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(HMA) overlay on the existing pavement structure, thus significantly
improving the structural as well as functional condition of the pavement. Proper assessment of the current structural condition of existing
pavements is critical for this process, and can be accomplished with
nondestructive testing (NDT) equipment such as the falling weight
deflectometer (FWD). Although the state of the art in deflection-based
pavement structural evaluation has advanced significantly with the
incorporation of modern analysis approaches such as energy-based
and viscoelastic methods, the degree of implementation of such
methods in real practice has often been found to be lagging. Some
of the factors to have potentially contributed to such differences in
the state of the art in research and the state of practice in pavement
technology are: (a) initial costs associated with the procurement of
FWD devices, and (b) inconveniences associated with the application of complex back analysis procedures from deflection measurements requiring significant time and knowledge from practicing
engineers. These obstacles and the availability of limited resources
become particularly significant during the rehabilitation of lowvolume roads. Accordingly, overlay thickness design for low-volume
flexible pavements is often carried out by local transportation agencies
using highly empirical approaches without any mechanistic analyses. One example of such an empirical approach is the modified
layer coefficient-based approach used by the Illinois Department of
Transportation (DOT).
On the basis of the daily traffic volume, low-volume roads in Illinois can further be subdivided into two classes: (a) Class 3, with a
daily traffic volume ranging between 400 and 2,000, and (b) Class 4,
with daily traffic volume of less than 400. The current overlay thickness design method for low-volume roads used in Illinois relies on the
use of empirical layer coefficients described in the 1993 AASHTO
pavement design guide (1). Although this empirical approach is
fairly simple to use, it has been well established by researchers to
be inefficient in characterizing modern construction materials such
as recycled and nontraditional aggregates that are commonly considered with sustainable pavement applications. Moreover, accurate
assessment of the current structural conditions of existing pavement structures is essential for economical design of HMA overlays.
The benefits of using NDT-based overlay design methods can be
summarized as follows (2):

Identifying the appropriate overlay thicknesses is critical to a local
transportation agency’s ability to maintain its pavement network.
Local agencies often use empirical approaches for designing the overlay thickness for low-volume pavements. For example, overlay design
for low-volume roads in Illinois is currently carried out using assumed
layer coefficients for a limited number of material types. Although such
empirical approaches are fairly simple to use, they are often not suitable
for considering the effects of recycled and nontraditional construction
materials that are more commonly considered in current-day sustainable pavement applications. The lack of mechanical testing for evaluating the pavement structural condition often leads to uneconomical
practices in the rehabilitation of low-volume roads. This paper pre
sents a mechanistic–empirical approach for overlay thickness designs
of low-volume pavements through a combination of nondestructive
deflection testing and preestablished pavement damage models. Five
pavement sections, with varying structural and traffic characteristics,
were selected from two counties in Illinois. Three sets of falling weight
deflectometer tests were conducted over a period of one year to monitor changes in pavement deflection responses. Structural conditions
of the pavement sections in their original configuration were evaluated first. Then, the corresponding required overlay thicknesses were
determined by using two methods currently used by local agencies.
The inability of the currently available methods to properly account
for current pavement structural conditions was highlighted. A new
mechanistic–empirical overlay thickness design method introduced in
this study successfully identified structural deficiencies in the original
pavement configurations.

Adequate maintenance of existing pavement structures and design–
implementation of suitable rehabilitative approaches are critical
to ensuring long-lasting, cost-effective pavement systems. One of
the most common maintenance and rehabilitation approaches for
flexible pavements involves the placement of a hot-mix asphalt
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• Less reliance on human judgment in an estimation of pavement
strength,
• Direct estimation of existing pavement layer moduli without
laboratory testing,
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• Less expense because the expenses and inaccuracies associated with destructive testing of pavement components are no longer
required, and
• More accurate overlay thicknesses that match the expected
design life of the pavements.
Although the NDT-based overlay thickness design method specified
by the 1993 AASHTO Pavement Design Guide (1) uses FWD deflection data, it is primarily based on the concept of structural numbers
(SN), which was developed from the AASHO Road Test conducted
more than five decades ago and is inherently empirical in nature.
With the increased prevalence of mechanistic–empirical pavement
design approaches, it is important for the overlay thickness design
methods for low-volume roads to have a mechanistic foundation
as well. Deflection-based pavement structural condition evaluation
methods along with the calculated critical pavement response parameters can provide the required inputs for such a mechanistic-based
overlay thickness design method. Preestablished calibrated damage
algorithms for local conditions can constitute the empirical component
of such methods.
This paper introduces a mechanistic-based overlay thickness design
methodology developed for low-volume roads as part of an Illinois
Center for Transportation research study. The advantages of the
developed method are demonstrated through case studies conducted
with Illinois local agencies. The developed method, referred to as
the University of Illinois at Urbana-Champaign (UIUC) method, uses
critical pavement response parameters obtained from FWD testing
along with calibrated pavement damage algorithms to mechanistically
estimate the required overlay thicknesses.

Objective and Scope
The primary objective of this paper was to develop an improved
overlay thickness design method incorporating the concepts of
FWD testing-based critical pavement response parameters and preestablished rutting–fatigue-based damage algorithms. The ultimate
objective was to assist state and local transportation agencies in
making the transition from layer coefficient–based empirical methods
to a mechanistic approach involving field structural condition evaluation of the existing pavement structure. The advantages of the developed method are demonstrated in this paper through case studies
conducted with local agencies in Illinois.
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ples include Alabama, Arkansas, California, Idaho, Maryland,
Minnesota, Mississippi, North Carolina, Ohio, South Carolina,
Texas, and Washington (3–8). The Illinois DOT uses a modified
version of the method recommended by the 1993 AASHTO design
guide (9) for the local roads and streets, incorporating the use of
empirical layer coefficients for SN calculations. Brief discussions
on some of the most commonly used methods are presented in the
following section.

Methods Based on the Concept
of Structural Deficiency
AASHTO 1993 NDT Method
This method uses FWD-obtained deflection basin information; subsequently, using available charts, the subgrade resilient modulus (MR)
and the required SN (SNreq) to carry the projected traffic is determined.
The effective SN (SNeff) of the existing pavement is calculated, and the
difference between SNeff and SNreq determines the required overlay
thickness using empirical layer coefficients. Equations 1 through 3
illustrate the different steps in this design process. More details on the
design approach can be found elsewhere (1).
MR =

0.24 × P
dr × r

(1)

where
MR = backcalculated subgrade modulus,
P = pressure (stress) on load plate, and
dr =	deflection (in.) at distance r (in.) from center of load plate.
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Background and Literature Review
An extensive review of published literature was carried out to gather
information on the state of the art and the current state of practice in
pavement overlay thickness designs. On the basis of the underlying
principle, commonly used overlay thickness design methods can
be classified into three broad categories of methods based on the
following:
• Structural deficiency,
• Maximum deflection and effective thickness, and
• Rutting and fatigue damage algorithms.
Several state DOTs currently conduct FWD testing for structural evaluation of existing pavement structures. Some exam-

d0 =	center deflection (in.) normalized to 40 kN (9,000 lb) loading
and adjusted 20°C (68°F),
a = radius of load plate,
Ep =	composite layer modulus representing all layers above sub
grade, and
D = total thickness (in.) of layers above subgrade.
SN eff = 0.0045  h p  ( E p )0.33

(3)

where SNeff is the structural number of the existing pavement.
Once the SNeff and SNreq are obtained, the required overlay thickness
can be calculated with Equations 4 and 5.
SN ol = SN req − SN eff

(4)
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where SNol is the required overlay structural number, and SNreq is
the structural number required to carry future traffic.
Dol =

SN req − SN eff
aol

(5)

where Dol is the required overlay thickness, and aol is the structural
coefficient of the overlay material.
This procedure basically estimates the structural impact of the
overlay in terms of effective SNs by adding the value of the overlay
structure to the value of the existing pavement’s structural capacity, as if the overlay were part of the original structure. However, if
SNeff is used to depict a pavement’s structural condition, it should
be noted that the SNeff does not necessarily portray the pavement
individual layer moduli, meaning a layer with a higher moduli may
not have a greater SNeff than a layer with a lower moduli.

According to Chapter 46 of the Illinois DOT Bureau of Local Roads
and Streets (BLRS) manual, the following steps are followed to
determine the thickness of an HMA overlay (9):
1. Determination of traffic factor on basis of facility class, average
daily traffic, and design period;
2. Determination of immediate bearing value (similar in concept
to unsoaked California bearing ratio) on basis of type of roadbed
soil support;
3. Determination of required SN (SNf) by using appropriate
nomographs based on estimated traffic factor and existing soil
support; and
4. Determination of existing SN by using the following equation:
(6)

where a1, a2, and a3 are the empirical structural coefficients for the
surface, base, and subbase layers, respectively; and D1, D2, and D3
represent the thicknesses for the surface, base, and subbase layers
in the existing pavement, respectively.
Although this empirical approach is fairly simple to use, its primary
limitation is associated with the use of empirical layer coefficients.

Methods Based on the Concepts of Effective
Thickness and Maximum Deflection
Asphalt Institute Method 1
The Asphalt Institute provides two design methods for the design
of an HMA overlay on a conventional asphalt pavement (10). The
first method, known as the effective thickness method, determines
the required overlay thickness by subtracting the effective thickness
of the existing pavement from the required thickness of a new fulldepth asphalt pavement to carry the same traffic volume. Equation 7
illustrates the underlying concept for this method:
n

hol = hn − he = hi − ∑ Ci hn
i =1

= required asphalt overlay thickness,
= thickness of new full-depth asphalt pavement,
= effective thickness of existing pavement,
= thickness of the ith layer of existing pavement,
=	conversion factor associated with ith layer in existing pavement structure, and
n = number of layers in existing pavement structure.

hol
hn
he
hi
Ci

Although the effective thickness method is fairly simple to apply,
the estimated required overlay thickness varies greatly, depending
on the used design conversion factors, because of their somewhat
subjective nature.

Asphalt Institute Method 2
The second method proposed by the Asphalt Institute, known as the
deflection method, requires the following parameters:

Illinois DOT Procedure

SN = a1 D1 + a2 D2 + a3 D3

where

(7)

•
•
•
•

Benkelman beam deflection measurements,
Projected overlay traffic,
Temperature adjustment factor, and
Critical period adjustment factor.

These parameters are used to determine the design overlay thickness by using a design chart that has a unique relationship established between the overlay thickness, projected overlay traffic,
and a design deflection indicator called the representative rebound
deflection.

Methods Based on Rutting and
Fatigue Damage Algorithms
Several agencies such as the Idaho Transportation Department,
Texas DOT, Minnesota DOT, and Washington State DOT have
developed specialized software programs based on the combined
use of pavement deflection data and damage algorithms (3, 6–8).
The damage algorithms used by these agencies are primarily based
on the empirical equations for fatigue and rutting developed by the
Asphalt Institute.
Although different state highway agencies have different methodologies for designing HMA overlay thickness, these design procedures essentially incorporate some form of modification to the 1993
AASHTO Pavement Design Guide procedure, which is an empirical
approach based on the concept of structural deficiency. Also, most of
these design standards have been developed for high-volume roads,
and very few pavement design procedures have been specifically
developed for low-volume roads (11).

Research Approach
The current research focus at UIUC has been to improve the overlay thickness design methods for low-volume roads in Illinois.
Five pavement sections in two counties in Illinois were selected
for FWD-based structural condition evaluation and subsequent
overlay thickness design. Pavement configurations, design traffic
levels, and maintenance schedule of local agencies were care-
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County, Illinois, whereas Section 5 was located in DeKalb County,
Illinois. As shown in Figure 1a, Sections 1 and 2 represent contiguous sections on the same road segment (East Coral Road). Sections 3
and 4 represent lanes carrying traffic in opposite directions along
the other road segment (Church Street). Such division of the tested
road segments into different sections was necessary when the varying pavement layer profiles and substructure (base, subbase, and
subgrade) support conditions were considered. Sections 1 and 2
were last paved in 1995, and Sections 3 and 4 were built in the
mid-1980s. Section 5 was constructed in 1966 and resurfaced with
31.75 mm (1.25 in.) of HMA in 1989. However, as can be seen in
Figure 1b, all these sections were severely deteriorated and needed
immediate action.
Sections 1 and 2 were overlaid with 31.75 mm (1.25 in.) of HMA
after the first set of FWD tests, while Sections 3 and 4 received a
38-mm (1.5-in.) thick overlay. No overlay was applied to Section 5.
Figure 2 shows the layer configurations and traffic information for
the tested pavement sections. Pavement configurations after the
overlay are referred to here as 1-b, 2-b, and so forth. Accordingly,
the pavement configuration for Section 1 after the overlay has
been referred to as Section 1-b. Table 1 lists the pavement sections
tested during each FWD testing effort along with the corresponding pavement condition information. Results from Sets 1 and 3 for
Section 5 represent any change in pavement condition over 1 year
of service.

fully reviewed during the development of the FWD test matrix. Primary emphasis was given to pavement sections that displayed high
degrees of distresses and had been selected by the local agencies
for rehabilitation. Structural conditions of the pavement sections
were then monitored over a period of 1 year through three sets of
FWD testing.
The first set of FWD tests (Set 1) was conducted on severely
deteriorated pavement sections in need of major rehabilitation
work. Set 2 of the FWD tests was conducted immediately after
the overlay. Set 3 was conducted 1 year after Set 1 and can be
used to assess the extent of pavement structural deterioration over
time. FWD tests along a given road segment were conducted at
approximately 60-m (200-ft) intervals on the outer wheel paths. A
trailer-mounted Dynatest 8000 series FWD was used in this study,
with a standard configuration of geophones placed at 0, 305, 610,
915, 1,220, 1,524, and 1,829 mm (0, 12, 24, 36, 48, 60, and 72 in.,
respectively) from the center of the loading plate (plate radius =
152 mm or 6 in.). Pavement surface temperature was collected
during the time of the testing at every 600-m (2,000-ft.) interval
along the testing lane.
Details of Pavement Sections Tested

Section 2

Length = 965.5 m

Figure 1 shows the layouts and photos of the pavement sections
tested in this project. Sections 1 through 4 were located in McHenry

Section 4; Length = 804.6 m

Section 3

; Length = 804.6 m

Sections 3 and 4
Section 1; Length = 1,126 m
Sections 1 and 2

Section 5; Length = 804.6 m

Section 5
(a)
FIGURE 1   Relative locations and photos of pavement sections tested with FWD.
(continued on next page)

50

Transportation Research Record 2509

Sections 1 and 2

Sections 3 and 4

Section 5
(b)
FIGURE 1 (continued)   Relative locations and photos of pavement sections tested with FWD.

FWD Results and Backcalculation
of Layer Moduli
The first task in structural evaluation of the pavement sections and
subsequent development of an improved overlay thickness design
approach involved backcalculation of individual layer moduli from
the FWD data. This task was accomplished with MODULUS 6.0, a
backcalculation software developed at the Texas A&M Transportation Institute (12), available for use by state and local transportation
agencies. Layer configurations for the pavements were obtained in
coordination with the local transportation agencies. Significant
variations were observed in the backcalculated layer modulus values, even within a single pavement section. This was primarily
because of varying support conditions, and also different degrees
of cracking along the road segment. Moreover, severe cracking on
the pavement surface resulted in deflection profiles at several stations that were unsuitable for backcalculation purposes. For example, inadequate contact of geophones with the cracked pavement
surface sometimes led to nondecreasing deflection profiles as the
distance from the load was increased. Such stations with questionable data had to be eliminated from the analyses. Accordingly,
several stations with weak support conditions were excluded from
the moduli backcalculated, thus resulting in higher backcalculated
layer moduli compared with those in which results from all test
stations were included in the analyses.
The layer moduli backcalculated after Set 1 of FWD testing are
presented in Figure 3 in the form of box plots. The upper and lower
values of the box represented the 25th and 75th percentiles of the layer
moduli, respectively; and the square symbol inside the box depicts the
mean of the corresponding layer moduli for an individual section.
Figure 4 presents the backcalculated layer moduli for Sections 1
through 4 immediately after the overlay. This trend should not be
misinterpreted as a reduction in the layer modulus upon application
of the overlay. This trend is primarily because results from several

of the weak test locations had to be eliminated from the analysis of
Set 1 test results. This outcome was caused by excessive cracking
of the pavement surface and subsequent nondecreasing deflection
bowl profiles. The primary significance seen in Figures 3 and 4 is
the significant improvement in distribution of layer modulus values
(reduction in the range in test results) after the application of the
overlay. Also, before the overlay, the center deflections initially ranged
from 0.92 to 1.67 mm, 0.76 to 1.68 mm, and 0.50 to 1.5 mm for
test Sections 1, 2, and 3, respectively, for both directions. However,
these center deflection values were reduced for almost all sections
immediately after the overlay.
Overlay Thickness Designs Using
AASHTO and Illinois DOT Procedures
The next step in the process involved determining the required overlay thicknesses for the tested pavement sections on the basis of commonly available design methods. The AASHTO 1993 and Illinois
DOT methods were used for this purpose. Traffic factors were calculated with the equations provided in the BLRS manual (9). Layer
coefficients for the Illinois DOT method were also obtained from the
BLRS manual. The subgrade strength was kept constant at an immediate bearing value of 6%. This value corresponds to the minimum
required bearing value in Illinois for the construction of flexible pavements without subgrade replacement. Calculation steps involved in
these methods are trivial in nature and are beyond the scope of this
manuscript. A summary of the parameters and coefficients used in the
two design approaches is presented in Table 2.
In most cases, when the median of the SNeff values were con
sidered, the SNreq was found to be lower than the current SN (SNeff)
of the pavement sections. Only Section 5 demonstrated a lower SNeff
value (SNeff = 2.96; 50th percentile) compared with the corresponding SNreq (SNreq = 3.1). Accordingly, all pavement sections except
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2.25 in. (57.15 mm) HMA

2.25 in. (57.15 mm) HMA

11.5 in. (292.1 mm)
Natural Sand And
Gravel

1.25 in. (31.75 mm) HMA
2 in. (50.8 mm) HMA

2 in. (50.8 mm) HMA

11.5 in. (292.1 mm)
Natural Sand And
Gravel

10.75 in. (273.05 mm)
Natural Sand And
Gravel

10.75 in. (273.05 mm)
Natural Sand And
Gravel

Black Top Soil

Black Top Soil

Sandy Black Top
Soil

Sandy Black Top
Soil

Section 1
Class 4 Roadway with
Daily Traffic = 400

Section 1-b (After Overlay)
Class 4 Roadway with
Daily Traffic = 400

Section 2
Class 4 Roadway with
Daily Traffic = 400

Section 2-b (After Overlay)
Class 4 Roadway with Daily
Traffic = 400

(a)

(b)

(c)

(d)

1.5 in. (38.1 mm) HMA

2 in. (50.8 mm) HMA

2 in. (50.8 mm) HMA

7.5 in. (190.5 mm) Natural
Sand And Gravel

7.5 in. (190.5 mm) Natural
Sand And Gravel

6 in. (152.4 mm) Tan
Sandy Silt with Clay

6 in. (152.4 mm) Tan
Sandy Silt with Clay

1.5 in. (38.1 mm) HMA

1.5 in. (38.1 mm) HMA

1.5 in. (38.1 mm) HMA

12 in. (304.8 mm)
Natural Sand And
Gravel

12 in. (304.8 mm)
Natural Sand And
Gravel

Brown Silty Clay
with Rocks

Brown Silty Clay
with Rocks

Sandy Reddish
Brown Clay

Sandy Reddish
Brown Clay

Section 3
Class 4 Roadway with Daily
Traffic = 400

Section 3-b (After Overlay)
Class 4 Roadway with Daily
Traffic = 400

Section 4
Class 4 Roadway with Daily
Traffic = 400

(e)

(f)

(g)

Section 4-b (After Overlay)
Class 4 Roadway with Daily
Traffic = 400

(h)

5 in. (127 mm) HMA
16 in. (406.4 mm)
Natural Sand And
Gravel

Subgrade

Section 5
Class 3 Roadway with Daily
Traffic = 1,500

(i)
FIGURE 2   Layer configurations and traffic information for pavement sections selected.

Section 5 would require no structural overlay. However, as previously mentioned, all pavement sections demonstrated high-severity
fatigue cracking during the first set of FWD testing, indicating
inadequate structural condition. Significant differences between the
recommended overlay thicknesses determined from the AASHTO
1993 and the Illinois DOT methods can potentially be attributed to
TABLE 1   FWD Tests and Pavement Sections Studied
Testing Effort
Set 1
Set 2
Set 3

Sections Tested
1, 2, 3, 4, 5
1, 2, 3, 4
1, 2, 3, 4, 5

Pavement Condition Notes
Severely cracked; overlay needed
Immediately after overlay
1 year after Set 1 testing effort

assumptions associated with the values of the empirical layer coefficients. As already mentioned, layer coefficients for the HMA and
base layers in the Illinois DOT method were selected from a range
of values presented in the Illinois DOT BLRS Manual (9).
The somewhat erroneous categorization of these pavements as
structurally adequate by the AASHTO method can be attributed to the
significantly low design traffic volumes for these pavement sections.
Given identical material properties and layer configurations, with
increasing traffic the required SN will also increase, thus making the
current pavement structurally inadequate as well. Additionally, the
layer coefficients used in the Illinois DOT method are empirical in
nature, and have been established for a limited number of materials.
Accordingly, the use of this method for the structural evaluation of
pavements constructed with recycled or nontraditional materials is
questionable at best.
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12,000

10,000

10,000
Surface Moduli (MPa)

12,000

Surface Moduli (MPa)

8,000
6,000
4,000
2,000

8,000
6,000
4,000
2,000
0

0

–2,000

2

3
4
Section Number
(a)

5

400

400

350

350

300

300

250
200
150
100

100

0
–50

3
4
Section Number
(b)

5

1,200

1,000

1,000
Subgrade Moduli (MPa)

1,200

800
600
400

4

150

0
2

2
3
Section Number
(a)

200

50

1

1

250

50

–50

Subgrade Moduli (MPa)

1

Base Moduli (MPa)

Base Moduli (MPa)

–2,000

1

2
3
Section Number
(b)

4

1

2
3
Section Number
(c)

4

800
600
400
200

200

0

0
1

2

3
4
Section Number
(c)

5

FIGURE 3   Backcalculated layer modulus values for five pavement
sections.

FIGURE 4   Backcalculated layer modulus values for four
pavement sections after application of overlay.
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TABLE 2   Overlay Thickness Design Using the AASHTO 1993 and Illinois DOT Methods
Parameter or Coefficient

Section 1

Section 2

Section 3

Section 4

Section 5

1993 AASHTO NDT
Traffic factor
90th percentile SNeff
Median SNeff
10th percentile SNeff
SNreq (IBV = 6)
Overlay requirement (mm),
for 50th percentile SNeff

0.014

0.014

0.014

0.014

0.41

2.56
2.08
1.84
1.90
0

2.61
2.19
1.90
1.90
0

2.66
2.16
1.85
1.90
0

2.64
2.28
1.95
1.90
0

3.22
2.96
2.64
3.1
8.75

0.3
0.09
na

0.3
0.09
na

0.3
0.09
na

0.3
0.09
0.07

0.3
0.09
na

1.7
1.90
12.5

2.94
3.1
10

Illinois DOT Method
Existing HMA layer coefficient
Base layer coefficient
Subbase layer coefficient
SNeff
SNreq (IBV = 6)
Overlay requirement (mm)

1.71
1.90
12

1.57
1.90
21

1.53
1.90
23

Note: NDT = nondestructive testing; SNeff = effective SN; HMA = hot-mix asphalt; na = not applicable.

Proposed Mechanistic–Empirical
Design Approach
Addressing the issues associated with using the empirical layer
coefficients method by the Illinois DOT, this research study aimed
to develop a mechanistic-based overlay design system for the lowvolume roads in Illinois. This proposed methodology is based on
proper structural evaluation of the existing pavements that relies on
the fatigue and deflection responses of the pavement as the design
criteria. The following section provides an overview of the proposed
approach.
Layer Moduli Adjustment Using Layered Elastic
Approach and Finite Element–Based
Pavement Analysis Approach
Extensively tested and validated finite element–based pavement
analysis program ILLI-PAVE 2005 (13) along with a linear elastic
theory–based software program BISAR (14) were used to carry
out modulus adjustments for the individual pavement layers. At
first, the stress states (represented by the sum of principal stresses;
θ = σ1 + σ2 + σ3) in the midheight of the unbound aggregate base
layer were calculated by using BISAR. Later, these θ values were
used in a stress dependent resilient modulus model (K-θ model)
in ILLI-PAVE to adjust the layer moduli and calculate the critical
pavement responses. ILLI-PAVE, unlike commonly used linear elastic
programs, uses nonlinear stress-dependent resilient modulus models
to capture the typical hardening behavior of base-course granular
materials. In ILLI-PAVE, FWD tests conducted in the field were
modeled as a standard 40-kN (9-kip) equivalent single axle-loading
applied with a uniform pressure of 551 kPa (80 psi) over a circular
area of 152 mm (6 in.) radius. In accordance with the locations of
FWD geophones, the surface deflection values were extracted from
the ILLI-PAVE analysis results at 0, 305, 610, and 914 mm (0, 12,
24, and 36 in., respectively) away from the center of the loading
plate. The purpose of using the ILLI-PAVE program was to adjust
the layer moduli in such a way that the original field deflection basin

could be achieved properly. Individual layer moduli in the pavement
sections analyzed were iteratively adjusted until the deflection values
predicted from ILLI-PAVE were sufficiently close to the median
value obtained from the field deflection data. Although the actual
test configuration comprised seven geophones to capture the pavement
deflection basin, this iterative calculation step aimed to match the
deflections at four locations for convenience. The surface deflections
corresponding to the locations of these FWD sensors were abbreviated
as D0, D12, D24, and D36, respectively. Table 3 lists the iteratively calculated layer modulus values using ILLI-PAVE. Table 3 also presents an
adequate match between the field-measured (median) and ILLI-PAVE
predicted deflection values.

Overlay Thickness Determination
Upon completion of the layer modulus estimation, the structural conditions of the pavement sections were evaluated with critical pavement responses (tensile strain at the bottom of the asphalt layer, εt;
and vertical surface deflection under the load, δv) and the Illinois DOT
damage algorithms (see Equations 8 and 9) (15). Design traffic information obtained from the local transportation agencies was used to
calculate the total equivalent single axle loads (ESALs) over a design
period of 20 years (Nf). This value of Nf was then used to calculate the threshold critical pavement response values for the different
pavement sections.
Nf =

8.78 × 10 −8
( HMA strain )3.5

(8)

Nf =

5.73 × 1010
( FWD Delta-mils)4

(9)

where FWD Delta-mils is the vertical surface deflection under load.
Whether the pavement section requires an overlay was determined by comparing the εt and δv values under the current pavement
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TABLE 3   Iteratively Calculated Layer Moduli Using ILLI-PAVE
to Match FWD Deflection Basins
HMA
Modulus
(ksi)

 θ 
Base: Er (ksi) = K(ksi) 
 p0 

1

600

2

800

3

600

4

550

K = 2.5
n = 0.33
K=2
n = 0.33
K=4
n = 0.33
Kbase = 4.2, nbase = 0.33
Ksubbase = 2.5, nsubbase = 0.33
K = 4, n = 0.33

Section
Number

5

300
Range of Surface Deflections (mm)

1.6

n

TABLE 5   Critical Pavement Responses for Tested Pavement
Sections Under FWD Loading: Set 2
Critical Pavement
Responses After
Overlay

Subgrade
Modulus
(ksi)
14
12
12
12
11

Section
Number

εt

1
2
3
4

4.33 E−4
4.44 E−4
4.24 E−4
4.56 E−4

δv (mil)
33.42
38.50
34.22
37.22

Capacity > Demand
(design period = 20 years)
Yes
Yes
Yes
Yes

TABLE 6   Critical Pavement Responses for Tested Pavement
Sections Under FWD Loading: Set 3

Predicted deflection using ILLI-PAVE

1.4

Critical Pavement
Responses

1.2
1.0
0.8
0.6
0.4
0.2

Section
Number

εt

1
2
3
4
5

5.07 E−4
4.79 E−4
3.61 E−4
3.37 E−4
4.76 E−4

δv (mil)
35.72
38.58
30.20
28.37
30.87

Capacity > Demand
(design period = 20 years)
Yes
Yes
Yes
Yes
No

0.0
–0.2
D0

D12

D24

D36

Note: 1 ksi = 6.89 MPa.

configuration with the threshold values calculated using Equations 8
and 9. The threshold values of εt and δv, along with the corresponding values under different FWD test efforts, are listed in Tables 4,
5, and 6.
As indicated in Table 4, the UIUC approach adequately captures
the structural inadequacy of the pavement sections under the original

pavement configuration. Section 5 fails according to both the fatigue
and rutting algorithms. Sections 1 through 4 prove to be adequate
for fatigue performance but fail under the rutting criteria. Table 5
presents the values of εt and δv immediately after application of the
overlays (FWD testing, Set 2). As expected, Sections 1 through 4
all pass the fatigue criteria as well as rutting criteria. No overlay was
applied to Section 5. These threshold critical-response parameters
were calculated by using future traffic demand for a design period of
20 years. Table 6 presents similar information 1 year after the original
FWD testing. Although Sections 1 through 4 appear to be performing
adequately under both fatigue and rutting criteria, Section 5 exhibits

TABLE 4   Critical Pavement Responses for the Tested Pavement Sections
Under FWD Loading, Set 1

Section
Number
1
2
3
4
5

Predicted ESALs
over Pavement
Design Life
13,524
13,524
13,524
13,524
404,787

Threshold Critical
Pavement Responses
Based on Damage
Algorithms

Critical Pavement
Responses under
Original Pavement
Configuration
(FWD, Set 1)

εta

εta

6.36 E−4
6.36 E−4
6.36 E−4
6.36 E−4
2.40 E−4

δvb (mil)
45.36
45.36
45.36
45.36
19.40

6.13 E−4
6.06 E−4
4.52 E−4
5.32 E−4
4.57 E−4

δvb (mil)
46.33
52.21
48.47
47.88
30.24

Note: 1 mil = 0.0254 mm.
a
Tensile strain at bottom of asphalt layer.
b
Vertical surface deflection under load.
c
Overlay not required on basis of fatigue algorithm; but required on basis of rutting algorithm.

Overlay
Required?
Yesc
Yesc
Yesc
Yesc
Yes
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TABLE 7   Comparisons between AASHTO 1993, Illinois DOT, and UIUC Methods
Characterization Approach

AASHTO 1993 Method

Illinois DOT Method

UIUC Method

Surface layer (HMA)

One structural number (SNeff)
assigned to the entire pavement
structure above the subgrade

Empirical layer coefficients
available for limited number
of material types

Base layer

na

na

Constant modulus assigned on
basis of iterative calculation with
ILLI-PAVE to match deflection
basin obtained from FWD testing
Stress-dependent resilient modulus
(K-θ) assigned on basis of typical
stress states estimated at layer
middepth

Subgrade layer

Resilient modulus, MR from equation

IBV-based

Pavement structural number (SN)

Current and required SN values
represented by SNeff and SNreq
ESAL
Effect indirectly incorporated through
FWD center deflection

Current and required SN values
represented by SNeff and SNreq
Traffic factor
Effect of nontraditional materials
cannot be incorporated

Load characterization parameter
Consideration of nontraditional
materials

significantly higher εt and δv values compared with the thresholds,
and obviously requires overlay application.
Different features of the 1993 AASHTO, Illinois DOT, and UIUC
methods have been compared in Table 7. As mentioned, the UIUC
method presents a significant improvement over the AASHTO
and Illinois DOT methods by combining mechanistic pavement
responses along with preestablished pavement damage algorithms.
A flowchart of different steps involved in overlay thickness design
using the UIUC method is presented in Figure 5.

Obtain FWD deflection data from the field

Backcalculate individual layer moduli using
available software programs such as MODULUS
with existing layer thicknesses and pavement
temperature during testing

Adjust layer moduli to predict a deflection basin
similar to the one found in the field
using ILLI-PAVE and BISAR

Iteratively adjust the overlay thickness to ensure
the critical pavement responses were lower than the
threshold values corresponding to the design ESAL

FIGURE 5   Flow chart of the proposed mechanistic–
empirical overlay design procedure.

Constant modulus assigned on
basis of iterative calculation with
ILLI-PAVE to match deflection
basin obtained from FWD testing
na
ESAL
Can be directly incorporated
through K-θ model

Summary and Conclusions
This paper presented partial findings from an ongoing research study
at the University of Illinois aimed at improving the overlay thickness design methods for low-volume road pavements in Illinois.
Five pavement sections were selected, and three sets of FWD tests
were conducted over a period of 1 year to monitor the structural
condition of the pavements. Two commonly used overlay thickness design methods were used for the tested pavement sections,
and the deficiencies associated with these methods were highlighted. All but one of the tested pavement sections were erroneously categorized as structurally adequate by the 1993 AASHTO
method. Similarly, the modified layer coefficient-based method
used in Illinois is highly empirical in nature and cannot be used
for pavements using different types of construction materials. A
mechanistic–empirical method, referred to in this study as the
UIUC method, was developed to design the HMA overlays for lowvolume roads in Illinois. The UIUC method was found to adequately
assess the structural condition of an existing pavement to recommend required overlay thickness values using FWD-based critical
pavement responses and preestablished fatigue and rutting damage
algorithms. The use of the proposed UIUC method for overlay thickness design of low-volume roads can prove to be a major step forward for local transportation agencies because it will ensure the
placement of proper thickness HMA overlays, which are expected
to perform to the level of their planned design life.
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