 22.1 14.0 

yield similar overlay results. The final recommendation for 
rehabilitation treatment would be determined on the basis of 
both the required overlay thickness and the existing pavement 
condition. 

FUTURE ACTIVITIES 

Implementation of a backcalculation technique to determine 
pavement layer properties and the use of the backcalculated 
layer moduli in overlay design provide the practicing engi
neers a useful tool in understanding and characterizing pave
ment materials properties. For the state agency, because of 
the need of future rehabilitation activities, a cost-effective 
method for determining the structural capacity of existing 
pavements will provide a tremendous benefit in developing 
rehabilitation strategies. ODOT has recently purchased a new 
FWD made by Dynatest, Inc. This equipment has the capacity 
to obtain a large amount of deflection data quickly; this de
mands a means to evaluate these data. To automate the back
calculation process and analyze as many test data as possible, 
the BOUSDEF program is being modified to meet the de
mand by providing two options: one option allows the engi
neer to analyze a single set of deflection basin data as it does 
now and the other to directly access the FWD machine output 
and consequently perform backcalculation analysis. It is en
visioned that this modification should significantly reduce the 
amount of time needed for the data entry process and provide 
considerable amount of information for pavement evaluation. 
It is hoped that with the availability of more information, a 
better assessment of pavement layer materials can be achieved. 

CONCLUSIONS AND RECOMMENDATIONS 

This paper has described the implementation of the backcal~ 
culation technique and the use of backcalculated results in 
pavement overlay design in Oregon. The results of the two 
projects appeared very promising and encouraging. The over
lay design results from both the mechanistic approach and the 
ODOT method were very close, implying that the backcal
culated moduli provided a reasonable estimate of the existing 
pavement layer properties. This conclusion is preliminary and 

% Deflection Overlay Thickness (in) 
Reduction 

43.3 3 

36.8 2 

is based on the results from these two projects. Further study 
on more projects may be necessary to evaluate the reasona
bleness of the backcalculated pavement layer moduli. In ad
dition, other overlay design procedures may be used to verify 
the reasonableness of the designed overlay thicknesses. 

As a recommendation, backcalculation on deflection basin 
data should be performed on as many test data as possible. 
This would avoid biased backcalculation results from using a 
single test datum. To consider seasonal effects on pavement 
layer properties, it is recommended that deflection testing be 
performed for each season and that the deflection data be 
backcalculated for layer moduli. Finally, limited laboratory 
tests also should be performed. These tests would provide 
necessary information for the engineer to verify the backcal
culated results and increase the confidence in determining 
modulus values to be used in pavement design. 
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Rapid Determination of Layer Properties of 
Pavements from Surf ace Wave Method 

DEREN YUAN AND SOHEIL NAZARIAN 

The spectral analysis of surface waves (SASW) method has been 
used as a nondestructive test method for determining elastic mod
ulus profiles of pavement systems. To perform the test, a dis
turbance is applied to the pavement surface to generate stress 
waves that propagate mostly as surface waves of various wave
lengths. The waves are monitored and captured with a data ac
quisition system. Signal and spectral analyses are used to deter
mine a dispersion curve (variation in phase velocity with 
wavelength). The last step is to determine the elastic modulus of 
various layers from the dispersion curve. Several alternatives are 
available. First, a trial-and-error (forward modeling) process can 
be carried out. Second, optimization techniques can be used. 
Finally, generalized inverse theory can be implemented. In most 
applications, the backcalculation of layer moduli is accomplished 
using a manual trial-and-error matching process between the the
oretical and experimental dispersion curves. Unfortunately, this 
process is rather time consuming and requires engineering judg
ment. To improve this aspect of SASW testing, a backcalculation 
technique that is based on the generalized inverse theory is de
veloped. The technique provides a fast and automated procedure 
for simultaneously determining layer elastic moduli and thickness 
of pavements. In addition, some description of uncertainty in the 
backcalculated results is provided. The development of this al
gorithm. is discussed and the speed and accuracy as well as the 
limitations of the algorithm are demonstrated. An actual field 
case history is included to exhibit the usefulness of the method 
in actual field testing. 

As a nondestructive test method, the spectral analysis of sur
face waves (SASW) method has been used to determine elas
tic modulus profiles of pavements (J,2). The SASW method 
is based on the dispersive characteristic of seismic surface 
waves in layered media. To perform the test, three major 
steps are followed: (a) field testing, (b) determination of ex
perimental dispersion curve, and ( c) determination of stiffness 
profile. 

The in situ testing consists of generating and detecting sur
face waves by affecting the surface of the pavement and mon
itoring and capturing the motion of the pavement surface at 
several points. The captured signals are manipulated. using 
the Fourier and spectral analyses to determine the cross-power 
spectra and the coherence functions. 

Determining the experimental dispersion curve consists of 
processing the cross-power spectra and the coherence func
tions to construct an experimental dispersion curve. This curve 
represents the dependence of phase velocity on frequency or 
wavelength. 

Determining the elastic modulus profile from the experi
mental dispersion curve is the last but the most time-consuming 

Department of Civil Engineering, University of Texas at El Paso, El 
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and complicated step. This process is known as inversion or 
backcalculation. To accomplish this task, a manual trial-and
error (forward modeling) procedure has been successfully em
ployed for years (3). A merit of the forward modeling pro
cedure is that common sense notions can be incorporated into 
the trial-and-error stage. This, however, implies that a fairly 
experienced person is needed to conduct this task efficiently. 
Therefore, one of the major shortcomings of the procedure 
is probably the time required to reduce the data. To remedy 
this shortcoming, an automated procedure is desirable. 

To tum the SASW method to a practical testing equipment, 
all aspects of testing and data reduction should be automated. 
A device for conducting the field tests rapidly (in about 1 
min) is under development for SHRP (4, p. 128). An algo- . 
rithm for automatically determining the dispersion curve has 
been developed by Desai (5). Finally, an automated back
calculation process has been developed and is described in 
this paper. The process, which is based on the general linear 
inverse theory (6, 7), provides an automated algorithm for 
rapidly determining modulus profiles from dispersion curves. 
At the same time, the algorithm yields information needed 
for uncertainty analysis of backcalculated results. Synthetic 
(theoretically derived) data and actual case studies are in
cluded to illustrate some aspects of the strengths and limi
tations of the process. 

BACKGROUND 

Any algorithm for determining the modulus profile of a pave
ment system from an experimental dispersion curve contains 
two fundamental components. First, a proper algorithm that 
is based on wave propagation theory is needed to construct 
a theoretical dispersion curve from a trial profile. Second, an 
algorithm is needed to minimize the error between the the
oretical dispersion curve and the experimental one. Each step 
will be discussed. 

Shown in Figure 1 is an idealized cross section of a pave
ment. To apply the theory of wave propagation to this pave
ment section, two major simplifying but realistic assumptions 
are usually made. First, it is assumed that only the in-plane 
waves (P- and SY-waves) are involved so that the problem 
can be approximated as a plane strain problem. Second, it is 
assumed that the system is composed of a stack of flat layers 
with homogeneous and isotropic properties and that each layer 
extends horizontally to infinity (as compared with the dimen
sion of source-receiver configuration). The effects of these 
two assumptions either are minor (8) or can be minimized 
with proper setup in field testing (9). Because of these as-
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FIGURE 1 Idealized profile of pavement 
system: left, traditionally assumed layering; right, 
sublayering assumed in SASW analysis. 

sumptions, the solution to the wave equation reduces to a 
simple two-dimensional problem in the Cartesian coordinate 
system. 

With these assumptions, the parameters needed to define 
the properties of each layer are thickness (h), Young's mod
ulus (E), Poisson's ratio (v), and mass density (p). Alterna
tively, Young's modulus can be replaced by shear or S-wave 
velocity (Vs). One way of de.monstrating this relationship is 

E - 2pV;(l + v) (1) 

Among these parameters, shear wave velocity (or Young's 
modulus) has the dominant effect on the dispersion charac
teristics of surface waves, and the effects of density and Pois
son's ratio are rather small. Nazarian has numerically shown 
that the effects of these two parameters, in most practical 

. cases, are less than 5 percent (3). Therefore, to simplify the 
inversion process, one can assume that density and Poisson's 
ratio for each layer are known parameters. Reasonable values 
can be assigned to these parameters on the basis of past ex
perience. Shear wave velocity of each layer is the only active 
pavement strength parameter that should be backcalculated. 

To estimate layer thicknesses, two procedures can be fol
lowed. They can be either assumed to be known or backcal
culated. If layer thicknesses are assumed as known parame
ters, it is necessary to include many layers (on the order of 
10) in the trial profile to minimize the biased effect of inter
faces on resulting profile. This is necessary because the inter
pretation of layer thickness is done by determining layer in
terfaces with significant modulus contrast. If both thicknesses 
and moduli need to be simultaneously determined, only a few 
(on the order of five) layers will be required. 

THEORETICAL DISPERSION CURVE 

In the development of the theory of surface waves and its 
application to determining shear wave velocity or stiffness 
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profiles, much attention has been paid to the situation in 
which velocity or stiffness generally increases with depth. This 
situation typically covers most geophysical and geotechnical 
investigations. However, for the reverse case, such as pave
ments, where modulus decreases with depth, very limited 
theoretical analyses have been made. These analyses are mainly 
reflected in the works of Jones (JO), Vidale (11), and Nazarian 
(3). Therefore, it is thought that a brief discussion re~arding 
the characteristic and computation of dispersion for pave
ments is necessary. 

Dispersion curves for soil deposits demonstrate a contin
uous relationship between phase velocity and frequency; that 
is, phase velocity is a continuous function of frequency or 
wavelength. In the contrary, a characteristic of the theoretical 
dispersion curve for a layered system resembling a pavement 
structure is that the curve is composed of multiple branches 
or limbs (see Figure 2, which is based on a Poisson's ratio of 
0.25). 

The existence of discontinuities in dispersion curves was 
first recognized by Sezawa and Kanai (12). On the basis of 
both theoretical analyses and actual observations, Jones (10) 
and Vidale (11) reported this characteristic of dispersion curves 
for pavement constructions. 

To apply properly any analytical backcalculation technique, 
the theoretical dispersion curve should be very accurately 
determined. Several methods have been suggested for the 
computation of the theoretical dispersion curve. These meth
ods include transfer matrix method (13,14), stiffness matrix 
method (15), finite element method (16), and finite difference 
method (17). However, the results from most of these meth
ods in original form (as applied to pavement systems) face 
problems with accuracy or with numerical difficulties, or both. 

In the work presented in this paper, the transfer matrix 
method as modified by Dunkin (18) has been chosen to cal
culate the theoretical dispersion curves. This method was se
lected because of its flexibility and potential accuracy. The 
computer program used is based on the major routines of 
program INVERT developed by Nazarian (3) with major im-
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proveinents in mode isolation and root refinement. These 
refinements are discussed elsewhere (3) and are omitted from 
here for brevity. 

INVERSION PROCESS 

Description of Problem 

Let us assume that a series of SASW tests has been carried 
out on a pavement section with M assumed layers. As a result, 
an experimental dispersion curve coritaining N data points has 
been constructed; that is, at each frequency,[;, phase velocity, 
V7bs, is determined. To initiate the backcalculation process, 
an initial shear wave velocity profile, p0 , is assumed. Math
ematically, p0 is a vector whose elements, pJ, contain the shear 
wave velocity and thickness of each layer. The initial profile 
p0

, is then used to determine the theoretical phase velocity, 
V}hr, at each frequency, f;. The goal is to determine a vector 
pf that minimizes the difference between the theoretical and 
observed data. 

The inversion process can be categorized as a nonlinear 
problem with respect to the unknowns to be determined. To 
simplify the procedure, the problem is linearized. As a result, 
several iterations are necessary _before the final profile is ob
tained. This procedure is defined below. 

The initial profile, p0
, is used to calculate the theoretical 

phase velocity, V}hr, and the partial derivatives, iJV}hr/apJ, at 
each frequency. The governing equations of the inversion 
problem can then be expressed as 

K av~hT 
yobs - v~hT = L -'- ap. 

l I j=l apj J 

or in matrix form 

Aap - ac 

where 

i = 1, ... , N 

ac = (ac1 , ac2 , ••• , acNY where ac; = V7bs - V}hr; 

(2) 

(3) 

ap = (apl, apz, ... , apKy is defined as a COrrectiOn Or 
modification vector that is added to vector p0 to de
termine the vector of unknowns p; for the next it
eration. In the vector, K equals M, if layer thick
nesses are assumed to be fixed, and 2M - 1, if both 
shear wave velocity and thickness of each layer need 
to be determined simultaneously; and 

A = N- x -K matrix of partial derivatives whose elements 
A;i = iJV}hr/apJ. 

Vector pi considered as the solution to the unknowns when 
it yields a vector ac in Equation 3 that is sufficiently small. 
This is elaborated in the next section. 

The choice of the number of experimental dispersion data 
points (parameter N) depends on the quality of the field data 
and the number of layers (parameter M) in the trial profile. 
In practice, it is assumed that N (number of dispersion data 
points) is greater than K (number of unknowns). Thus, the 
problem defined by Equation 3 is overconstrained. Typically, 
parameter N is limited to 20 to 40 data points. As indicated 
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before, parameter Mis limited to about five layers when both 
thickness and stiffness should be determined and is about 10 
when only stiffness has to be determined. 

Construction of Shear Wave Velocity Profile 

In general, Equation 3 cannot be solved through calculating 
the conventional inverse of matrix A, A - 1 . Matrix A - 1 exists 
only if A is square and nonsingular. An approach to solving 
Equation 3 is to construct its normal or Gaussian-Newton 
equation. This results in the classical least-squares solution 

(4) 

subject to minimization of (ac - Aapy(ac - Aap) with 
respect to ap. This solution is also known as the optimization 
solution. 

The computation of matrix AT A may involve numerical 
inaccuracy that can be troublesome when the number of dis
persion data or the number of layers is large. To avoid this 
drawback, the singular value decomposition of a matrix (19) 
approach has been used to develop the generalized inverse 
solution of Equation 3. 

The decomposition of matrix A leads to a product of three 
matrices 

A = usvr (5) 

where 

U = N- x-K matrix whose columns are eigenvectors, ui (j 
= 1, ... , K), of length N associated with the columns 
(observations) of A, 

V = K- x-K matrix whose columns are eigenvectors, vi (j 
= 1, ... , K), of length K associated with the rows 
(parameters) of A, and 

S K- x -K diagonal matrix with diagonal entries, sii (j 
= 1, ... , K), which are the nonnegative square roots 
of the eigenvalues of symmetric matrix AT A and known 
as the singular values of A. 

By substituting Equation 5 into Equation 4 and utilizing 
the orthonormal property of U and V (i.e., U7U = VTV 
= vvr = I (unit matrix)], it is easy to show that 

(6) 

This expression gives the generalized inverse solution of 
Equation 3. 

Adding ap to Po yields an updated profile from which a 
new set of phase velocities and a new set of partial derivatives 
can be calculated. This procedure is repeated until ac/s ( ele
ments of vector ac described in Equation 3) are "sufficiently 
small." At this time, a profile that satisfies the given data is 
found. The term sufficiently small is defined in the next par
agraph. 

The convergence of successive iterations is monitored by 
the following root-mean-squares (RMS) error criterion: 

(7) 
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The iteration procedure is terminated when E reaches an ac
ceptably small value or when all elements of vector Ac are 
within the standard error bounds of each experimental datum 
or other prespecified limits. 

In many applications, a physically acceptable shear wave 
velocity profile cannot be determined from Equation 6 be
cause of the lack of numerical stability; that is, a small change 
in the data can lead to unacceptably large changes in the 
derived profile. The remedy to this problem is as follows. 

Let us rewrite Equation 6 in the from ·of a linear combi
nation or weighted sum of eigenvectors, vj, 

(8) 

Vectors vj are finite in magnitude and increasingly oscillatory 
as j increases. Hence, the stability of the solution is controlled 
by the magnitude of uJAclsjj· As j increases, sjj becomes sig
nificantly smaller than uJAc. This can result in very large 
numbers, which can cause instability in the solution. To rem
edy this instability, the singular value decomposition algo
rithm has been combined with Marquardt's technique as de
scribed by Jupp and Vozoff (20). In this approach, sjjin Equation 
8 is replaced by (sjj + "llsj)· The solution can then be written 
as 

(9) 

where "I is a "small" (in comparison with the largest singular 
value) positive number. Parameter "I, known as Marquardt's 
factor, dampens or eliminates the undesirable effects that 
small singular values can have on the solution. 

Evaluation of Uncertainty 

In addition to the representative shear wave velocity profile, 
the level of uncertainty associated with each unknown param
eter is determined. To evaluate uncertainty in the profile, the 
variance or standard error associated with each parameter is 
determined according to the statistics of experiment errors 
(7). The stability constraints shown in Equation 9 have to be 
taken into account. The variance of each parameter can then 
be estimated through the following formulation: 

var[ApJ = CJ
2 .f [vjk ( 2 sk )]

2 

k=I sk + "I 
(10) 

where Vjk are the elements of matrix V, and CJ
2 is associated 

with the random errors in the experimental data. The ap
proximate value of CJ2 is given by Draper and Smith _(21): 

1 
cr2 = -- (Ac - AApY(Ac - AAp) 

N-K 
(11) 

The square root of each variance gives the standard error for 
the corresponding profile parameter. 

The uncertainties obtained are caused by only the random 
error in the field data. Other factors, such as errors in the 
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assumed profile (Poisson's ratio and mass density), simpli
fying assumptions in the algorithm, and systematic errors in 
the observed data, cannot be included. Therefore, these es
timates should be considered as the lower limits of the level 
of uncertainty. 

PARAMETRIC STUDY 

In this section, results from the analysis of a set of "synthetic" 
(theoretically determined) dispersion data are presented to 
illustrate the applicability and limitation of the inversion pro
cess presented. The dispersion data correspond to a three
layer pavement section. The profile consists of 3 in. of asphalt 
concrete (AC) (shear wave velocity of 3,000 ft/sec), over 6 
in. of high-quality base (shear wave velocity of 2,000 ft/sec), 
over subgrade (shear wave velocity of 1,000 ft/sec). A Pois
son's ratio of 0.33 and a uniform mass density were assigned 
to each layer. 

Twenty-one data points were theoretically calculated using 
the pavement properties described above. These dispersion 
data were then input into the inversion program to backcal
culate the shear wave velocity profile. 

As the dispersion data are theoretically calculated, they are 
not contaminated with systematic errors or random scatter 
usually contained in the field data. The same theoretical al
gorithm used for calculating the dispersion curve was used as 
a subroutine in the inversion program. In addition, the exact 
properties of each layer are known. As such, any differences 
between the real and backcalculated profiles are a result of 
the weaknesses of the inversion algorithm. 

Various seed profiles 'were used to examine the convergence 
in each simulation. In most instances, the same results were 
achieved. However, a reasonable setup of initial profile is 
important to reduce the computation time. In the remainder 
of this section, several different testing scenarios are consid
ered and studied. In almost all cases, the final results were 
obtained in less than 1 min using an 80386-based 20-MHz 
personal computer. 

Simulation 1 

In Simulation 1, it was assumed that the number and thick
nesses of layers were known. Only shear wave velocity for 
each layer had to be determined. The initially assumed (seed) 
and the backcalculated profiles are shown in Table 1. The 
backcalculated profile is identical to the true profile. The 
"observed" (the synthetic dispersion is called that for sim
plicity) and the "final" (refers to the dispersion curve obtained 

TABLE 1 True, Seed, and Backcalculated Values of Shear 
Wave Velocities, Simulation 1 

Shear Wave Velocity (fps) 
Layer Thickness(in.) 

Number True Seed Backcalculated 

3.0 3000. 2500. 3000. 

2 6.0 2000. 1500. 2000. 

3 1000. 500. 1000. 

Data Misfit (%): Min. = 0.0, Max. = 0.0, Average = 0.0 
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from the profile after the completion of inversion) dispersion 
curves are compared in Figure 3. For each data point at a 
given wavelength, the percent data misfit is calculated by 
simply determining the relative errors between the observed 
and final dispersion data, L\c/V7bs. The maximum, minimum, 
and average misfit among the 21 data points are also given 
in Table 1. The complete convergence in data matching after 
backcalculation demonstrates the effectiveness and accuracy 
of the process. 

The same exercise with the same trial profile but using less 
(eleven and nine) observed data points were repeated. The 
results obtained were the same as those given in Table 1. 

Simulation 2 

In Simulation 2, it was assumed that only the number of layers 
was known. Shear wave velocity for each layer was backcal-
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FIGURE 3 Comparison of observed and final 
dispersion curves: top, Simulation 1; bottom, 
Simulation 2. 
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culated with the arbitrarily fixed layer thicknesses. The seed 
and backcalculated profiles are shown in Table 2. At ~ first 
sight, the differences between the true and backcalculated 
shear wave velocities may seem small. However, as indicated 
before, the dispersion data used in the inversion process are 
"accurate" (i.e., error- and scatter-free). Therefore, the dif
ferences are rather significant. This emphasizes that, similar 
to any other nondestructive deflection testing (NDT) method, 
to obtain an accurate stiffness profile, the thickness of the 
layers should be accurately known. 

The observed and final dispersion data are compared in 
Figure 3 and Table 2. The two dispersion curves deviate sig
nificantly from one another. The maximum misfit is more · 
than· 8 percent. 

Simulation 3 

In Simulation 3, the same seed velocities and layer thicknesses 
used in Simulation 2 were used. However, both thickness and 
shear wave velocity for each layer were determined through 
the inversion process. The results from this simulation are 
reflected in Table 3. Once again, the thicknesses and velocities 
are perfectly determined. The mismatch between the ob
served and final dispersion curves is practically zero. The 
results obtained in this simulation demonstrate the effective
ness and accuracy of the backcalculation technique. 

Simulation 4 

Simulation 4 corresponds to a practical situation usually en
countered. It was assumed that .thicknesses and shear wave 
velocities of layers, as well as the number of layers, are all 
unknown. Thicknesses and shear wave velocitie·s were esti
mated by assuming that the profile contains five layers. The 
thicknesses of the layers in the seed profile were assumed to 
be equal. 

TABLE 2 True, Seed; and Backcalculated Values of 
Shear Wave Velocities, Simulation 2 

Thickness (in.) Shear Wave Velocity (fps) 
Layer 

True Seed True Seed Backcalculated Number 

1 3.0 3.6 3000. 2500. 2915. 

2 6.0 4.8 2000. 1500. 1870. 

3 1000. 800. 1093. 

Data Misfit (%): Min. = 0.06, Max. = 8.20, Average = 1.16 

TABLE 3 True, Seed, and Backcalculated Values of 
Shear Wave Velocities, Simulation 3 

True Seed Backcalculated 
Layer 

h (in.) V, (fps) h (in.) V, (fps) h (in.) V, (in.) Number 

3.0 3000. 3.6 2500. 3.0 3000. 

6.0 2000. 4.8 1500. 6.0 2000. 

1000. 800. 1000. 

Data Misfit (%): Min. = 0.02, Max. = 0.08, Average = 0.05 
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The final profile after inversion is included in Table 4 and 
is compared with the true profile in Figure 4. The thickness 
and velocity of the surface layer are determined relatively 
accurately. The thickness of the second layer of the true pro
file is determined accurately, provided that the second and 
third layers of the backcalculated profile are combined. This 
is justified because the velocities of the second and third layers 
of the final profile are rather close. The velocity of the half 
space is predicted rather well, if the fourth layer is ignored. 

The velocity of the fourth layer from the final profile is 
significantly higher than the actual value. This corresponds 
to one of the weaknesses of the present inversion process. 
This discrepancy can be attributed to the change of branch 
patterns (five layers against three layers) in dispersion curves. 
Means of resolving this problem are being studied. 

Simulation 5 

In every simulation represented up to this point, the result 
was obtained on the assumption that the Poisson's ratio and 
density for each layer are known. The effects of misestimation 
of Poisson's ratio on backcalculated profile is demonstrated 
here. 

TABLE 4 True, Seed, and Backcalculated Values of 
Shear Wave Velocities, Simulation 4 

True Seed Backcalculated 
Layer 

Number h (in.) V, (fps) h (in.) V, (fps) h (in.) 

1 3.0 3000. 3.0 2500. 3.07 

2 6.0 2000. 3.0 2000. 1.06 

1000. 3.0 1500. 4.83 

4 3.0 1000. 1.44 

800. 

Data Misfit (% ): Min. = 0.35, Max. = 2.18, Average = 1.26 
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FIGURE 4 Comparison of true and final 
shear wave velocity profiles from Simulation 4. 
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TABLE 5 True, Seed, and Backcalculated Values of 
Shear Wave Velocities, Simulation 5 

Shear Wave Velocity (fps) 
Thickness Layer 

Number (in.) True Seed Backcalculated 

3.0 3000. 2500. 
0

3006. 

2 6.0 2000. 1500. 2092. 

1000. 800. 1002. 

Data Misfit(%): Min. = 0.51, Max. = 3.63, Average = 1.45 

A Poisson's ratio of 0.25, rather than 0.33, was assumed 
for all layers. For simplicity, the number and thicknesses of 
layers have been assumed to be known parameters. The back
calculated velocities are shown in Table 5. 

Decreasing the Poisson's ratio from 0.33 to 0.25 should 
naturally result in an increase of about 1.5 percent in the 
velocity of each layer. It can be seen that velocities of all 
layers are predicted closely. This confirms that Poisson's ratio 
has a minor influence on the backcalculated results. 

CASE STUDY 

A series of tests was carried out on Highway US-69 in An
gelina County near Lufkin, Tex. The cross section of the road 
consisted of two 12-ft-wide driving lanes and two 8-ft-wide 
paved shoulders. The pavement section reportedly consisted 
of a 6-in.-thick AC layer. On the basis of construction draw
ings, the AC layer consisted of three different lifts placed at 
various times. The base course consisted of 10 in. of flexible 
ash base, below which the subgrade existed. The results from 
one site are discussed here. 

The dispersion curve from the site is shown in Figure 5. To 
backcalculate elastic moduli, 31 data points were sampled 
from the experimental dispersion curve. The automated method 
suggested by Desai (5) was used to select these representative 
data points. A relatively large number of data is incorporated 
in the inversion process so that the discontinuity in the ex
perimental dispersion curve can be sufficiently defined. The 
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FIGURE 5 Dispersion curve from flexible 
pavement section tested. 
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statistical standard errors in the data range from 15 to 50 ft/ 
sec (equivalent to a relative error of about 2 percent). 

The seed profile is shown in Figure 6. The selection of the 
proper seed profile is rather simple for the top layer and the 
half space. A convenient method for determining the seed 
values for other layers is given by Nazarian (3). The final 
profile after simultaneous (thickness and velocity) inversion 
is also presented in Figure 6. 

The idealized dispersion curve used in the inversion process 
is compared with the theoretical one obtained from the back
calculated profile in Figure 7. The two curves compare quite 
favorably showing the appropriateness of the final profile. 

800 

u; 600 
~ 

u) 
::> 
...J 
::> 
0 
0 400 
:il 
VJ 
CJ 
z 
::> 

~ 200 

0 
0 2 4 

I 
6 8 
DEPTH, IN. 

I - STARTING - FINAL 

10 

FIGURE 6 Seed (starting) and final modulus 
profiles. 
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The final profile along with the estimated 95 percent con
fidence interval bounds associated with the modulus and 
thickness are shown in Figure 8. The confidence interval bounds 
are rather narrow, corresponding to small scatter in the field 
data and good fit between the dispersion curves. 

The thickness of the AC layer is estimated at about 2.6 in., 
underlying a softer layer down to a depth of about 5.5 in. 
The thickness of the base layer was found _to be about 6 in. 
also. As mentioned before, the as-built thickness of the AC 
layer was reported as 7 in. On the basis of actual coring after 
the completion of the analysis, it was found that the AC layer 
was severely stripped. Actually only about 2.5 to 3 in. of the 
core could be recovered and the rest of the AC layer had lost 
its binding agent. 

The FWD tests were also carried out at the site. Because 
of time constraints, the drop load was limited to 10,000 lb 
(nominally). Program MODULUS 4.0 (22,p.72) was used to 
backcalculate the moduli. Three different pavement profiles 
were used. In the first profile, the layering obtained from 
construction drawings was used. In this case, the thickness of 
the AC and base were assumed to be 7 and 10 in., respectively. 
The backcalculated moduli from this layering are reported in 
Table 6. Also shown in the table are the moduli obtained 
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FIGURE 8 Final modulus profile with 95 percent 
confidence bounds. 

TABLE 6 Comparison of Moduli Obtained from SASW 
and FWD 

Modulus, ksi 

AC" Base Sub grade 
Absolute 
Average 

Method Layer 1 Layer 2 Errors(%) 

SASW 688 229 41 21 1.8 

FWD 
(Construction 193 6 21 0.9 

Drawings)" 

FWD 500 286 4 21 1.3 
(SASW)" 

FWD 323 273 4 21 1.0 
(Coring)" 

* Source for Determining Layer Thickness 

24 



166 

from SASW tests. The modulus of the subgrade from both 
methods are comparable; however, the moduli of the base 
and AC layers are quite different. It would be difficult to 
derive any conclusions from the FWD moduli of the top two 
layers, because the actual layer thicknesses were significantly 
different from those assumed in the backcalculation process. 

The second pavement profile used was the one obtained 
from the SASW tests. In this case, the modulus values are 
much closer. The modulus of base seems unreasonably low 
(4 ksi). The reason for this matter is not known at this time. 

The final pavement profile used was the one obtained from 
the actual coring of the site. The thickness of the intact AC 
layer was reported as 2.5 to 3 in. and the thickness of the 
base was reported between 6 and 7 in. 

This profile yields moduli that are similar to those of the 
SASW profile. This result is expected because the layering 
from the SASW tests and coring are relatively close. 

SUMMARY AND CONCLUSIONS 

On the basis of the general inverse theory, a backcalculation 
technique for estimating layer properties of pavements from 
surface wave dispersion data has been developed. The the
oretical principle and numerical considerations of this tech
nique are briefly described and discussed. Results from both 
synthetic (theoretically derived) and actual field dispersion 
data are presented. These prelimiilary and limited results 
demonstrate that the technique may be an effective tool for 
estimating elastic modulus profiles of pavement sy,stems. More 
work is under way to improve and accelerate the method. 

Because a pavement structure contains only a few material 
layers, and certain prior information about them is always 
available, simultaneous backcalculation for both layer thick
nesses and elastic moduli may provide more reliable results. 
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Interpretation of Backcalculated Layer 
Moduli of Crack-and-Seat Pavement from 
Falling Weight Deflectometer Data 

MUSTAQUE HOSSAIN AND LARRY A. SCOFIELD 

In 1986 the Arizona Department of Transportation rehabilitated 
a section of Interstate 40 using a crack-and-seat technique. The 
project, in north-central Arizona, consisted of cracking the ex
isting jointed plain concrete pavement in a 3- x 3-ft pattern and 
seating these areas before placing a 4-in. asphalt concrete overlay. 
Two test sections, each 0.1-mi long, were constructed on the 
project. One of these test sections used a nominal crack spacing 
of 4- x 6-ft, and the other a spacing of 2- x 2-ft to investigate 
the effect of crack spacing on the performance of this project. 
To establish the changes in effective modulus of cracked portland 
cement concrete (PCC), falling weight deflectometer (FWD) test
ing was conducted for 5 years after construction. Layer moduli 
were backcalculated from the FWD deflection test results using 
an elastic layer analysis program. The structural layer coefficients 
for the cracked PCC layer were analyzed to establish a difference 
in structural characteristics of sections with various crack spac
ings. Large variations in the effective modulus of the cracked 
PCC layer were obtained from the backcalculation technique. 
Unreasonably high moduli were computed through this process. 
The backcalculated concrete moduli tended to fluctuate over time, 
but no definite trends were established. The structural layer coef
ficients of the cracked PCC layer were also analyzed. This analysis 
showed that there is no remarkable difference in structural re
sponse of cracked and seated concrete pavement corresponding 
to various crack spacings. 

Interstate 40 is one of Arizona's major east-west trucking 
routes. It is a four-lane divided highway in the northern part 
of the state. Approximately 4 percent of its 718 mi (total, 
both directions) consists of plain jointed concrete pavements 
(JPCP). As I-40 concrete pavements attain their 20-year de
sign lives, they require extensive rehabilitation. One form of 
rehabilitation used was cracking and seating the existing con
crete pavement followed by an asphalt concrete (AC) overlay. 
In 1986 Project I-40-3(31) was designed for rehabilitation with 
the cracking-and seating before the placement of a 4-in. hot
mix asphalt concrete (HMAC) overlay. This strategy was se
lected because of structural deterioration of the existing con
crete pavement. Two test sections and three crack spacing 
intervals were incorporated into the project as part of the 
experiment with optimum crack spacing. The objective was 
to study the effectiveness of the crack-and-seat strategy and 
the effect of crack spacing on the mitigation of reflective 
cracking. The changes in the effective modulus of broken 

M. Hossain, Department of Civil Engineering, Seaton Hall, Kansas 
State University, Manhattan, Kans. 66506. L. A. Scofield, Arizona 
Transportation Research Center, College of Engineering and Applied 
Sciences, Arizona State University, Tempe, Ariz. 85287. 

concrete was planned to be evaluated through backcalculation 
of layer moduli from falling weight deflectometer (FWD) test 
data. This paper describes the structural analysis of this proj
ect using FWD data. 

PROJECT LOCATION AND DESCRIPTION 

The project is located on I-40 approximately 10 mi west of 
Williams in north-central Arizona. Soils in this area are re
sidual soils derived from volcanic parent rock and range from 
well-graded sand (SW) to clays (CH). Mean annual precipi
tation is approximately 20 in. The mean daily temperature is 
60°F with extremes between 97°F and - 22°F (J). 

Existing Pavement Section 

The original concrete construction project extended from 
Milepost (MP) 152.1 to 158.6 and included both eastbound 
(EB) and westbound (WB) roadways. Each roadway con
sisted of two 12-ft concrete lanes with 4-ft and 10-ft asphalt 
concrete shoulders on the inside and outside, respectively. 
The project incurs approximately 12,000 average daily traffic, 
with 38 percent truck traffic. The pavement section consisted 
of 8 in. of JPCP on 4 in. of cement-treated base (CTB) over 
6 in. of subgrade seal (engineering fill), as shown in Figure 
1. The existing EB roadway was opened to traffic in 1968, 
whereas the WB roadway was opened in 1967. Transverse 
joints were established at 15-ft intervals. Both transverse and 
longitudinal joints were sawed at the time of constr~ction. 

Design Consideration and Layout 

Two test sections were established on this project to evaluate 
the effect of crack spacing. The two test sections, each 0.1 mi 
in length, were constructed at the extreme west end of the 
project, as shown in Figure 2. The crack-and-seat spacings 
for the test sections were selected as 2 x 2 ft and 4 x 6 ft. 
These spacings represented crack intervals that were both 
larger and smaller than the originally specified 3- x 3-ft spac
ing. The 3- x 3-ft spacing was considered the "control" sec
tion. The 2- x 2-ft and 4- x 6-ft spacings represented intervals 
previously used in other states. 
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FIGURE 1 Original pavement section. 
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FIGURE 2 Layout of test sections. 

CONSTRUCTION FEATURES 

The project consisted of cracking and seating the existing 8-
in. JPCP, installing edge drains adjacent to the outside shoul
der, and placing a 4-in. HMAC overlay across the entire 
roadway, including both shoulders. 

The cracking required that the specified crack spacing would 
be obtained by cracking the existing portland cement concrete 
(PCC) slab with a method that produced full-depth, generally 
transverse, hairline cracks at a nominal longitudinal spacing 
of 3 x 3 ft. The only exception was at MP 152.1 to 152.2 
(WB) and. at MP 152.2 to 153.3 (WB) where the nominal 
spacing was 4 x 6 ft and 2 x 2 ft, respectively. Inspection 
of the cracking effectiveness was performed by applying water 
to a test section <?nce each day. Also, cores were retrieved to 

M.P. M.P. M.P. 

WB ROADWAY 156.035 156.29 158.6 

--·-

make sure that the cracking had progressed full depth. A 
Michigan whip hammer was used to perform the cracking 
operation. Construction specifications required seating to be 
accomplished by at least two passes of a 50-ton pneumatic 
roller or until the concrete pieces were assured of being seated. 
During construction, this was accomplished by a "wagon-like" 
tire roller fitted with sand ballast. 

Cracked pavement segments were required to be seated not 
more than 24 hr before receiving the asphalt concrete overlay 
and not more than 72 hr after cracking. Traffic was allowed 
on the cracked and seated concrete for no more than 72 hr. 
Evaluation of the seating effectiveness was based on the judg
ment of the engineer. After seating was complete, the 4-in. 
overlay was placed in two lifts. The project was completed in 
November 1986 (2). 
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FALLING WEIGHT DEFLECTOMETER TESTING 

FWD was conducted every year from 1987 through 1991. The 
FWD testing was performed with a Dynatest model 8000 with 
sensor locations of 0, 12, 24, 36, 48, 60, and 72 in. from the 
center of the load at target load levels of 6,000, 9,000, and 
12,000 lb. The FWD testing was performed at the same 18 
locations on the test and "control" sections each year on the 
outer wheel path, and usually, 2 to 3 ft from the edge of the 
lane. The tests were performed in summer from late morning 
to early afternoon. 

As mentioned before, the FWD test was done to establish 
how the effective moduli of broken concrete pavement changed 
with time. Since the Michigan whip hammer imparted so little 
fracture energy into the pavement during construction, it was 
assumed that the effective modulus would decrease with time 
as the effects of thermal changes and freeze-thaw acted to 
reduce the aggregate interlock at the fracture locations. 

Analysis Methodology 

The FWD deflection data were analyzed using the BKCHEVM 
elastic layer computer program to backcalculate the layer moduli 
(3). BKCHEVM is a minor modification of CHEVDEF pro
gram (4). Backcalculations were performed on FWD test re
sults from four locations within Section 1 and four locations 
within Section 2. Ten test locations were analyzed for the 
control section. 

The pavement was assumed to be a four-layer flexible pave
ment system. Layer 1 was the AC overlay, Layer 2 was the 
cracked and seated PCC pavement (PCCP), Layer 3 was the 
CTB, and Layer 4 was the sub grade that generally was as
sumed to be semi-infinite. However, BKCHEVM automati
cally introduced a rigid layer at 20 ft below the top of the 
subgrade when it detected a rigid layer. The rigid layer was. 
detected by using the seventh sensor deflection value. Details 
ofBKCHEVM are discussed by Bush and Alexander (4). The 
subgrade seal layer was considered as part of the subgrade. 
The subgrade seal layer can be considered as an engineering 
fill layer consisting of soil-aggregate mixtures. The deflection 
values corresponding to the load level closest to 9 ,000 lb were 
used for backcalculation of layer moduli. 

Backcalculation Results 

Asphalt Concrete 

Table 1 shows the backcalculated asphalt concrete moduli for 
all the test sections. The moduli have been adjusted for tem
perature at 77°F using AASHTO correction factors. From the 
table it is clear that the backcalculated AC moduli for various 
test sections fluctuate over the years. The average modulus 
varies from 69 to 978 ksi. The average backcalculated AC 
moduli for Test Section 3 or control section is higher than 
that for the other test sections. 

Broken PCC Layer 

The results of the backcalculated cracked PCC layer moduli 
are shown in Table 2. Figure 3 illustrates the results. Very 
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TABLE 1 Backcalculated AC Moduli for Crack-and-Sea~ Project 

Year Section 1 Section 2 Control Section 
Modulus (ksi) Modulus (ksi) Modulus (ksil 

Mean Std. c.v. Mean Std. c.v. Mean Std. c.v. 
Dev. Dev. Dev. 

1987 412 281 55 441 95 22 451 100 22 

1988 69 15 21 89 5 5 149 123 83 

1989 638 328 47 656 358 55 978 298 30 

1990 379 180 48 379 157 41 470 201 43 

1991 129 33 25 246 268 109 259 305 118 

TABLE 2 Backcalculated Cracked PCC Moduli for Crack-and
Seat Project 

Year Section 1 Section 2 Control Section 
Modulus (ksi) Modulus (ksi) Modulus (ksi) 

Mean Std. c.v. Mean Std. c.v. Mean Std. c.v. 
Dev. Dev. Dev. 

1987 6491 3316 51 6672 3484 52 5772 3500 61 

1988 3910 2197 56 4876 3598 74 6224 3585 58 

1989 8083 4152 51 5676 5553 98 3344 3107 93 

1990 4407 5078 115 4602 4938 107 2936 3335 114 

1991 3125 3924 126 1592 1729 109 4255 4093 96 

high concrete pavement moduli were obtained for every year 
that was included in the analysis. The average PCC moduli 
typically ranged between 3.3 and 7 million lb/in. 2 • Individual 
test results ranged from a low of 140,000 lb/in. 2 to a high of 
11. 7 million lb/in. 2 • The large standard deviation and coeffi
cient of variation existed for every year. The average moduli 
for Test Sections 1 and 2 and the control section suggest a 
fluctuation of cracked PCCP layer moduli with time. Test 
Sections 1 and 2 show a decrease of cracked PCCP layer 
modulus since 1989. But the control section does not show 
any trend. 

Comparison' with Laboratory Test Results 

Four 4-in.-diameter cores were retrieved from the PCC layer 
during the design phase. Compression tests with strain mea
surements were conducted on these cores to assess the struc
tural integrity of the concrete. The results of this testing are 
shown in Table 3. The laboratoty test results indicated that 
even though the compressive strength was 7,000 to 9,000 lb/ 
in. 2 , the modulus was only 2 million lb/in. 2 • This rather low 
modulus was reported in the project design summary as an 
indication of the poor concrete condition. The Asphalt Con
crete Institute relationship between compressive strength and 
modulus suggests that the modulus is of the order of 5 million 
lb/in. 2 (5). 

The backcalculation results suggest that little reduction in 
effective modulus has resulted from the crack-and-seat pro
cess. The backcalculated moduli are comparable to the results 
calculated from the compressive strength test results (5 million 
lb/in. 2) of the concrete cores obtained during the design phase. 
The results suggest that the cracking of the PCC layer did not 
result in a reduction of this layer modulus. 
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FIGURE 3 Backcalculated cracked PCC moduli. 

TABLE 3 Concrete Test Results 

Laboratory Calculated 
Compressive Determined Modulus 

Location Strength Modulus (57000/v'f'cl 
of Core (psi) (psi) (psi) 

153.02 EB 7180 2.12x108 

5.1x108 

159.98 EB 9019 2.41x106 

152.1 WB 6614 1.54x108 

5.0x108 

159.0 WB . 8860 1.31x108 

Cement-Treated Base 

Table 4 shows the average moduli for cement-treated base 
layer. The backcalculated moduli for this layer were also quite 
variable. The coefficient of variation of backcalculated layer 
moduli varies from 16 to 194 percent. The average layer mod
ulus varies from 27 to 123 ksi over the last 5 years. The CTB 
was observed to be severely deteriorated at the time of con
struction of a subsurface drainage trench in this project. Also, 
energy imparted for cracking concrete might have led to more 
deterioration and apparently contributed to the very low mod
uli of CTB layer for most of the cases. 

TABLE 4 Backcalculated Cement-Treated Base Moduli 

Year Section 1 Section 2 Control Section 
Modulus (ksi) Modulus (ksi) Modulus (ksil 

Mean .Std. c.v. Mean Std. c.v. Mean Std. c.v. 
Dev. Dev. Dev. 

1987 70 11 16 58 11 19 82 63 77 

1988 44 7 16 43 9 20 78 27 35 

1989 43 16 37 56 13 24 123 167 136 

1990 27 5 19 27 5 19 70 135 194 

1991 118 155 131 38 15 41 76 97 127 

Sub grade 

The backcalculated subgrade moduli for all test sections as 
well as the control section are shown in Table 5. Minimum 
variability was obtained in backcalculated subgrade moduli. 
The coefficient of variation ranged between 8 and 30 percent. 
All sections except the control section showed a minor vari-
ation in subgrade moduli over time. The average subgrade 
moduli for the control section varied between 18 ksi and 34 
ksi over the last 5 years. 

DETERMINATION OF STRUCTURAL LAYER 
COEFFICIENTS 

The structural layer coefficients for the cracked concrete layer 
was analyzed to establish the difference in structural char
acteristics of sections with various crack spacings. The results 
of the backcalculation analysis were used to calculate the 
structural layer coefficients using both the 1986 AASHTO 
guide procedures and the modified National Asphalt Pave
ment Association (NAPA) procedures (6, 7). AASHTO pro
cedures are explained in the guide. The AASHTO procedure 
is valid for cracked and seated concrete moduli up to 950,000 

TABLE 5 Backcalculated Subgrade Moduli 

Year Section 1 Section 2 Control Section 
Modulus (ksi) Modulus (ksi) Modulus (ksi) 

Mean Std. c.v. Mean Std. c.v. Mean Std. c.v. 
Dev. Dev. Dev. 

1987 20 2 8 23 4 18 28 3 9 

1988 24 4 15 27 3 12 18 6 30 

1989 23 3 14 27 6 23 34 7 27 

1990 20 4 19 26 2 9 18 5 27 

1991 21 3 16 29 7 24 21 3 16 
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lb/in. 2 • Because most of the backcalculated PCCP layer mod
uli values of this project were far above 950,000 lb/in. 2 , the 
layer coefficients corresponding to the moduli values greater 
than 950,000 lb/in. 2 have been taken as 0.44, the maximum 
layer coefficient for cracked and seated concrete in the 
AASHTO guide. 

In the NAPA method used for this analysis, backcalculati_on 
for determination of effective modulus of cracked and seated 
concrete was done by BKCHEVM. Only the equation for 
computing the structural layer coefficient of cracked and seated 
concrete in the NAPA procedure has been used. The cement
treated base layer coefficient and modulus were assumed to 
be 0.12 and 500,000 lb/in. 2

, respectively. The NAPA equation 
for computing the structural layer coefficient of cracked and 
seated concrete is as follows: 

where 

acs structural layer coefficient of cracked and seated 
concrete, 

Ecs = effective modulus of cracked and seated layer (lb/ 
in. 2), 

a2 = layer coefficient for the base (CTB), and 
E2 = layer modulus of the base (CTB) (lb/in. 2). 

The cement-treated base layer coefficient and modulus were 
held fixed throughout the analysis for a valid comparison of 
change in effective modulus over time and also between the 
crack spacings. 

The calculated structural layer coefficients for both the 
AASHTO procedures and the modified NAP A procedures 
are shown in Table 6. These results indicate the variation in 
layer coefficients with both time and spacing. It is obvious 
that the modified NAPA procedures resulted in decreased 
coefficients with time for the 6- x 4-ft and the 2- x 2-ft crack 
patterns. 

The NAPA coefficients were generally lower than the mag
nitude of the AASHTO coefficients. In most of the cases, 

TABLE 6 Variation of PCCP Structural Layer 
Coefficients with Crack Spacing and Time 

PCCP Structural PCCP Structural 
layer layer 

Year Crack Spacing Coefficient Coefficient 
(AASHTOJ (NAPA) 

1987 2'x2' 0.44 0.27 
3'x3' 0.44 0.255 
6'x4' 0.42 0.24 

1988 2'x2' 0.44 0.23 
3'x3' 0.44 0.26 
6'x4' 0.44 0.24 

1989 2'x2' 0.44 0.29 
3'x3' 0.44 ·0.206. 
6'x4' 0.39 0.229 

1990 2'x2' 0.44 0.206 
3'x3' 0.43 0.203 
6'x4' 0.395 0.208 

1991 2'x2' 0.435 0.197 
3'x3' 0.43 0.218 
6'x4' 0.41 0.161 
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AASHTO coefficients have been taken as the highest coef
ficient tabulated in the guide. A comparison of the structural 
layer coefficients with those from any procedure yields no 
definite conclusions about the difference in structural char
acteristics of the sections with various crack spacings. 

CONCLUSIONS 

Large variations in the effective modulus of the cracked con
crete pavement were obtained from the backcalculation pro
cedures using elastic layer analysis. Unreasonably high PCCP 
moduli values appear to have been computed through this 
process. PCCP moduli for various crack spacings tended to 
fluctuate over time. No consistent trends were evident. 

The AASHTO procedure for computing structural layer 
coefficients was not applicable to most of the data for this· 
project because of unusually high cracked and seated concrete 
moduli. The AASHTO procedure has tabulated values of 
structural layer coefficients for cracked and seated concrete 
moduli up to 950,000 lb/in. 2 • The structural layer coefficients 
predicted by the modified NAP A procedures appear to de
crease with time for 6- x 4-ft spacing. 

RECOMMENDATIONS 

Future crack and seat projects should include a control section 
that is not cracked and seated, and an FWD test should also 
be conducted on the control section. An FWD test should be 
conducted before cracking, just after cracking and seating, 
and also after overlaying. An alternative analysis method to 
elastic layer analysis may be helpful for analyzing crack-and
seat pavements. 
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Comparison of Theoretical and In Situ 
Behaviors of a Flexible Pavement Section 

SoHEIL NAZARIAN ANDY. E. CHAI 

The use of nondestructive testing (NDT) devices has provided 
pavement engineers with a simple method for determining pave
ment layer moduli. Moduli obtained with the NDT devices are 
used in mechanistic pavement design. Therefore, it is important 
to determine accurately the elastic moduli of pavement systems. 
Through a case study, some concerns with the deflection-based 
NDT of pavements are examined. The main objectives were (a) 
to establish the accuracy of a backcalculation methodology, (b) 
to determine the closeness of the theoretical and measured de
formations within a pavement cross section, and (c) to assess the 
impact of the established accuracies on the design of pavement 
sections. These items are discussed through an example from one 
instrumented site. The instrumentation and algorithm used to 
determine in situ deflections are briefly described. A total of 
seven state-of-the-art NDT devices were employed. Particular 
attention was devoted to the effects of the load-induced nonlin
earity associated with the large magnitude of loads imparted by 
the NDT devices to the pavement. On the basis of the case study, 
it was found that some differences in the deflections predicted 
the use of backcalculated moduli and measured deflections. It 
was also shown that load-induced nonlinearity may be one of the 
reasons for the poor match between the measured and theoretical 
deflection basins. 

Mechanistic pavement design has been used more frequently 
in recent years than in earlier years. The backbone of me
chanistic pavement design is nondestructive testing (NDT). 
To confirm the validity of mechanistic models and NDT meth
ods, it has become important to monitor the behavior and 
performance of pavements under actual loads. As such, much 
effort has been focused on instrumenting pavements. One 
response parameter usually measured is the deflection within 
the body of the pavement. Multidepth deflectometer (J) or 
geophone units (2) can be used to obtain this information. 

One site was instrumented with geophones and tested with 
seven NDT devices. The main objective of this study was to 
determine how well layered elastic theory in conjunction with 
NDT devices can predict the behavior of pavements. To achieve 
this objective, several steps were taken. The first step was to 
determine the effects that the load level and the sensor lo
cations might have on backcalculated moduli. For each NDT 
device, and each load level, up to 19 deflections were avail
able, 12 within the pavement section and the rest on the 
surface. Eight combinations of deflections were used in back
calculation. On the basis of these results, a thorough discus
sion of the effects that the load level, location, and number 
of deflection sensors and type of NDT device may have on 
backcalculated moduli was carried out. 

Department of Civil Engineering, University of Texas at El Paso, El 
Paso, Tex. 79968. 

The second goal was to determine how well the deforma
tions, stresses, and strains are determined. A comprehensive 
comparison of stresses and strains from various types of NDT 
devices used is also included in this paper. 

BACKGROUND 

Seven commercially available dynamic deflection measuring 
devices, including four falling weight deflectometer (FWD) 
devices and three vibratory loading devices (Dynaflect, Road 
Rater, WES 16-kip), were used in this study. These devices 
are well described by Bentsen et al. (3) and others. 

An experimental study of these seven nondestructive test
ing devices by Bentsen et al. (3) shows that each device is 
capable of producing and collecting nondestructive pavement 
test data consistently and reliably. However, they also indi
cated that, as with any type of test equipment, the data should 
not be considered error-free. Care should be taken when field 
data are employed for pavement evaluation purposes, such 
as in the determination of allowable loads, overlay thick
nesses, and layer moduli. 

A side-by-side evaluation of deflection measuring equip
ment was carried out by Hudson et al. (4). Three FWD de
vices, a Road Rater, and a Dynaflect were evaluated. The 
report indicated that the results from these devices are 
satisfactory. 

TESTING PROGRAM AND DATA COLLECTION 

Description of Site 

The site was located in the apron of Sheppard Air Force Base 
in Wichita Falls, Tex. As shown in Figure 1, the profile con
sisted of a 7-in. asphaltic concrete (AC) surface layer, a base 
layer of about 20 in. of granular material, underlain by a sandy 
clay subgrade. 

Instrumentation 

The installation process is described in detail by Nazarian et 
al. (5). Four two-dimensional geophone units were installed 
at the site. Each geophone unit consisted of two geophones 
(one horizontal and one vertical). The two were carefully 
placed inside a 2-in.-long, 4-in. outside-diameter polyvinyl 
chloride (PVC) pipe. The geophones were then covered with 
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Point of Impact 
3 ft ---1~-3 ft 

Rspholt Concrete 7 in. 

t 
Bose . 20 in. 

Geophone Units 

Subgrode 

FIGURE 1 Schematic of testing program. 

an epoxy-resin mix using the PVC pipe as the mold to eiim
inate the possibility of corrosion and moisture damage. 

Testing Program 

A schematic of the testing program is illustrated in Figure 1. 
The loading mechanism of the NDT device was placed on top 
of the borehole containing the four geophone units. Data were 
collected with both vertical and horizontal receivers. The NDT 
device was then moved about 3 ft and the testing was repeated. 
Once again, the device was moved colinearly another 3 ft 
(total of 6 ft from the borehole) and tests were repeated. The 
voltage output of the geophones was monitored, captured, 
and stored using two Hewlett-Packard two-channel spectral 
analyzers. 

Determination of Field Deflections 

The procedures adopted for determining the deflections from 
the geophone records are described here. The data reduction 
procedure is described in detail in Tandon and Nazarian (2). 
A frequency-domain solution is employed. Any function in 
the time domain can be easily expressed by a limited number 
of harmonic functions, if Fourier transform is utilized. 

Shown in Figure 2 are the actual vertical displacement time 
histories sensed by the vertical geophones caused by a 25-kip 
load applied with an FWD. All figures are plotted to the same 
scale to demonstrate the variation in amplitude with distance 
from the point of impact. It can be seen that the deflections 
decrease rapidly with both radial and horizontal distance. 
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DETERMINATION OF MODULI 

Moduli obtained from the backcalculation process are in
cluded in Table 1 for all load levels applied by all devices. 
The average absolute differences between the theoretical and 
measured basins after completion of deflection basin fitting 
vary between 0.9 and 5.7 percent, with an average of about 
2 to 3 percent. Therefore, the matching has been done in a 
reasonable fashion. 

Asphalt Layer 

The thickness of the asphalt layer was 7 in. Therefore, the
oretically speaking, one should be able to determine reason
ably well the modulus of this layer. 

The modulus of the asphalt layer varies from a minimum 
of 220 ksi to a maximum of about 1,080 ksi (619 ksi, if the 
result from the Road Rater is considered as an outlier). Over
all, the coefficient of variation is equal to about 47 percent 
(29 percent without a modulus from the Road Rater). 

Base Layer 

As indicated before, the base was about 20 in. thick. Theo
retically, the modulus of such a thick layer should be deter
mined with no difficulty at all. Practically speaking, assuming 
a constant modulus for this layer may not be appropriate. 
The load-induced nonlinearity and method of construction 
might have caused significant heterogeneity in the base layer. 
The modulus varies between a minimum of 23 ksi and a maxi
mum of approximately 63 ksi. The average modulus is about 
37 ksi with a standard deviation of about 10 ksi. 

Nonlinear behavior in terms of reduction in modulus with 
increase in load levels is not evident from the falling weight 
devices except for the KUAB device. However, for the vi
bratory devices the effects of nonlinearity is (at least) quali
tatively evident. The Dynaflect, which applies 1 kip of load, 
has the highest modulus. Also for the WES vibrator, the 
modulus values increase as the load decreases. 

Subgrade Layer 

The modulus of the subgrade determined from deflection ba
sins measured by various devices falls in a narrow range. The 
minimum and· maximum values are approximately equal to 
14 ksi and 20 ksi, respectively. The average modulus is about 
16.5 ksi with a standard deviation of 1.4 ksi. The coefficient 
of variation is relatively small, about 8.5 percent; this indicates 
that the modulus of the subgrade layer, unlike the other two 
pavement layers, is more or less independent of the testing 
device. 

Moduli from Alternative Sensor Configurations 

Practically speaking, only surface sensors should be used in 
routine pavement evaluation. However, to understand the 
behavior of pavements under large loads and to determine 
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FIGURE 2 Vertical displacement time histories from embedded geophone units 
caused by effects of FWD. 

the limitations of the NDT tests, it is desirable to determine 
moduli from other sensors embedded in the pavement. Eight 
different data sets were used for backcalculation, as shown 
in Figure 3. Data Set 1 corresponds to the surface deflections. 
Data Sets 2 through 5 contain only three deflection sensors. 
Each set represents the three sensor readings obtained at a 
given depth. Data Sets 6 through 8 correspond to a rather 
comprehensive set of deflections, as reflected in the figure. 

Effects of Load-Induced Nonlinearity 

To study the effect of load-induced nonlinearity on backcal
culated moduli, deflection data from various depths were used 
to determine the moduli of various layers. Data Sets 2 through 
5, described in Figure 3, correspond to this exercise. 

The backcalculated moduli for the base and subgrade for 
each data set are shown in Figure 4 for one FWD. The results 
from six other NDT devices are presented in Chai (6). For 
the sake of brevity, they are not represented here. However, 
the conclusions drawn here are more or less applicable to 
other devices. 

In the backcalculation methodology, the modulus of the 
AC layer was fixed as 400 ksi. This was a good average based 
on the backcalculation of the surface deflections. The reason 
for not backcalculating the modulus of AC layer was the 
scarcity of deflection data in some cases. 

Strain contour lines for a 6-in.-radius plate used by several 
NDT devices are shown in Figure 5. The computer program 
BISAR was used to determine the strains and stresses. The 
average moduli obtained from all NOT devices using the sur
face deflections were input in to the program (see Table 1). 
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TABLE 1 Moduli Backcalculated from Surface Deflection Bowls 
Using Program BISDEF 

Device, Load Modulus of Modulus of Modulus of Avg. Abs.· 
Asphalt Base (psi} Subgrade Difference 
(psi) (psi) (Percent) 

Dynatest 25 k 200,756 30,882 16, 142 5.0 

Dynatest 15 k 221,778 33,881 16,548 4.7 

Dynatest 10 k 249,457 33,800 17,735 4.7 

KUAB 15 k 496,736 32,494 18,379 1.0 

KUABlOk 414,194 36,848 17,766 0.9 

KUAB 5 k 341,198 41,816 16,745 1.2 

Heavy FWD 45 k 468,549 22,647 14,109 5.7 

Heavy FWD 25 k 333,651 23,794 16,121 4.4 

Heavy FWD 15 k 353,214 23,202 16,500 2.8 

Phoenix 20 k 364,974 33,719 16,792 4.5 

Phoenix 15 k 343,811 34;303 16,990 4.5 

Dynaflect 1 k 287,299 63,141 15,564 2.8 

Road Rater 5 k 1080,891 35,809 19,669 1.8 

WES 15 k 442,919 39,537 14,295 5.2 

WES 10 k 517,562 46,221 14,953 5.2 

WES 5 k 619,770 J 54,623 15,793 5.2 

AVG 424,797 36,788 16,501 

STD 198,894 10~531 1,388 

COY 46.8 28.6 8.4 

Deflection Data Sensors Utilized 
Set 

1 surf ace Sensors only 

2 11, 12, 13 

3 21, 22, 23 

4 31, 32, 33 

5 41, 42, 43 

6 01, 02, 03, 11, 12, 13, 21, 22, 23, 31, 
32, 33, 41, 42, 43 

7 11, 12, 13, 21, 22, 23, 31, 32, 33, 41, 
42, 43 

8 surface Sensor, 11, 12, 13, 21, 22, 23, 
31, 32, 33, 41, 42, 43 

Surface Sensors 

~·~ 

24 in. D CJ D 
21 22 23 

48 in. D D D 
31 32 33 

72 in. D D D 
41 42 43 

I• •I• ~1 
3 ft 3 ft 

FIGURE 3 Deflection data sets used in backcalculation. 
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It is understood that utilizing a linear-elastic program for de
termining the contour levels may introduce some inaccuracies 
in the upcoming discussions. However, as demonstrated by 
Chai ( 6), the regions in which stresses and strains are relatively 
large are rather localized and limited to a small region close 
to the point of impact. Therefore, for regions several diam
eters away from the point of impact, the nonlinear and linear 
solutions should be similar. 

To facilitate the upcoming discussion, for strain levels below 
0.003 percent, it is assumed that the materials behave linearly. 
This region is called linear region. Any region in which the 
strain level lies between 0.003 and 0.01 percent is called a 
quasi-linear region. In this strain range, the reduction in mod
uli is typically less than 15 percent. The nonlinear region is 
the region in which the strains are greater than 0.01 percent. 
These ranges are selected on the basis of the terminology used 
in the earthquake geotechnical engineering. 

In Table 2, the influence of load-induced nonlinearity as a 
function of the location of sensors is demonstrated. It can be 
seen that the sensors at a radial distance of zero are in either 
the nonlinear or quasi-linear range, and the sensors at radial 
distances of 72 in. are all in the linear range. One interesting 
point is that, for the sensors at radial distances of 36 in., 
deflections from Data Set 4 (depth of 48 in.) experience more 
load-induced nonlinearity than those from Data Set 3 (depth 
of 24 in.). This is because the sensors at the depth of 24 in. 
are embedded in the stiff base layer; whereas the sensors at 
a depth of 48 in. are located in the relatively soft subgrade 
soil. This matter is well reflected in the modulus of base layer 
(Figure 4). 

The backcalculated moduli from this series is shown in Fig
ure 4. From Data Set 3, one obtains smaller moduli than from 
Data Set 2. This is true for all three load levels. On the other 
hand, the modulus of the subgrade layer increases as the data 
sets from deeper strata are used. 

For any given data set, moduli of the base and subgrade 
increase as the load level decreases. The increase in the mod
ulus of the base under the lowest load is significantly higher 
for Data Sets 2 through 4. The reason for this matter is not 
known at this time. 

Although not shown here, for data sets in which all three 
sensors are outside the nonlinear region, the average absolute 
difference is small (less than 3.5 percent); whereas, as soon 
as one or two of the sensors are located in the nonlinear range, 
a good basin fitting cannot be achieved. In the latter cases, 
the minimum value for the average absolute difference is 
about 7.8 percent. This can at least partially describe why in 
many pavement sections, the basic fitting cannot be carried 
out satisfactorily. 

Effects of Increased Number of Sensors 

Typically, in the nondestructive evaluation of pavement de
flections, from four to seven surface sensors are used to back
calculate the moduli of two to four layers. In the program 
BISDEF, the least-squares criterion is used to evaluate the 
closeness of the theoretical deflections to the measured ones. 
Typically, when the least-squares criterion is used, the more 
overcompensated the problem is (i.e., the larger the number 
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FIGURE 4 Comparison of layer moduli of base (top) and subgrade (bottom) 
backcalculated from various data sets imparted by one FWD. 

of known data points relative to the number of parameters 
to _be determined), the more statistically appropriate the out
come will be. This matter was investigated. 

In Figure 4, three other data sets are presented. Moduli 
reported for Data Set 6 correspond to moduli backcalculated 
utilizing a total of 14 or 15 deflections. For Data Set 7, data 
from the embedded receivers were used. Twelve deflection 
points were available (see Figure 3). For the last series, Data 
Set 8, deflection from all surface sensors plus the 12 deflection 
points used in Data Set 7 were used (i.e., a total of 16 to 19 
deflections). 

To backcalculate moduli from these data sets, the pro 
gram BISDEF had to be slightly modified. Generally, the 
deflection basin fitting for Data Sets 6 and 8 did not yield 
satisfactory results (average absolute differences of greater 
than 10 percent). However, deflections from Data Set 7 could 
be matched relatively close (average absolute differences of 

about 5 percent). Once again, as the deflections from the 
nonlinear regions were minimized, the quality of basin fitting 
improved. 

Because of an unsatisfactory deflection basin-fitting proc
ess, it would be difficult to draw definite conclusions. How
ever, using deflections from Data Set 6 generally yields base 
moduli that are approximately equal to or slightly less than 
those obtained from surface sensors. However, the subgrade 
moduli are always greater from Data Set 6 compared with 
those backcalculated from surface sensors. 

Typically, moduli obtained for the base and subgrade em
ploying Data Set 7 are greater than those obtained from Data 
Set 1 (surface deflection data only). The reason for this matter 
is that deflections for Data Set 7 are from regions that are 
less affected with the load-induced nonlinearity. 

Base moduli from Data Set 8 are always less than those 
determined from the surface deflections. By way of contrast, 
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25 0.05 0.03 0.01 0.005 

20 0.04 0.024 0.008 0.004 

15 0.03 0.018 0.006 0.003 

10 0.02 0.012 0.004 0.002 

5 0.01 0.006 0.002 0.001 
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FIGURE 5 Strain distribution in pavement section used in this 
study caused by loads applied to a 6-in.-radius plate. 

TABLE 2 Degree of Load-Induced 
Nonlinearity at Sensor Locations for Load 
Plate with 6-in. Radius 

Data Set Sensor 

2 11 
12 
13 

3 21 
22 
23 

4 31 
32 
33 

5 41 
42 
43 

N: Nonlinear 
Q: Quasi-Linear 
L: Linear 

Load Level, kips 

5 10 

N N 
L L 
L L 

Q N 
L L 
L L 

Q Q 
L Q 
L L 

L Q 
L L 
L L 

15 

N 
L 
L 

N 
L 
L 

Q 
Q 
L 

Q 
Q 
L 

25 

N 
L 
L 

N 
Q 
L 

N 
Q 
L 

Q 
Q 
L 

the subgrade moduli are always greater than those obtained 
from surface deflections. 

COMPARISON OF DEFLECTIONS 

A good indication of the quality of the backcalculation tech
niques is how well the measured deflections and the deflec-
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tions determined from the backcalculated moduli compare. 
If the two compare closely, one can conclude that the existing 
processes are adequate. 

Another motivation for comparing the measured and cal
culated deflections is to verify a widely implemented as
sumption that accurate design parameters can be obtained 
from elastostatic backcalculation programs provided that heavy 
loads (corresponding to expected traffic loads) are applied to 
the pavement. In other words, if one impartslarge loads to 
the pavement s~rface and measures deflections affected with 
load-induced nonlinearity; and if one backcalculates moduli 
from an algorithm (such as BISDEF), which is based on the 
assumption that materials behave linear elastically; and fi
nally, if the backcalculated moduli are used to determine the 
stresses, strains, and deformations using an elastostatic al
gorithm (similar to BISAR), the measured and calculated 
stresses, strains, and deformations at that load level will be 
similar. This matter is investigated next. 

The comparison of measured and calculated deflections from 
one data set is presented in Figure 6. The calculated deflec
tions are determined from a layer modulus backcalculated 
from deflection Data Set 1 (surface sensors only) caused by 
25 kips of load applied by an FWD. The comparison of de
flections from all devices and all load levels is included in 
Chai (6). 

The deflection contour lines obtained from the deflections 
measured with one FWD at a load level of 25 kips is shown 
in Figure 6a. The contour lines are rather coarse because of 
the scarcity of deflection data. The points where data were 
collected are marked with a small solid point. Next to each 
data point, the measured deflections in mils are reflected. The 
contour lines are depicted as solid lines, and the contour value 
is reflected in bold numbers next to each line. 

At a depth of about 27 in., a sharp change in the slope of 
the contour lines can be observed. This depth corresponds to 
the thickness of the AC and base layers. Sharp changes in 
the slopes at this level are expected because of the differences 
between the modulus of the base and subgrade layers. Had 
the data been collected with more resolution (i.e., utilizing 
more geophone units) a similar change in slope would have 
been observed at the interface of the asphalt and the base 
layers. 

To compare the theoretical and experimental results, con
tour lines were again determined. However, instead of using 
measured deflections, deflections calculated from BISAR us
ing backcalculated moduli were used. The contour lines for 
this case are presented in Figure 6b. Basically, the two de
flection contours vary significantly. This variation is sum
marized and quantified in the next paragraph. 

Shown in Figure 7a is the average percentage difference 
between the calculated and measured deflections for each 
device and each load level for Data Set 1 (surface deflections 
only). To obtain this value for a given device and load level, 
the corresponding absolute difference between the measured 
and calculated deflections from 15 sensor locations (12 embed~ 
ded and 3 on the surface) were averaged. A small value will 
indicate overall agreeme.nt between the measured and cal
culated value. 

In Figure 7b, the average absolute difference from deflection
basin fitting for each device and load level is shown. The two 
parameters (average percent difference in deflections and av-
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erage absolute difference in the basin fitting) go hand in hand. 
It is not appropriate to compare experimental deflections with 
theoretical deflections obtained from backcalculated moduli 
where the basin fitting is not done closely. 

For the surface deflections, the basin fitting is done rea
sonably well for every case. The minimum and maximum 
average absolute differences in basin fitting are 0.9 percent 
and 5.7 percent, respectively (Figure 7b). However, the the
oretical and experimental deflections within the body of pave
ment do not compare well at all. The average percent differ
ences from Figure 7a vary from a minimum of about 24 percent 
to a maximum of about 98 percent. 

Results from other data sets are not shown here, for the 
sake of brevity. For Data Sets 2 through 4 as deeper data sets 
were used, the difference among various devices and load 
levels were less pronounced. This may suggest that the dis
crepancy between the measured and calculated data is caused 
by the inherent problems in the data reduction instead of the 
type and magnitude of load. The agreements between the 
measured and theoretical deflections for Data Set 5 are much 
better than those obtained from surface deflections as re
flected in the figure. The average difference is always less 
than 20 percent. 

The last three data sets (Data Sets 6 through 8) should 
logically yield relatively good agreement between the mea
sured and calculated deflections. Basically, data from all data 
points were used in deflection basin fitting. For Data Set 6; 
the average absolute differences are less than 20 percent. Such 
a relatively good agreement may be fortuitous because of large 
absolute differences found from deflection basin fitting. Sim
ilar results were obtained from Data Sets 7 and 8. 

DETERMINATION OF STRESSES 

The modulus of each layer backcalculated from various de
flection data sets can be used to calculate stresses at interface 
directly under the load from progam BISAR. The normalized 
radial tensile stresses and normalized vertical stresses at In
terface 1 (AC and base layers) and Interface 2 (base and 
subgrade layers) are computed. To obtain normalized stresses, 
the stress calculated from BISAR at each interface was di
vided by the loading stress applied at the surface. These data 
can be used to estimate the amount of stress generated in the 
pavement system by each device. 

Vertical Stresses 

Vertical stresses determined from various data sets are re
ported in Chai (6). For one FWD, the calculated vertical 
stresses are shown in Figure 8. For Interface 1, the highest 
vertical stresses were obtained when backcalculated moduli 
from Data Set 1 (surface sensors) or Data Set 5 (deepest three 
sensors) were used. For Interface 2, the stresses are more or 
less independent of the data set used or the level of load 
applied. 

Stresses in a pavement section are directly related to the 
Young's moduli of different layers. This matter is well re
flected in Figure 8. Considering the fact that the modulus of 
the AC layer was assumed to be constant for Data Sets 2 
through 5, the vertical stress at Interface 1 increases as the 
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modulus of the base layer increases (see Figure 4). Similarly, 
the stress at Interface 2 decreases with an increase in the 
modulus of subgrade. 

For the other three falling weight devices, similar trends 
occur. For these three devices, the highest vertical stress at 
Interface 1 occurs when Data Set 5 was used. Data Set 5 
corresponds to the three deflections least affected by the load
induced nonlinearity. This trend is significantly important from 
a design point of view. Vertical stresses calculated using the 
conventional surface sensors are in the order of 25 to 100 
percent lower than those determined from Data Set 5. It is 
premature to make any conclusions on the basis of one site. 
Hqwever, this may suggest that (against popular belief), for 
the study of rutting, the use of moduli obtained from tech
niques using lower load intensities may be desirable. More 
study of this phenomenon is highly recommended. 

On the other hand, the stresses obtained at Interface 2 are 
usually most critical from surface deflections. However, for 
most data sets (except Data Set 5), the vertical stress at In
terface 2 is reasonably independent of the data set used in 
backcalculation or the load level applied to the pavement. 

For WES 16-kips vibrator and the Road Rater, the trends 
in variation in vertical stresses at the two interfaces as a func
tion of data set used follow trends that are similar to those 
of the falling weight devices described above. 

The results from the Dynaflect device indicate that the 
stresses obtained from Data Sets 1 through 4 are similar and 
independent of data set used. One possible explanation for 
this closeness is that deflections from all four data sets cor
respond to the linear range and therefore yield similar moduli 
and stresses. Deflections from Data Set 5 for Dynaflect suffer 
from a low signal-to-noise ratio and therefore are not as 
reliable. 

In general, the maximum values for the first interface vary 
between about 20 and 42 lb/in. 2 , and for the second interface 
between 2.5 and 3.6 lb/in. 2

• The minimum vertical stresses 
varied from 10 to 18 lb/in. 2 for Interface 1, and from 1 to 3.4 
lb/in. 2 for Interface 2. This figure may be an indication of the 
device dependency and load dependency of the results ob
tained from the deflection-based NDT devices. 

Radial Stresses 

Radial stresses determined from various data sets from one 
FWD are presented in Figure 9. Basically, stresses from all 
devices (except the Dynaflect) exhibit similar behaviors. For 
Interface 1, Data Set 5 yields the smallest radial tensile stresses. 
Simultaneously, radial stresses at· Interface 2 affected by the 
same set of data (Data Set 5) result in the largest tensile 
stresses. Practically speaking, moduli obtained from deflec
tion data less affected by the load-induced nonlinearity may 
result in higher radial stresses at the base-subgrade interface. 

For Interface 1, the variability in the results is large for 
Data Set 1 because of a large variation in the modulus of AC 
layer. As for Data Sets 2 through 5, a constant modulus value 
was assigned to the AC layer, and the stresses follow a pre
dictable pattern. Basically, moduli from Data Set 3 are the 
most critical values in terms of stresses at Interface 1. 

As for the vertical stresses, the signal-to-noise ratio for the 
data collected with the Dynaflect is small, and this matter 
may have caused the amount of scatter seen in the data. 
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FIGURE 8 Variation of vertical stresses at two interfaces for various data sets 
caused by a 9,000-lb load applied using moduli backcalculated from Dynatest FWD: 
top, Interface 1; bottom, Interface 2. 

Large variations in the minimum and maximum values of 
tensile radial stresses at both interfaces as a function of the 
type of device used and the nature of load imparted were 
evident. 

SUMMARY AND CONCLUSIONS 

Backcalculation methods for determining elastic moduli from 
deflection profiles obtained by nondestructive testing devices 
have provided researchers with a tool to improve pavement 
design. Nevertheless, it is important to verify the accuracy of. 
backcalculating methods. The use of a relatively low-cost geo
phone system to achieve this goal is described in this paper. 

The process of installation of the geophone system is pre
sented. An explanation of the approach used to determine 

deflections using geophones is reviewed. Deflections from 
seven NDT devices were used to determine the. closeness 
between the measured and calculated responses of a pavement 
section. The limitations of one backcalculating algorithm as 
a function of amplitude of loads imparted and the type of 
device used were examined. The capability of modeling the 
behaviors of pavements from backcalculated moduli using 
elastostatic programs was investigated. The stresses critical to 
design were also examined. 

Because only one site was used, it may be premature to 
make any conclusions. However, the results from this study 
reveal some items that may be of interest for further theo
retical and experimental investigations. These items are 

1. Deflection basin fitting would not yield a close match 
between the theoretical and measured deflections when some 
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of the deflections are obtained from the regions contaminated 
with load-induced nonlinearity; conversely, the deflection basin 
fitting may yield a close match when none of the deflections 
are measured in the nonlinear region; 

2. Theoretical deflections within the body of a pavement 
from back calculated NDT moduli (using surface deflections), 
may not be representative of deflections measured at similar 
points; 

3. Theoretical deflections, calculated from measured de
flections away from the load (not affected with load-induced 
nonlinearity), may be close to measured deflections at similar 
points; 

4. Vertical compressive and radial tensile stresses deter
mined from moduli backcalculated from conventional surface 
deflections may be conservative. 

Finally, many of the conclusions and statistics made here 
are further analyzed and substantiated in Chai ( 6). Because 
of space limitations, only the major steps are highlighted herein. 
The interested readers are referred to that publication for a 
comprehensive discussion. 
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Nondestructive Testing with Falling 
Weight Deflectometer on Whole and 
Broken Asphalt Concrete Pavements 

FRIEDRICH w. JUNG AND DIETER F. E. STOLLE 

Extensive testing of flexible pavements with the falling weight 
deflectometer on various test sites in Ontario has aided the de
velopment of a rational method of deflection basin interpretation. 
The goal is a fast computer program (PROBE) that calculates 
important mechanistic response parameters and determines the 
quality of data and the degree of structural integrity of the pave
ment layers. Using the theory of Boussinesq and Odemark's method 
of equivalent layer thickness, two quantities are defined to help 
interpret deflection bowl data: (a) the effective modulus of mea
sured surface deflection and (b) the effective modulus of subgrade 
deflection. Both moduli change with their radial distance from 
the test load. When plotted they may briefly be referred to as 
the surface modulus profile and the subgrade modulus profile, 
respectively. Both moduli provide apparent values of elastic stiff
nesses, using uniform elastic half-space solutions. They are pa
rameters for a systematic study of the difference between the 
theoretically expected and the observed behavior of asphalt con
crete pavements. The surface modulus profile evaluates the qual
ity and integrity of pavement layers. Both the surface and subgrade 
modulus profile are used to estimate the subgrade modulus near 
the test load, which is the base for further calculations of primary 
response parameters by the Odemark method. Examples are 
presented, ranging from very good to poor and broken conditions. 
Computer simulations with various programs suggest two major 
points: (a) dynamic effects have only a comparatively minor in
fluence, so that elastostatic modeling appears to be feasible; and 
(b) deflections die away faster than expected with radial distance, 
probably because of an increase in the subgrade modulus with 
depth, an unrecorded presence of a bedrock face, or-more likely
discontinuities of unbound or cracked layer materials. In short, 
the new approach tries to obtain information and interpretations 
on system features of field cases by systematically studying the 
deviation from simple elastostatic modeling. 

Owing to the popular use of the falling weight deflectometer 
(FWD), a great deal of effort has gone into interpreting FWD
generated deflection data. Such efforts have mainly centered 
around the backcalculation of layer material properties within 
the framework of continuum mechanics, in particular, the 
elastic layer theory. 

This theory, however, implies that a certain condition be 
met, namely that the pavement layers are continuous and are 
not broken or cracked, or that at least the FWD test is carried 
out on a spot of unbroken or uncracked pavement. Continuum 
mechanics assumes continuous layer materials and cannot de-

F. W. Jung, Pavements and Roadway Office, Research and Devel
opment Branch, Ministry of Transport of Ontario, Downsview, On
tario, Canada. M3M 118. D. F. E. Stolle, Department of Civil En
gineering and Engineering Mechanics, McMaster University, Hamilton, 
Ontario, Canada L8S 4L7. 

scribe cracked or broken pavements. Unfortunately, this fact 
has diminished the usefulness of backcalculated results. For 
this reason more emphasis should be placed on interpretation 
rather than on backcalculation. 

Many tests in Ontario have been carried out on flexible 
pavements that were severely cracked or broken, and it was 
found that no elastostatic analysis method could interpret the 
results. Such experience with respect to analyzing data, gath
ered at severely damaged sections, has confirmed the inap
propriateness of using elastic theories in the usual way. There
fore, an alternative backcalculation and interpretation 
methodology has been investigated. Instead of emphasizing 
more realistic modeling of the boundary value problem, the 
new approach, incorporated into the new PROBE program, 
uses differences between the real problem and the idealized 
problem, to estimate a "weighted average" of in situ prop
erties and to obtain other important information on the in
tegrity and the state of deterioration of layer materials. 

EFFECTIVE MODULUS OF MEASURED SURF ACE 
DEFLECTION 

The FWD is an instrument that measures the peak~ of a 
deflection wave from an impulse load created by a falling 
weight. The test load is distributed over a circular contact 
pressure area 300 mm in diameter and thus resembles, also 
in its duration in time, a passing heavy single-tire wheel load 
from a truck. An essential feature is that the peak deflections, 
measured at various distances from the load, superficially 
resemble the deflections created by a corresponding elasto
static load. 

The first step of the new approach is to assume that the 
FWD-generated deflections correspond to elastostatic deflec
tions on a uniform elastic half space. Then, to interpret the 
data, effective moduli are calculated that are apparent, but 
well-defined, values of surface stiffness. 

Definition 

The effective modulus of measured surface deflection of a 
flexible pavement in an FWD test is defined as follows: it is 
the modulus that a uniform elastic half space would have 
under a corresponding static load, having the same deflection 
as measured by the FWD sensor, at the same distance from 
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the load axis on a layered flexible pavement. This term is 
sometimes called the surface modulus. It is a function of the 
distance from the load axis. 

Derivation 

The concept is derived from a paper by Yoder and Witczak 
(1, p.29), which contains an equation for the vertical deflec
tions in a uniform elastic half space, loaded by a circular 
distributed load. For the surface deflections (Z = 0) the equa
tion can be written as follows: 

Y = P(l - µ 2)A HIE 

where 

Y = vertical surface deflection, 
P = contact pressure (force per unit area), 
µ = Poisson's ratio (assumed to be 0.35), 
A = radius of loaded area, 
E = modulus of linear elastic material, 
H = a function of ratio XIA, and 
.¥ = distance from load axis. 

(1) 

Solving Equation 1 for E, one obtains the function of the 
effective modulus of surface deflection, Ex, in which the de
flections, Y, are now regarded as the result of FWD deflection 
measurements. 

Ex = P(l - µ 2)A HIY (2) 

Note that for distant deflections (X > SA) the factor, H, 
merges into H = AIX. This means Equation 1 becomes iden
tical to the Boussinesq equation for a concentrated load, L 
(with L = 7rP A2

), and Equation 2 is then identical to the 
one offered by Ullidtz (2). 

Characteristics of Surface Modulus Proflle, Ex 

Characteristics of the surface modulus profile are illustrated 
in Figures 1 through 6 and have been drawn after studying 
many field tests of flexible pavements in Ontario; in the fig-

)( )( )( effective modulus profile 

E tail modulus function 
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FIGURE 1 Effective and tail modulus for elastic layer systems. 
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FIGURE 2 Effective and tail modulus for whole AC 
pavements. 
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FIGURE 3 Effective and tail modulus for cracked AC 
pavements. 

)( )( )( effective modulus profile 

E 
tail modulus function 

distance X 

FIGURE 4 Effective and tail modulus for broken AC 
pavements. 

ures, X is the point of FWD measurement. The following 
features have been observed: 

1. Near the load, the stiffening effect of the upper structural 
layers is strongest, and the effective modulus is large, because 
at and around the load position the effective modulus repre
sents the overall stiffness of all the pavement layers. 
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2. When using computer-generated data (ELSYM5) of a 
layered pavement structure, for linearly elastic materials and 
for an "infinitely" deep subgrade with constant elastic stiff
ness, the distant tail of the effective modulus profile merges 
into a horizontal asymptote at the level of the subgrade mod
ulus, Em, as shown in Figure 1. 

through 5. The reason is that the measured deflections die 
away faster with increasing distance than the elastostatic model 
would allow. A faster decrease in deflections means an in
crease in the computed surface modulus values. 

4. Because of the characteristics in Items 1 and 3 on all 
field-tested flexible pavements, the profile of the effective 
modulus of surface deflection has a minimum, usually not too 
far from the load (within a meter or less). The location of the 
minimum signifies that the stiffening effect of the upper layers 

3. When using real data from the tested flexible pavements, 
this asymptote is not horizontal any more, but becomes a line 
or curve with a positive gradient, as illustrated in Figures 2 
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has faded away, and the stiffness at and beyond this distance 
is determined by the subgrade. 

5. The magnitude of this minimum value of the effective 
modulus and its distance from the load axis both have been 
observed to diminish with a decrease in pavement integrity, 
or wholeness, usually manifested by cracks. 

6. On flexible pavements of good or fair condition (Figures 
2, 3, and 5) the distant values of the effective moduli are 
located on a line or curve that can be called the tail modulus 
function. On pavements in severely cracked or broken con
dition, the tail modulus function cannot be determined (Fig
ure 4). The tail modulus function is discussed next. 

Quality Indicators from Curve Fitting of Tail Modulus 
Function 

The tail modulus function, Emx, is derived by modifying Equa
tion 8 from Jung (3): 

E = p A2(1 _ µ2)X<11 - 1> 
mx ~ 

C·X<11 - 1) 

where 

Emx = tail modulus function, as established below; 
A = radius of contact pressure area; 
C = constant; 
X = distance from load; and 

(3) 

11, ~ = constants found by curve-fitting deflection data (3). 

In the earlier version of PROBE that is based on consisten
cy tests on data collected in Ontario (3 ,4),. the value of the 
tail modulus function, at X, = 0.75 m, was considered an 
approximation . of the subgrade modulus, Em, valid at and 
around the test load. This approximation yielded consistent 
results on various test sections in Ontario, although values 
often are too high. 

A comparison with MODULUS, a layer analysis program 
developed in Texas, was important. The modulus, Em, as 
calculated by the original PROBE program (Equations 3 and 
4 with X = X, = 0.75), compares well with the subgrade 
modulus computed by MODULUS in Lytton et al. (5, p.77). 
The comparison is illustrated in Figure 7. The values E4 , from 
the MODULUS program, are about 10 to 25 percent larger 
than the values Em. The correlation coefficient of the linear 
regression analysis for 21 reliable data points (out of 25 total) 
is r = 0.984. 

In the current version of PROBE, the curve fitting is carried 
out by linear regression analysis of the logarithms of 
Equation 3: 

log Emx = log C + (11 - l)log X (4) 

To establish the constants, C and 11, with some confidence, 
three or four valid points from the tail of the deflection basin 
are needed. 

In the current version of the PROBE program, poor quality 
of pavement is indicated by a group of information items, 
such as 

1. The number and the location of sensor readings dis
carded at the tail of the basic (for instance, two values at 1.5 
m and 1.8 min the case of broken pavement), 

TRANSPORTATION RESEARCH RECORD 1377 

250 

240 a 
230 a 

CG 220 
Q. 

~ 210 

e 200 
~ 

190 ~ 
a. 180 

CJ') 
:::::> 
...J 

170 
:::::> 160 0 
~ uP' 150 

>- 140 .0 

3 

"' 
130 

0 120 E 
G> 110 
~ 
OI 100 
.0 
::> 90 CJ') 

80 

70 

60 

50 

40 
40 60 80 100 120 140 160 180 

Subgrade moduli by PROBE program, MPa Em 

FIGURE 7 Comparison of subgrade moduli [21 points 
(5)]. 

2. Several deflection sensor readings with large errors of fit 
(errors of fit > 10 percent), 

3. A large value of 11(>2.5), and 
4. Low correlation coefficient (<0.85). 

All four items should be considered. The correlation coef
ficient is the last and the weakest criterion because it is opti
mized by discarding sensor locations that exhibit too large an 
error of fit. 

EFFECTIVE MODULUS OF SUBGRADE 
DEFLECTION 

The effective modulus of subgrade deflection is derived from 
Boussinesq's equation for vertical deflections in a uniform 
half space at the depth Z = Hem· 

where 

P(l ~2) A' [ Fw 
+ (~)' l 

2(1 - !')(Jl + (~)')' 
(5) 

Emz = subgrade modulus profile, effective modulus 
of subgrade deflection (MP a); 
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Z = 2.Hem = sum of equivalent layer thicknesses, with re
spect to subgrade modulus; and 

where 

Ys = vertical deflection on top of subgrade (mm) 
(refer to Equation 6). 

(6) 

K = expression in square bracket of Equa
tion 5, 

Em = subgrade modulus, 
E1err = combined effective modulus of upper 

layers, and 
H1 + H2 + H3 = sum of thicknesses of upper layers. 

Equation 6 is an approximate correction for esta~lishing 
the deflection on top of the subgrade, Ys. The value Ys (un
known) is computed from the measured surface deflection 
(Y). 

By means of an iterative procedure, Equations 5 and 6 are 
used to calculate the subgrade modulus profile, Emz• which is 
similarly defined as the surface modulus profile, Ex. The Emz 
profile has its lowest value under the test load and starts with 
a horizontal tangent. In normal flexible pavements (asphaltic 
concrete and unbound granular bases), the Emz profile in
creases with radial distance, X, from the test load, and the 
gradient of this increase is steeper for cracked and broken 
pavements. For continuous elastic materials (such as portland 
cement concrete on cement-treated bases) the Emz profile is 

E [MPa) 
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virtually a horizontal straight line. Thus, the shape of the Emz 
profile was found to be indicative of material characteristics. 

However, the main purpose of this profile is to estimate a 
value for the subgrade modulus, Em, an in situ "weighted 
average," to be used for the calculation of subgrade param
eters by the Odemark method. 

DISCUSSION ON SURF ACE AND SUBGRADE 
MODULUS PROFILES, Ex and En.z 

As shown in Figures 1 through 6, the surface modulus profile 
at and around the load position has large values caused by 
the stiffening effect of the structural layers. [asphalt concrete 
(AC), base, and/or subbase]. For pavements that are whole 
and in good condition, the minimum values of the effective 
modulus profile, Emin• are larger than the subgrade modulus, 
Em, because of the residual stiffening effect of the structural 
layers. This keeps the overall stiffness at the minimum point 
above that of the subgrade, which is assumed to have the 
lowest modulus value of all layers. 

It has been observed in pavements that are cracked or 
broken that the minimum value of the effective modulus pro
file ·decreases. When the pavement is very severely cracked 
and completely broken, this minimum must finally approach 
a value that represents the subgrade modulus, i.e., the mod
ulus near the top of the subgrade at and around the test load. 
This is illustrated in Figure 8 where the point (Xmin• Emin) has 
moved very close to the subgrade modulus curve. 

Equation 5 is used by the current PROBE program to cal
culate the effective modulus of subgrade deflection, and it 

Aeyond X=.9 m 
: values are 

erratic 

effective modulus, Emz. 
of subgrade deflection 

1) Em in is a better representation 
of Em than Emz at Xs=.65 m 

2) Emin is uncertain (by about 5%) 
because of missing points, X, 
(0.3 m, 0.45 m) 

x 
0.5 1.0 m 

Radial distance from test load axis, in metres 

FIGURE 8 Effective .modulus of surface and subgrade deflection of a 
"bad" data example, File 8430-0. 
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must do so within the process of iteration of the backcalcu
lation procedure. At each step of iteration, there is a slight 
change in Em and Hem• until the deflections under the test 
load match. The subgrade modulus profiles in Figures 8 and 
9 were calculated in this way. 

The old PROBE version used the tail modulus function to 
estimate Em at a selected distance, Xr = 0. 75 m. This value 
was found by establishing consistency between the 1987 fall 
FWD tests, on neighboring points of Sections A and B on 
Highway 7N, stipulating that the subgrade modulus must be 
equal in both sections, except for statistical scattering. The 
sections were unequal in strength. 

The new PROBE version also uses the tail modulus func
tion. A similar calibration procedure leads to a smaller se
lected radial distance of about Xs = 0.66 m, because the 
procedure is now more complex. 

Several "candidates" of the average in situ value of subgrade 
modulus Em are compared: 

1. The minimum value of the surface modulus profile, Ex, 
found by Lagrange interpolation (smallest value selected for 
broken pavements), 

2. The value at Xs = 0.66 m of the tail modulus function, 
Emz (often smallest value selected for whole pavements), 

3. The value at Xs = 0.72 m of the subgrade modulus 
profile, Emz (sometimes smallest value for pavements in fair 
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condition), and 
4. The average of the subgrade modulus profile up to X 

= 1 m, times a calibration factor (often smallest value for 
pavements in fair condition). 

Figure 9 shows two examples of unbroken, whole AC pave
ments from a strong and weak design section of Highway 7N. 
Note that, in spite of the various Ex profiles, the subgrade 
modulus profiles Emz converge near the test load. 

NUMERICAL INDICATORS OF QUALITY AND 
STRENGTH 

Further, the new PROBE program provides two indicators 
of relative strength or stiffness, in relation to the existing 
strength or stiffness of the soil. One of them, structural strength 
index (SSI), is based on the computed values of the surface 
modulus values only, before and independent of any com
putation or decision on the subgrade modulus. The other, 
structural integrity index (SII), uses the estimated subgrade 
modulus Em. Both are based on the (approximate) area (Ax) 
under the surface modulus profile (Ex), from the load axis to 
XS, or to the minimum value (Emin) at x = xmin· The two 

x 
o--~~~~~~~--~~--~~~~~...-~~~~~~~---,~ 

0 0.5 1.0 1.5 m 
Radial distance from load axis, in metres 

FIGURE 9 Convergence of effective modulus of subgrade deflection near the test 
load of strong (S139) and weaker section (S231) of Highway 7N test section. 
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indexes are 

1. SSI = Axl(Xmin · Emin) and 
2. SH = AxfCXs . Em) 

The index, SSI, can identify structurally weak or broken 
pavements that have values of SSI equal to or smaller than 
1.5 (according to present experience). 

The index, SU, is the more potent of the two. It measures 
the relative strength, stiffness, or integrity of the upper struc
tural layers relative to the strength or stiffness of the subgrade. 
It is much affected by cracks at and near the load position, 
especially when the cracks run transversely to the direction 
of the FWD measurement. According to present experience, 
values can range from slightly below one (for severely cracked 
conditions) to above two (for pavements in good condition). 
SH is also subject to a small temperature adjustment with 
regard to a chosen standard temperature (such as 21°C). The 
SH is recommended to monitor flexible pavements for re
habilitation planning and overlay design, and valuable infor
mation can be obtained by chain-plotting SH along the whole 
pavement section. Note that SSI and SH quantify only a rel
ative stiffness or strength under the load. 

UNDERSTANDING FIELD DATA: COMPUTER 
SIMULATIONS 

The increase of the effective modulus profile at distances from 
the load beyond the minimum value is concordant with the 
exponent, T), being larger than one, observed on all flexible 
pavements tested. Even values of Tl larger than two were 
measured on the major test section, Highway 7N, Toronto 
bypass. Observing and even trying to account for the fact does 
not mean that one fully understands it (3, 4); therefore, com
puter simulations are helpful. 

As indicated previously, a comparison of effective modulus. 
profiles, using data from computer-generated and measured 
deflection bowls, clearly indicates that differences exist be
tween actual field conditions and what is assumed for mod-

150 

100 

50 

Effective modulus (MPa) 

-a- Static, D = 2.5 m 

+ Static, D = 5.0 m 

500 
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eling. To investigate possible reasons for the observed dif
ferences, an idealized two-layer pavement was studied, taking 
into account the effects of bedrock location and impact load
ing, respectively. The problem case consisted of a 150-mm
thick plate with an elastic modulus of 2,250 MPa and a Pois
son's ratio of 0.35, supported by a homogeneous subgrade 
with a modulus of 45 MPa and a Poisson's ratio of 0.50. 

The deflection bowls were generated using the Bessel Four
ier Series approach, described previously (6,7), assuming a 
peak load uniformly distributed over a 15-cm radius base 
plate. For the dynamic analysis, the impact load was applied 
as a half sine wave over an interval of 25 multisec, and a unit 
weight of 20 kN/m3 was assumed. 

Figure 10 provides a comparison of effective modulus pro
files that were calculated using the generated deflection data, 
for various depths (D) of subgrade. As expected, the effective 
modulus for the elastostatic case, in which the subgrade ex
tends to infinity (D ~ oo), approaches 45 MPa as the radial 
distance from the load get larger. 

The dip below 45 MPa and the subsequent small gradual 
increase in effective modulus is caused by Poisson's ratio of 
the plate, which is different from that of the subgrade. For 
the elastodynamic case (D ~ oo), the effective modulus con
tinuously decreases. This is not surprising, since the decay 
rate of surface wave amplitude for the semi-infinite half-space 
problem is known to be less than that of an elastotatic de
flection bowl. 

Figure 10 suggests that the increase in the effective mod
ulus, observed when using real data, possibly can be attributed 
to the presence of bedrock. The strength of the increase of 
the effective modulus, with depth, depends on the subgrade 
thickness D. As D decreases, both the minimum effective 
modulus and the distant effective modulus increase. In the 
simulations, the distance at which the modulus is a minimum 
is approximately equal to the effective thickness of the pave
ment structure, i.e., Hem== Ht-?'E/Em. 

The evidence from the analysis of the real and idealized 
deflection bowls indicates that the interpretation of the ef
fective modulus profiles provides hints with respect to the 
deviation of assumed and actual behavior. This can be used 

..,A. Dynamic, D = infinity 

~- Static, D = infinity 

1000 1500 2000 

Radial distance (mm) 

FIGURE 10 Dynamic and elastostatic computer simulation. 
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to evaluate the possible presence of unexpected features with 
respect to material properties or dimensions, or both, such 
as the presence of a bedrock face or harder layers of subgrade 
in its lower strata. 

The presence of bedrock, at a finite distance below the 
pavement, represents a sudden change in the subgrade stiff
ness with depth. The increases in the effective modulus at 
larger radial distances from the load, observed in the field, 
can also be explained by a more gradual increase iri the subgrade 
modulus with depth, which is almost certain to occur. 

The surface deflections at larger distances from the load, 
used for the effective modulus calculations, are more sensitive 
to modulus increases with depth than those close to the load. 
Close to the load, the observed deflections are largely caused 
by the sub grade deformations in the upper zone of the sub grade, 
whereas the surface deflections farther away are caused by 
straining the deeper strata within the subgrade. 

On the basis of the results from the two-layer problem, it 
appears that the effective modulus profile provides consid
erable information for characterizing a pavement structure, 

Standard test load, in kN: 
Standard contact pressure, in kPa: 
Layer thicknesses, in mm: 
Total: 
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such as an estimate of subgrade modulus close to the load 
(close to Emin in broken pavements, smaller than Emin in whole 
pavements), strength of subgrade modulus increase with depth 
as indicated by Tl - 1, and stiffness of the upper pavement 
layer structure are reflected by Hem· 

The results suggest that the effect of the subgrade modulus 
increase, with depth on the effective modulus profile, is more 
important than the influence associated with the dynamic na
ture of FWD loading. Most recently, however, Der-Wen et 
al. (8) have demonstrated that dynamic effects cannot be 
neglected when bedrock is close to the surface, i.e., within 2 
to 5 m. Fortunately, often these effects are small and should 
not prevent an analytical solution, provided that deflections 
in the vicinity of the load are used for backcalculation analysis, 
i.e., not those much beyond a radius of Hem· 

It is clear that the use of distant sensor readings can lead 
to considerable nonconservative errors in the subgrade mod
ulus prediction, if the increases in subgrade stiffness with 
depth or the presence of bedrock, or both, are not properly 
taken into account. Other possible reasons for the positive 

40.034 
566.4 
140, 169, 513 
Z=822mm 

Radius, in mm: 150 

Temperatures, at test (and standard), in degrees Celsius: 8 ( 21 ) 

Preliminary estimate of subgrade modulus:. E = 129.39 MPa (at X = .66 m) 

ri from regression analysis: 
Average absolute % error of fit: 
Number of tail-sensors dropped in curve-fitting: 
Correlation coefficient: 

Maximum effective modulus, in MPa: 
Minimum effective modulus, in MPa: 

Structural Strength Index: 

Primary Response parameters: 
Structural Integrity Index: 

Total deflection, in mm: 
Radius of AC curvature, in m: 
AC tensile micro-strain: 

Subgrade deflection, in mm: 
Subgrade stress, in kPa: 
Subgrade micro-strain: 

Equivalent thickness, Hem. in m: 1.263 

Subgrade modulus: 
Subgrade modulus candidates: 

Layer moduli, in MPa: 
Layer moduli are: 

129.39 MPa 
160.01 

7539.1 
AC-mod 

2.0818 
0.46 
0 
.9998507 

604.91 

4 sensors, first at I = 4 

160.01, at a distance of X = 0.64 m 

1.927 

Temperature 
Unadjusted Adjusted 

2.31 2.00 

129.39 

3486.2 

0.2465 
579.7 
120.8 

0.1259 
15.97 
123.4 

adjusted AC-mod 

0.3031 
471.4 
148.5 

0.1378 
19.18 
148.3 

134.59 135.43 

260.3 129.4 
base & subbase subgrade 

Sensor Distance, mm Deflection, mm Hyperbola, mm Error of Fit, % Effective Moduli MPa 
1 0 0.24647 0.00000 0.00 604.91 
2 300 0.18657 0.67598 262.32 206.52 
3 600 0.11638 0.15968 37.21 160.54 
4 900 0.06838 0.06866 0.41 181.71 
5 1200 0.03792 0.03772 -0.52 245.75 
6 1500 0.02380 0.02371 -0.40 313.22 
7 1800 0.01614 0.01622 0.51 385.00 

FIGURE 11 Output r.Ie of PROBE-A run, File A:S139; example of good data, 
whole pavement. 

0.00 
86.56 

116.41 
161.85 
238.71 
315.68 
393.78 
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subgrade modulus gradient at distant radii, not studied by the 
computer simulation, is the pressure dependence and aniso
tropy of granular, or AC materials, as they are composed of 
bonded or unbonded discrete particles (2). 

NEW PROBE PROGRAM 

As before, the program processes FWD deflection data from 
a sequential input file. The file contains geometrical infor
mation, such as radius of load distribution, layer thicknesses, 
and distances of sensors from the load axis. Further, for any 
number of target load levels (usually four), the file must pro
vide the readings of pressures of the load cell and the de
flections at each of the transducers or geophones, usually 
seven or more. The file contains also the mean temperature 
of the bitumen-bound layers, a normal temperature, and a 
standard load level chosen by the user. 

The deflections, pressures, and loads from each target load 
level (in the quasi-elastic range) are already processed within 
the file creation program to one normal or standard load level 

Standard test load, in kN: 
Standard contact pressure, in kPa: 
Layer thicknesses, in mm: 
Total: 
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(usually 9,000 lb or 40.034 kN) by adding the values and 
multiplying them by a factor. The PROBE program processes 
only values pertaining to the chosen normal load level. 

Two examples of PROBE results are presented in the form 
of printed output in Figures 11 and 12. One is from a pavement 
of normal Ontario design (File S139), and the other is from 
a deteriorated section scheduled to be rehabilitated by an 
overlay (File S430), Section D on Highway 7N, 1990 data. 
Figures 11 and 12 correspond to the graphical representations 
in Figures 9 and 8, respectively. 

The tables list all relevant information from one test lo
cation, and items can be chain plotted for a string of test 
locations along a section. In particular, the tensile strain and 
curvature under the load are computed in accordance with a 
method presented in 1988 (9). The subgrade parameters were 
computed by Odemark's method of equivalent layer thickness. 

Vertical subgrade stresses and strains are modified by ap
plying Froehlich's concentration factor, ranging from 3 to 4. 
The factor can be conceived as a function of the parameter, 
T), ranging from one to above two. This results in stresses and 

40.034 
566.4 
90, 172,340 
Z=6CY2mm 

Radius, in mm: 150 

Temperatures, at test (and standard), in degrees Celsius: 26 ( 21 ) 

Preliminary estimate of subgrade modulus E = 192.14 MPa (at X = .66 m) 

11 from regression analysis: 
Average absolute % errcir of fit: 
Number of tail-sensors dropped in curve-fitting: 
Correlation coefficient: 

Maximum effective modulus, in MPa: 
Minimum effective modulus, in MPa: 

Structural Strength Index: 

Primary Response parameters: 
Structural Integrity Index: 

Total deflection, in mm: 
Radius of AC curvature, in m: 
AC tensile micro-strain: 

Subgrade deflection, in mm: 
Subgrade stress, in kPa: 
Subgrade micro-strain: 

Equivalentthickness,Hem, in m: 0.739 

Subgrade modulus: 
Subgrade modulus candidates: 

Layer moduli, in MPa: 
Layer moduli are: 

111.35 MPa 
111.35 . 

798.3 
AC-mod 

3.4232 
14.37 
1 
.9818988 

272.26 

4 sensors, first at I = 3 

111.35, at a distance of X = .37 m 

1.482 

Temperature 
Unadjusted Adjusted 

0.83 0.86 

192.14 

1161.5 

0.5476 
133.7 
336.7 

0.2150 
46.61 
418.6 

adjusted AC-mod 

0.5182 
141.3 
318.6 

0.2123 
44.10 
396.0 

226.90 228.10 

225.8 111.3 
base & subbase subgrade 

Sensor Distance, mm Deflection, mm Hyperbola, mm Error of Flt, % EHectlve Modull MPa 
1 0 0.54763 0.00000 0.00 272.26 0.00 
2 200 0.41101 5.25226 1177.87 143.57 74.06 
3 600 0.11710 0.12220 4.35 159.55 150.54 
4 900 0.03669 0.03050 -16.88 338.63 341.42 
5 1200 0.00898 O.o1139 26.89 1037.98 1060.03 
6 1500 0.00585 0.00531 -9.36 1273.25 1300.52 
7 1800 0.00859 0.00284 -66.89 723.44 736.95 

FIGURE 12 Output file of PROBE-A run, File A:S430-o; example of bad data, 
broken pavement. 
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strains often larger (up to 30 percent) than those computed 
by elastic layer programs such as ELSYM5. 

Besides those mechanistic parameters, there is plenty of 
information about quality and strength presented to give an 
indication of structural integrity or deterioration. 

The upper-layer moduli are no more than rough estimates; 
they are needed only for adjustments to normal temperature. 
Such adjustment is required for any comparison of tests car
ried out at various temperatures. This adjustment makes the 
FWD method useful and feasible in the design and monitoring 
of flexible pavements (compared with other methods with less 
distinct temperature adjustment). 

Note that moduli are not material properties, but are model 
parameters of the pavement structure/subgrade system as 
measures (i.e., "perceived") by the FWD instrument at the 
surface. However, the values of these model parameters should 
be consistent with those of the average material properties 
under investigation. 

CONCLUSIONS AND RECOMMENDATIONS 

The need to analyze FWD deflection data on severely cracked 
and broken flexible pavements and the differences between 
the theoretical modeling of fast workhorse programs and ob
served field performance of materials have spurred the de
velopment of new concepts with regard to deflection analysis: 

1. The function of the effective modulus of measured sur
face deflection or the surface modulus profile, 

2. The tail modulus function, and 
3. The profile of the effective modulus of subgrade deflec

tion. 

All of these are used to calculate representative values of 
subgrade moduli, valid at and around the test load, and to 
provide valuable information on structural strength and 
integrity. 

A computer simulation on a two-layer system has revealed 
that the deviation of field behavior from elastostatic modeling 
is not so much caused by dynamic influences, but can be traced 
better to certain properties of layer materials. Some of these 
are the increase of subgrade stiffness with depth, the presence 
of an often unrecorded bedrock face, or the anisotropy or 
pressure dependence of bounded or unbounded granular ma
terials, especially the discontinuity of these materials. The 
aforementioned effective modulus profiles can serve as a key 
to obtain information regarding these items. The new revised 
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PROBE program is a first attempt to quantify such infor
mation. Research is being continued to provide a better 
understanding of the relationship between the effective mod
ulus profile and in situ properties of materials and design 
features. 

Deflections beyond the minimum of the effective modulus 
profile cannot be used directly to calculate a representative 
estimate of the sub grade modulus, only indirectly, via the tail 
modulus function (3,4). 

If they are used directly, estimates of subgrade moduli may 
be excessively high. The subgrade modulus must be calculated 
from deflections closer to the load. the deflections beyond 
the minimum effective modulus, however, are used to provide 
information on the condition of the pavement structure. 

Flexible pavements of usual design (bitumen-bound layers 
on granular bases) behave very differently from those de
signed with elastic continuum materials. Backcalculation of 
all layer moduli using distant deflections is futile. In the ap
proach presented here, backcalculation is used only with re
gard to the deflection under the load and only to obtain an 
estimate of the subgrade modulus. Emphasis is given to inter
pretation, which is more useful than backcalculation for the 
practicing engineer. 
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Effect of Thickness and Temperature 
Corrections on Prediction of Pavement 
Structural Capacity Using Falling 
Weight Deflectometer Data 

JOHN P. ZANIEWSKI AND MUSTAQUE HOSSAIN 

Deflection measurements are commonly used for evaluating the 
structural capacity of pavements. Prediction of pavement per
formance from these measurements requires estimating the mod
ulus of the pavement layers through backcalculation, estimating 
the critical response parameters, and using limiting criteria for 
determining the life of the pavement. In addition to the deflection 
data, the thickness of the pavement layers must be known, and 
the type of layer materials is used as a guide in the selection of 
the moduli values. The influence of two variables on the per
formance predictions generated in the pavement evaluation pro
cess were studied. These variables are the thicknesses of the pave
ment layers and the temperature correction factor used to adjust 
the modulus of bituminous materials from the test temperature 
to a standard temperature. The study demonstrated that for thick 
pavement structures, compensating effects of the analysis pro
cedure make the prediction of pavement performance relatively 
insensitive to the thicknesses used in the analysis. Criteria are 
presented for the need for coring of the pavement structure on 
the basis of the variability of the thicknesses as recorded in con
struction quality control tests. On the other hand, the perfor
mance predictions are very sensitive to the temperature correction 
factor as presented in the AASHTO Guide for Design of Pave
ment Structures. The test procedures used to establish the tem
perature sensitivity of the asphalt concrete modulus in the lab
oratory may overestimate the sensitivity of the asphalt in field 
conditions. This is an area requiring further research. 

Nondestructive testing (NDT) for deflection measurement is 
now widely recognized as an important tool for pavement 
structural evaluation. State-of-the-art NDT evaluation mea
sures a pavement's deflection response to a known load. The 
load generated by an NDT device may be static (Benkelman 
beam), steady-state vibratory (Dynaflect and Road Rater), 
or impulse [falling weight deflectometers (FWDs)]. Although 
surface deflection data analysis is a matter of continuing re
search, nondestructive testing for measuring surface deflec
tion is accepted by most highway agencies as a standard prac
tice for the advantages of being fast and reliable in most of 
the cases. The new AASHTO Guide for Design of Pavement 
Structures (1) recommends the use of "dynamic" NDT deflec
tion measuring devices for surface deflection measurements. 
With deflection testing, a thorough evaluation pavement re
sponse can be obtained by closely spacing test sites. 

J. P. Zaniewski, Department of Civil Engineering, College of En
gineering and Applied Sciences, Arizona State University, Tempe, 
Ariz. 85287. M. Hossain, Department of Civil Engineering, Seaton 
Hall, Kansas State University, Manhattan, Kans. 66506. 

The deflections measured with NDT are used to estimate 
the moduli of pavement layers. The pavement is modeled by 
a suitable approach such as linear elastic theory, or linear or 
nonlinear finite element methods. Moduli estimates are de
termined with a "backcalculation" technique. For the test 
load-pavement combination, computed deflections are com
pared with measured deflections. The moduli of the layers 
are varied until the computed and measured deflections are 
approximately equal. The surface layer and other asphaltic 
layer moduli thus obtained are modified to take into account 
the temperature at the time of testing. These moduli are then 
used to compute the effective structural capacity of the pave
ment according to a pavement design procedure such as the 
AASHTO guide (J). 

The FWD employs a mass falling onto a buffered circular 
load plate. Developed in Europe, FWDs have become pop
ular in the United States. The load pulse shape of FWDs 
simulates traffic loads better than other deflection devices 
(2 ,3). FWDs can transmit relatively heavy loads to the pave
ments compared with the other deflection testing devices. 
Usually the load range is 1,500 to 35,000 lb, depending on 
the FWD model. The magnitude of the dropping mass and 
drop height are altered to change the applied load levels. The 
FWD has a small preload, 3 to 14 per cent of the maximum 
load. The applied load is measured by a load cell. The load 
pulse is approximately of a half sine waveform with a duration 
of 30 to 40 msec. 

The Dynatest FWD uses velocity transducers to measure 
the peak deflection under the load and at several locations 
away from the load. The sensors are mounted on a bar that 
is automatically lowered with the loading plate. Measured 
deflections can be plotted as deflection basins. 

The Arizona Department of Transportation (ADOT) pur
chased a Dynatest Model 8000 FWD unit in 1982 and updated 
it in 1987. The operating sequence of the Dynatest FWD is 
fully automated. The load is applied by a single falling mass. 
Factory-calibrated geophones register the peak deflections 
from an applied load. The load range is from 1,500 to 27,000 
lb. 

PROBLEM DEFINITION 

Calculating the pavement structural capacity in terms of the 
ability to carry 18-kip equivalent single axle load (ESAL) 
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repetitions from FWD data is a three-step procedure. First, 
the layer moduli are backcalculated from the FWD, layer 
type, and thickness data. Second, the critical pavement re
sponse, usually the tensile strain at the bottom of the asphalt 
concrete (AC) layer, is calculated. Finally, empirical rela
tionships are used for estimating the number of 18-kip ESALs 
on the basis of the critical pavement response. The relation
ship estimates the number of 18-kip ESAL repetitions the 
pavement can carry before fatigue failure. Evidently, the vari
ability in layer thickness affects the estimation of structural 
capacity by the mechanistic-empirical method. 

OBJECTIVES 

This paper reports the study to determine the coring needs 
to extract thickness information about pavement cross sec
tions at FWD test points on existing pavements. The effect 
of the temperature correction factor for asphaltic layer moduli 
on the estimated structural capacity was also examined. 

DATA COLLECTION 

Table 1 lists the sites selected in this study, and Table 2 shows 
the pavement sections of these sites. All deflection data were 
collected with a Dyna test Model 8000 FWD. The deflection 
sensors were spaced at 12-in. intervals, with the first sensor 
located at the center of the load. The target load was 9 ,000 
lb. At Sites 1 through 3, deflections were measured in the 
outer wheel path at 10 locations spaced at 10-ft intervals. For 
Site 4, deflection data were collected every tenth of a mile. 

TABLE 1 Location of Test Sites and Pavement 
Types 

Site Location Route Mile Pavement Test 
Post Type Type 

Benson East IlOW 303.00 4-layer 10 tests/90 ft. 

2 Flagstaff 117N 337.00 4-layer 10 tests/90 ft. 

3 Morristown US60W 120.00 4-layer 10 tests/90 ft. 

4 Tombstone U80E 316.50 4-layer 10 tests/mile 

TABLE 2 Layer Type and Thickness at Various Sites 

Site/ Layer I Layer 2 Layer 3 Layer 4 
Sta Mat Thk Mat Thk Mat Thk Mat Thk 

(in) (in) (in) (in) 

Ill AC 6 AB 6 SB 18 SC-SM* --

2/1 AC AB SB 12 

3/1 AC 4.25 AB SB 15 

4/1 AC 3.0 AB SB 15 

* Subgrade Classification base.cf on Unified Method. 

Note: AC: Asphalt Concrete, AB: Aggregate Base, SB: Sub Base (Select Material) 
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ANALYSIS METHOD 

The analysis process consists of (a) backcalculation of layer 
moduli of the pavements from FWD data and (b) computation 
of structural capacity of the existing pavement through fatigue 
analysis. Backcalculation of layer moduli was done with the 
Arizona deflection analysis method (ADAM) developed by 
Hossain (4). ADAM uses the CHEVRON (5, 6) computer 
program for pavement response analysis. A robust optimiza
tion routine iterates the moduli values to minimize the squared 
error between the measured and calculated deflection basins. 
The backcalculated layer moduli were used to determine the 
tensile strain at the bottom of the asphalt concrete layer. The 
structural capacity of the pavement in terms of the theoretical 
number of 18-kip ESALs was determined using the following 
equation for fatigue analysis developed by Hossain (4): , 

N = (2.265 X 10-7) (l/e3 c}3-84 (1) 

where N is the theoretical number of 18-kip ESAL repetitions 
to fatigue failure and eac is the tensile strain at the bottom of 
AC layer (µin.Jin.). Figure 1 shows the flow chart of the 
analysis process. 

READ: 

FWD Load, Plate Dia. 

Number and Location of Sanso 

Deflection. Values 
Number and Thickness of Each 

Layer above Subgrade 

Temperature Corr. Factor(s) 

THICKNESS ROUTINE 

MODULI 

BACKCALCULATION 

ROUTINE 

Calculate strain at the bottom of 

asphalt concrete layer. 

Calculate 18Kip ESAL's. 

PRINT ALL THE RESULTS 

8 
FIGURE 1 Flow chart of analysis process. 
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EFFECT OF VARIATION IN LA YER THICKNESS 
ON STRUCTURAL CAPACITY 

Pavement layer thickness is a primary input of all backcal
culation procedures. Thickness data can be obtained from 
either construction data or cores taken from the pavement. 
These thicknesses may vary from the design thickness because 
of variability in the construction process. Also, existing pave
ments may receive treatments, such as an AC friction course, 
that are not expected to increase the structural capacity but 
contribute to the total thickness of the AC layer. Little in
formation is available in the literature about the effect of 
thickness variation on the estimated structural capacity from 
FWD deflection data. Rwebangira et al. (7) concluded that 
variation of AC and base layer thicknesses affect the back
calculated layer moduli. However, the backcalculated layer 
moduli are more sensitive to AC thickness than base layer 
thickness. Irwin et al. (8) showed that random deflection mea
surement errors combined with random variability of pave
ment layer thickness can lead to a high degree of "pseudovari
ability" in the backcalculated layer moduli. They recommend 
accurate determination of layer thicknesses to reduce the in
accuracy of the resultant backcalculated layer moduli. 

To study the effect of layer thickness on the calculated 
structural capacity of the pavements, Sites 1 through 3 from 
Table 1 were selected. The thickness for the AC layer for 
these sites ranges from 4.3 to 9.0 in., whereas the aggregate 
base (AB) layer thickness ranges from 4.0 to 6.0 in. The 
subbase layer thickness ranges from 12.0 to 18.0 in. Two sets 
of deflection basins from 10 stations within each site were 
analyzed for each site, representing deflection basins with the 
highest and lowest first sensor deflections (normalized to 9,000 
lb). 

The experiment was designed to capture the effect of layer 
thickness on the response parameter or the theoretical struc
tural capacity (expressed in terms of 18-kip ESALs) of the 
pavement section from backcalculated layer moduli and fa
tigue analysis. The factors and levels selected to capture the 
effect of variability of layer thickness on the calculated struc
tural capacity of Site 1 are 

Thickness (in.) 

Surface 
Base 
Sub base 

Levels 

-1.0, -0.5, 0.0, 0.5, 1.0 
-2.0, -1.0, -0.5, 0.0, 0.5, 1.0, 2.0 
-2.0, -1.0, -0.5, 0.0, 0.5, 1.0, 2.0 

Thus, a 73 factorial was designed for this site. 
Analysis of variance (ANOVA) was used to describe the 

variation in calculated 18-kip ESALs with the following vari
ance components: 

Source of 
Variation 

ACT 
ABT 
SMT 
ACT*ABT 

ACT*SMT 

Definition 

Thickness of AC layer 
Thickness of AB layer 
Thickness of SM layer 
Interaction of thickness of 

AC and AB layers 
Interaction of thickness of 

AC and SM layers 
Interaction of thickness of 

AB and SM layers 
Interaction of thickness of 

AC, AB, and SM layers 
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The following model was proposed for Site 1: 

Nl8ijkt = µ + ACT; + ABTi + SMT k 

+ ACT ABT;i + ACTSMT;k 

where 

+ ABTSMTjk + ACTABTSMTijk 

i = 1, .. ., 7, j = 1, ... , 7, 

k = 1, ... , 7, I = 1,2 (2) 

N 1s;jkt = theoretical 18-kip ESALs calculated 
from /th deflection basin at ith level of 
AC thickness, jth level of AB thick
ness, and kth level of SM thickness; 

µ = overall mean; 
ACT; = effect of ith level of (fixed) treatment 

AC thickness; 
ABTj = effect of jth level of (fixed) treatment 

AB thickness; 
SMTk = effect of kth level of (fixed) treatment 

AB thickness; 
ACTABT;i = interaction effect between ith level of 

AC thickness and jth level of AB thick
ness; 

ACTSMT;k = interaction effect between ith level of 
AC thickness and kth level of SM 
thickness; 

ABTSMTik interaction effect between jth level of 
AB thickness and kth level of SM 
thickness; 

ACT ABTSMT;ik = interaction effect between ith level of 
AC thickness, jth ievel of AB thick
ness, and kth level of SM thickness; 
and 

E(iikt) (random) within error. The E(iik1/s are 
assumed to be normally and indepen
dently distributed with mean zero and 
variance a 2 • 

It is important to note that the replicate of deflection basins 
used in the backcalculation of layer moduli made it possible 
to estimate the error in the model. Table 3 shows the ANOV A 

TABLE 3 ANOV A for Site 1 

Source of Sum of Degrees of Mean Fo 
Variation Squares Freedom Squares 

ACT 4.9El4 6 8.IEl3 4.3* 

ABT 3.8El4 6 6.3El3 3.3* 

SMT 6.IEl2 6 l.OE12 0.05 

ACT* ABT l.4El4 36 3.9El2 0.20 

ACT*SMT 2.4El3 36 6.5Ell 0.03 

ABT*SMT 3.4El3 36 9.6Ell 0.05 

ACT*ABT*SMT 2.9El4 216 l.3El2 0.07 

Error 6.6El5 343 l.9El3 

Total 7.96El5 685 

* Significant at a = 5 % 
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table for Site 1. From this table, it is evident that various 
levels of AC and AB thickness result in a significantly dif
ferent structural capacity for Site 1. 

The quality of the estimate of variation of structural ca
pacity for each thickness level depends on the stability of the 
variation in structural capacity across thickness combinations. 
This variation depends on how much the estimate of structural 
capacity variance calculated from the two deflection basins 
for each thickness combination fluctuates. To test this statis
tically, Bartlett's test for constant variance was applied. The 
Bartlett's chi-square statistic was found to be 353. The critical 
value applicable to this statistic at the 5 percent level of sig
nificance is approximately 124, so the hypothesis of homo
geneity of variance assumed in this test was rejected. Trans
formation of 18-kip ESAL data was necessary to make the 
variances stable. The correlation coefficient between means 
of N18 for each thickness combination and the corresponding 
variance was + 0.89. The suggested transformation in this case 
of positive correlation between mean and variance is the square 
root of original data (9). This transformation was applied to 
N18 data, and Bartlett's test was repeated. The test statistic 
for the transformed data was 125, which is significant at 5 
percent but insignificant at 2.5 percent. Anderson and McLean 
(JO) state that the F-test used in the analysis of variance is 
robust against minor deviation from homogeneity of variance; 
thus the square root transformation appeared to be appropriate. 

The ANOVA was repeated for the transformed data, as 
shown in Table 4. The degrees of freedom for the error were 
reduced by 1 because of the transformation applied to the 
data (9). It is clear that levels of thickness of AC and AB 
layers significantly affect the structural capacity estimated by 
the mechanistic method. 

To determine the levels of AC and AB thickness that are 
significantly different from each other, Duncan's multiple range 
test (9) was applied to the means of 18-kip ESALs corre
sponding to various levels of AC and AB thickness. 

Figure 2 illustrates the results. The means that do not share 
a common underline are statistically different. It is evident 
from the results that if the thickness for the AC layer is de
creased by more than 1 in., the corresponding calculated 18-kip 
ESALs are significantly different; however, if it is increased 
by 1 in., the calculated 18-kip ESALs remain statistically the 
same. 

TABLE 4 ANOV A of Transformed Data for Site 1 

Source of Sum of Degrees of Mean Fo 
Variation Squares Freedom Squares 

ACT l.2E7 6 2.0E6 2.5* 

ABT l.1E7 6 l.9E6 2.4* 

SMT 0.4E6 6 .06E6 0.07 

ACT* ABT 3.2E7 36 .09E6 0.11 

ACT*SMT 0.9E6 36 .02E6 0.03 

ABT*SMT l.3E7 36 .04E6 0.05 

ACT* ABT*SMT l.03E7 216 .05E6 0.06 

Error 2.7E8 342 .08E6 

Total 3.5E8 685 

* Significant at a = 5 % 
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Asphalt Concrete: LEVEL 

Variable 2 3 4 6 7 

18·kip ESALs 6.5 5.7 5.4 5.0 4.8 4.7 4.7 
(millions) 

Thickness (5) (5.5) (5.75) (6.0*) (6.25) (6.5) (7.0) 
(inches) 

~ate Base: LEVEL 

Variable 2 3 4 7 

18-kip ESALs 6.1 5.9 5.7 5.2 4.9 4.54 4.56 
(millions) 

Thickness (4.0) (5.0) (5.5) (6.o•) (6.5) (7.0) (8.0) 
(inches) 

• Control Thickness 

FIGURE 2 Duncan's multiple range test for means of 18-
kip ESALs for Site 1. (Means that do not share a common 
underline are staUstically different.) 

For AB, a 2-in. deviation from the control thickness of 6-
in. AB does not affect the calculation of 18-kip ESALs. How
ever, there is significant difference between means of 18-kip 
ESALs computed from 5 in. AB and 7-in. AB. Thus, this site 
needs only knowledge of AC thickness within 0.5 in. of actual 
thickness to estimate the structural capacity. 

On the basis of the analysis for Site 1, the number of levels 
for layer thickness for Sites 2 and 3 were decreased by 2, and 
the factorial was redefined to have five levels of thickness. 
The layer thicknesses for the AC layer for both sites varied 
by ± 0.5 and ± 1.0 in., whereas for AB and SM layers they 
varied by ± 1.0 and ± 2.0 in., producing 53 combinations. 

The model assumed for ANOVA was similar to the one 
for Site 1. Two deflection basins from a 90-ft span of each 
site were selected that correspond to maximum and minimum 
first-sensor deflections normalized to a 9,000-lb load. The 
ANOV A tables for the 18-kip ESALs computed from these 
deflection basins are shown in Table 5. 

From the tables it is clear that only AC and AB thicknesses 
significantly affect the structural capacity calculation. The 
homogeneity of variances in each of the various layer thick
ness combinations for these sites were checked using Bartlett's 
test. Site 2 had a Bartlett's chi-square statistic of 116, whereas 
for Site 3 the statistic was 55. The critical value of this statistic 
at the 5 percent level of significance for the data from both 
sites was 124. So, the variances for the 18-kip ESALs com
puted for these sites were homogeneous, and no transfor
mation of data was necessary. 

To determine the levels of AC and AB thickness that pre
dicted significantly different 18-kip ESALs, Duncan's multi
ple range test was applied. Figure 3 shows the test results for 
both sites. The means of 18-kip ESALs corresponding to vari
ous levels of AC and AB thickness that do not share a common 
underline were found to be statistically different. For Site 2, 
an AC thickness of 8 in. produced significantly different 18-
kip ESALs when compared with other levels of thickness. 
Here also, a decrease in 1 in. of AC thickness from the con
trol thickness (9 in.) resulted in significantly different 18-kip 
ESALs, whereas an increase of 1 in. of AC thickness did not 
significantly affect the calculated 18-kip ESALs. For AB, a 
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TABLES ANOV A for Sites 2 and 3 2-in. deviation from a control thickness of 4 in. yielded sig-
SITE 2 nificantly different 18-kip ESALs, whereas overestimation of 

Source of Sum of Degrees of Mean Fo thickness by 2 in. did not affect the calculation. 
Variation Squares Freedom Squares For Site 3, an AC thickness of 3.3 in., which is 1 in. less 
ACT 2.90E17 4 7.2E16 6.5* than the control thickness of 4.3 in., gave significantly dif-
ABT l.20E17 3.0E16 2.7* ferent 18-kip ESALs, whereas 5.3 in. of AC did not yield 
SMT 8.50E16 2.IE16 1.9 significantly different 18-kip ESALs. There was a significant 
ACT* ABT 1.50E17 16 9.5E15 0.86 difference between the 18-kip ESALs computed for 3.8 in. 
ACT*SMT 9.70E16 16 6.IEl5 0.55 of AC and 3.3 in. of AC, implying that a 0.5-in. decrease in 
ABT*SMT 1.30E16 16 7.9El4 0,07 

AC thickness for pavements having 3.8 in. or less of AC 
ACT*ABT*SMT 6.80E16 64 l.IEE15 0.10 

thickness will produce significantly different 18-kip ESALs. 
Error 1.40E18 125 1.IE16 

For AB thickness, a 1-in. decrease from the control thickness 
Total 2.23El8 249 

of 4 in. resulted in significantly different 18-kip ESALs, whereas 
SITE 3 overestimation of thickness by 2 in. did not produce any 18-

Mean Fo 
kip ESALs that were significantly different from control 

Source of Sum of Degrees of thickness. Variation Squares Freedom Squares 

ACT 6.48E15 1.62E15 7.7* From the results of ANOV A analysis of these sites it is 

ABT 4.70E15 1.20El5 5.7* evident that for pavements with AC thickness of 4.0 to 9.0 

SMT 7.20E13 4 1.79E13 0.09 in., a 1-in. decrease in AC thickness will produce significantly 

ACT* ABT 2.64El5 16 l.65E14 0.77 different 18-kip ESALs. For thin pavements, a 1-in. decrease 
ACT*SMT 4.38E14 16 2.74El3 0.13 in base thickness would result in different 18-kip ESALs, 
ABT*SMT 2.40El4 16 1.49E13 0.o7 whereas for thick pavements the calculated 18-kip ESALs may 
ACT*ABT*SMT 1.70El5 64 2.64E13 0.13 or may not be affected by a 2-in. decrease in base layers, 
Error 2.62E16 125 2.lOE14 depending on the thickness of the AC layers. These results 
Total 3.25El6 249 support the greater effect of base layer thickness on the cal-

* Significant at a = 5 % 
culation of 18-kip ESALs for thin pavements as outlined ear-
lier. Again, the overestimation of thickness of these layers 
above the actual layer thickness for which deflection test re-
sults are available do not affect the calculated 18-kip ESALs. 

If construction records for quality control show that as built 
thicknesses of AC and AB layers are varying by more than 
1 in., then coring will be necessary to have an accurate thick-

SITE2: ness of AC and AB layers at the FWD test locations for 

Asphalt Concrete: !.fil'.fil. 
pavements having an AC thickness of 4.0 to less than 6.0 in. 

Variable 2 3 
and AB thickness of 4.0 in. For pavements having an AC 
thickness less than 4.0 in., only a 0.5-in. deviation from the 

18-kip ESAI.s (millions) 300 367 395 392 362 mean value of AC thickness can be allowed, and variation of 
Thickness (inches) (8.0) (8.5) (9.0°) (9.5) (10.0) AB thickness should be less than 1 in. However, the base 

thickness variation may be more than 1 in. for thick pavements 
Aggregate Base: LEVEL having an AC thickness of 6 in. or more. 
Variable 2 

18-kip ESAI.s (millions) 327 349 371 384 384 EFFECT OF TEMPERATURE CORRECTION 
Thickness (2.0) (3.0) (4.0°) (5.0) (6.0) FACTOR ON COMPUTED STRUCTURAL 
(inches) 

CAPACITY 

SITE 3: 
Asphalt properties, especially the modulus of elasticity, are 

Asphalt Concrete: LEVEL 
highly dependent on temperature. Since modulus affects the 

Variable 2 
deflection measurements, the modulus of the layers that are 

18-kip ESAI.s (millions) 23.9 15.9 11.l 10.3 11.5 
temperature-dependent (such as AC, and hot-mix asphalt 
concrete base) must be corrected to a standard temperature, 

Thickness (inches) (3.3) (3.8) (4.3°) (4.8) (5.3) 
usually 70°F (1). The AASHTO guide (J) has a graph for 

Aggregate Base: LEVEL temperature corrections of the asphaltic layer moduli to this 
Variable standardized temperature that is based on 

18-kip ESALs (millions) 7.7 11.3 17.1 19.3 17.5 1. The air temperature at the time of FWD testing, 
Thickness (inches) (2.0) (3.0) (4.0°) (5.0) (6.0) 2. Five-day mean air temperature before the testing date, 

and 
• Control thickness 3. Thickness of the asphalt bound layer. 

FIGURE 3 Duncan's multiple range test for means of 18-kip 
ESALs for Sites 2 and 3. (Means that do not share a common The backcalculated asphalt concrete or asphalt-treated base 
underline are statistically different.) layer moduli .are multiplied by these factors. These adjusted· 
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moduli can be used for determination of the structural layer 
coefficient from the nomographs in the AASHTO guide (J); 

In the mechanistic analysis, the moduli are used as inputs 
for critical response calculation in fatigue analysis. Because 
there is no limit on the value of layer moduli, the resulting 
structural capacity analysis from· fatigue criterion could result 
in a very high number of 18-kip ESAL repetitions. This is 
particularly true when the temperature at the time of the test 
is greater than the reference temperature, resulting in an up
ward adjustment of the asphalt modulus. At high modulus 
values there are low strains calculated corresponding to a stiff 
asphaltic layer. 

To study the effect of the temperature correction factor on 
the estimated structural capacity by mechanistic analysis de
veloped in this study, the pavement section in Site 4 was 
evaluated. The pavement temperature of this site was cal
culated from the nomograph in the AASHTO guide (J) cor
responding to air temperature at the time of deflection testing 
plus a 5-day mean air temperature before deflection testing 
and thickness of AC layer. The temperature adjustment factor 
of 2.5, corresponding to the pavement temperature of 88°F, 
was determined from the nomograph in the guide. The back
calculated AC layer modulus was corrected with this factor 
and six other factors, which are derived by varying the actual 
temperature correction factor by ± 25, ± 50, and ± 75 per
cent. The corresponding temperature correctiqn factors were 
4.375; 3.75, 3.125, 1.875, 1.25, and 0.625. The theoretical 
number of 18-kip ESALs calculated corresponding to the tem
perature adjusted moduli are shown in Table 6. 

A close inspection of a temperature correction factor no
mograph shows that the correction factor is very sensitive to 
the changes in temperature, thus making the surface modulus 
very sensitive to test temperature. Consequently, the calcu
lated structural capacity of the pavement becomes very sen
sitive to the temperature factor. By varying the temperature 

TABLE 6 Effect of Temperature Correction Factor on 
Estimated Structural Capacity 

Var. 1 Factor2 Temp.3 EAC4 18-kip Diff6 
(%) ("F) (ksi) E.SALss (%) 

(millions) 

+75 4.375 101 897 . 14.7 +153 

+50 3.750 98 780 11.l +91 

+25 3.125 94 650 8.2 +41 

0.0 2.50* 88 520 5.8 0.0 

-25 1.875 83 390 3.9 -33 

-50 1.250 80 260 2.6 -55 

-75 0.625 62 130 1.8 -69 

• Actual value 

Note: Uncorrected asphalt concrete modulus = 208 ksi 

1 Variation between the actual value and the level of the factor used in the analysis. 

2 Factor = 2.5 x (I + VAR/100) 

3 Temperature corresponding to the correction factor. 

4 Elastic modulus of asphalt concrete corrected for temperature effect. 
EAC = 520 x FACTOR/2.5 

s Predicted fatigue life of the pavement for different values of EAC. 

6 Diff = (18-kip E.SAL - 5.8)/5.8 x 100 
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correction factor from - 75 to + 75 percent, the estimated 18-
kip ESALs vary from - 69 to + 153 percent. 

To find a relationship between the 18-kip ESALs and tem
perature adjustment factor (Fe) for the pavement in Site 4 an 
exponential curve of the following form was fitted: 

Nis = 1.315 x eo.s68xFc R2 = .996, n = 7, SEE= 0.055 

From the previous relation it is obvious that if the tem
perature correction factor changes by one-tenth of a unit, that 
is, from 2.4 to 2.5, the calculated 18-kip ESALs change by 
0.08 millions for the pavement in Site 4. The temperature 
correction factor is a very sensitive parameter, especially in 
the calculation of 18-kip ESALs. It is apparent that the tem
perature correction factors for asphaltic layer moduli are ma
jor sources of variation in structural capacity estimation of 
pavements by the mechanistic method. It is questionable at 
this time whether this factor is a very good adjustment pa
rameter for the AC modulus to represent the field condition, 
especially when the pavement temperature is very high (greater 
than 130°F). 

CONCLUSIONS 

In this paper, the variability of the structural capacity deter
mination by the mechanistic methods was presented with re
spect to layer thicknesses and the temperature correction fac
tor for asphaltic layer moduli. 

The variability in thickness of AC and AB layers affects 
the estimated structural capacity, but their interaction is not 
significant. This happens because in a deflection-matching 
backcalculation scheme, the thickness variation is compen
sated by a corresponding increase or decrease in modulus. 
For pavements with AC thickness of 4 in. or more, input 
thickness in FWD data analysis should not vary from the 
actual thickness by more than 1 in., whereas for pavements 
with less than 4 in. of AC thickness, the AC thickness should 
be known within 0.5 in. The AB thickness for such pavements 
should be known within less than 1.0 in. of actual thickness. 
For thick pavements with AC thickness of 6 in. or more, base 
thickness should be known within less than 2.0 in. of actual 
thickness. Thus, coring of FWD test locations is necessary for 
only AC layers for thick pavements and AC and AB layers 
for thin pavements. 

The temperature correction factor suggested in the AASHTO 
guide for correcting asphalt-bound layer moduli was found to 
be very sensitive to the temperature of the pavement and has 
a tremendous effect on the estimated structural capacity of 
the pavement. 

RECOMMENDATIONS 

The thickness sensitivity analysis should be extended to in
clude more projects with granular bases and with AC layer 
thicknesses different from those used in this study. The find
ings will supplement the suggested coring requirements for 
pavements with a wide range of AC thickness. The study 
should also include pavements with stabilized bases so that 
coring needs for extracting thickness information for these 
types of pavements can also be addressed. 
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The temperature correction factors from the AASHTO guide 
for asphaltic layer moduli should be studied in detail to find 
a better correlation between temperature and in situ layer 
moduli. 
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