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This paper describes a mechanistic-empirical design procedure
developed to assist pavement engineers in determining when
flexible overlays of flexible pavements will develop reflection
cracking. A mechanistic equation based on fracture mechanics
was developed to predict when reflection cracking was expected
to occur. Data on in-service pavements were collected for six
envirenmental regions. The equations were used fo predict the
eccurrence of reflection cracking, The performance data were
then used to calibrate the mechanistic equations to three dif-
ferent damage levels. The final design equations were placed
in a user-friendly microcomputer design program, This paper
tries to demonstrate the data collection requirements and prob-
lems associated with developing mechanistic-empirical design
equations. This approach to developing design equations has
great promise; however, the data must be complete and accu-
rate for the approach to be used fully. Some of the problems
encountered are described, along with the approaches used to
solve these problems.

Asphalt concrete overlays are one of the most commen reha-
bilitation treatments applied to asphalt concrete pavements.
Design procedures for these overlays have traditionally been
empirical (/). In recent years, several mechanistic design
approaches have been developed that use the strain at the
lower surface of the asphalt layer as a fatigue related design
criterion (). This approach relies on the relationships devel-
oped between the calculated strain in new pavements and
fatipue damage due to traffic loadings.

Reflection cracking is a common form of asphalt concrete
deterioration in overlaid pavements, caused by cracks in the
original pavement propagating through the new asphalt fayer.
These cracks in the overlay deteriorate over time, leading to
failure of the overlay (2). The need for design procedures to
address the problem of reflection cracking of asphalt concrete
has long been recogaized. Such a design methodology, using
principles of fracture mechanics to predict overlay life against
reflection cracking, was presented by Jayawickrama and Lyt-
ton (3). This work demonstrated how the mechanistic model
could be calibrated using in-service overlay performance data
to obtain design equations. The data used in that study were
coliected from the state of Texas and, therefore, represent
the environmental conditions prevailing only in that part of
the United States. This paper describes a recently completed
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project that expanded this effort by collecting data from 11
different states so that all six of the climatic regions shown in
figure 1 and described in table 1 are represented.

The boundary between the wet and dry zones is the
Thornthwaite Index contour 0, which indicates the moisture
balance between annual rainfall (+) and the potentiat evapo-
transpiration { ). The boundary between the no-freeze and
the freeze-thaw cycling zones represents the contour along
which freezing temperatures will penetrate the pavement to
a depth no greater than 3 inches (130 mm) (4). The boundary
separating the freeze-thaw cycling and the hard freeze-spring
thaw zones represents the contour along which freezing tem-
peratures persist in the ground for more than 60 days contin-
uously each year (5).

Environmental data adequate to define these boundaries
were cotlected from participating state highway agencies, county
soil maps, and the National Atmospheric Bureau. Data
describing the properties and condition of the pavements over
time were coilected for use in developing mechanistic-empir-
ical clesign equations for asphalt concrete overlays on flexible
pavements for each climatic region. These resulis were then
integrated into a microcomputer-based design program
described elsewhere (0).

To develop a mechanistic-empirical design equation, a
mechanistic equation is selected or developed that accurately
models known forms of failure in the pavement; however, it
is generally impossible to model all factors influencing the
pavement failure mode. The mechanistic model is calibrated
using performance data collected on pavements to reflect the
influence of these factors. Data used in the mechanistic model
must be available on the pavement sections used for the cal-
ibration process.

This paper briefly describes the process of selecting an
appropriate mechanistic equation and the empirical catibra-
tion process. The model defined the data required for the
calibration process. The problems encountered in collecting
and using data from in-service pavements is described. A
complete and detailed description of the design method is
presented clsewhere (3, 6).

REVIEW OF MECHANISTIC MODEL
DEVELOPMENT

The mechanisms generally thought to tead to reflection crack-
ing are the vertical and horizoatal movement of the underlying
layers. These damaging movements may be caused by traffic
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FIGURE 1 TFhe six climatic regions in the United States (1),

loading, thermally induced contractions and expansions, or a
combination of these mechanisms.

Figure 2 illustrates the changes in bending and shear stresses
that occur within an overlay as a wheel load passes over a
crack in the original pavement. These stress conditions cause
the crack to propagate into the overlay, due to shearing move-
ment in one direction followed by a bending movement and
again by shearing movement in the opposite direction. In
addition to the influence of the traffic loads, contraction and
expansion of the pavement and the underlying layers with
changes in temperature also contributes toward the growth
of reflection cracks. In these three mechanisms of crack growth,
the stresses generated cause a crack to form in the overlay
and grow with repeated application. The principles of fracture
mechanics are used to determine the rate of crack growth due
to these mechanisms. In this process cach crack growth mech-
anism is treated indepenclently, and their influence is com-
bined in a final design equation.

The recent developments in linear elastic and viscoelastic
fracture mechanics concepts have enabled @ rational design
approach to the problem of reflection cracking of overlays.
Experimental investigations carried out at Ohio State Uni-

TABLE | DESCRIPTION OF CLIMATIC

REGIONS
Region Character of the Region
L Wet, No-Freeze
2 Wet, FreezeThaw Cycling
3 Wet, Hard Freeze, Spring Thaw
4 Dry, No-Freeze
5 Dry, Freeze-Thaw Cycling
6 Dry, Hard Freeze, Spring Thaw

versity (7--9) and Texas A&M University (10-12) have ver-
ified the applicability of fracture mechanics principles in pre-
dicting fatigue life of asphalt concrete mixes. The results indicate
that the rate of crack propagation in asphalt concrete can be
predicted by using the empirical power law relation developed
by Paiis {13).

de
— = A(AK)" 1
v = AAK) L
where
AK = stress intensity factor amplitude,
A,n = fractare parameters of the materiat,
¢ = crack length, and
N = number of load applications.
Integrating Equation 1 we obtain,
" de
o= [ 2
7 a A(L\K)" ( )
where

N; = number of ioad applications to failure
h = thickness of the overlay

The use of Paris’ crack growth law to determine the overlay
life requires a knowledge of the stress intensity factor, K, and
the material constants, 4 and n, within the in-service overlay,
The stress intensity factor, K, in the overlay due to each of
the crack growth mechanisms was determined by using a for-
mulation that combines beam-on-clastic foundaticn theory
and the finite element method. In the beam-on-clastic foun-
dation analysis the original surface layer and the overlay are
modeled as a beam. The base course and the subgrade are
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represented as a homogenous clastic medium supporting the
beam. In order to calculate the stress intensity factors accu-
rately and determine their variation with the crack length, a
finite element method was used (6).

The use of the mechanistic model for the analysis of crack
propagation through an overlay requires a knowledge of over-
lay stiffness as well as fracture parameters, A and ». The mix
stiffness is determined using the nomograph procedure out-
lined by Van der Poel (/4) and Mcleod (£5). In this study,
computerized versions of the nomographs were used. In addi-
tion, the computer programs profile the slope, m, of the log
of the mix stiffness versus log of the loading time curve which
is used to determine the exponent, n, in Paris’ equation as
shown below:

n o= 2/m €)]

Theoretical justification for equation 3 can be found else-
where (/6). This relationship has been verified for asphalt
concrete mixes by Germann andl Lytton (£0) and Molenaar
{(17}.

The foliowing empiricat relationships, developed based on
the crack growth tests of asphalt concrete mixes, were used
to determine the parameter, A:

For traffic associated cracking:

n= —22-05logA 4
For thermal cracking:

n= —0.92 - 0.42 log A (5)

The propagation of reflection cracks is the result of ali
three failure mechanisms (bending, shearing, and thermal)
acting simultancousty. However, in the integration of the
Paris’ equation the three failure mechanisms are treated
independently.

It is recognized that this idealized model may not provide
accurate estimates of the stress intensity factors induced by
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the different loading mechanisius in the various mixes. How-
ever, the model can be used to cstablish the form of the
equation that reflects the correct influence treads of the var-
iables. The form of the regression model in the empirical
calibration was selected to incorporate the influence of the
combined action of the three mechanisms into the final design
equation. The in-service performance data is then used in the
regression analysis, which compares the mechanistically cal-
culated time-to-crack formation with recorded crack devel-
opraent to develop equations that reflect the expected per-
formance in cach of the six climatic regions.

DATA NEEDS

The data required by the mechanistic equation to caleulate
the time until the pavement develops a reflective crack must
be avaitable for the in-service pavement sections used in this
process. This same data will be required for use in the design
program. The following information is required for caleulating
the overlay fife using the mechanistic equations in this project:

e Laboratory data on the bitumen and the mix—to char-
acterize the asphalt material used in the overlay,

o Deflection test data—to characterize the existing pave-
ment structure,

¢ Environmental data pertaiging to the location, and

e Traffic data.

In order to combine the influence of the three different
mechanisms, the mechanistically computed overlay responses
are regressed against crack development rates in the overlays.
Therefore it s alse necessary to collect data on overlay
p(')l'f()l'l’llﬂl'lCE.

DATA ACQUISITION

Previous stuclies indicated that sufficient data were not avail-
able to develop one overlay design equation for the whole
United States, primarily because of the excessive amount of
data required to account for climatic and regional differences.
However, they did indicate that sufficient data were available
to develop regional equations {/8}. Considerable effort is
required to collect data adequate for use in calibrating
mechanistic empirical design equations. Many state highway
agencies have some of the data needed to develop mecha-
nistic-empirical equations; however, very few have all of the
data needed.

DATA SOURCE LOCATION

The information on available data (I8, 19), along with other
sources, were used to begin the search for in-service data,
Muany of the agencies stated that they did not bave all such
data for their pavements. Others were reluctant to participate
in the project because the data required were not readily
available or retrievable. Those agencies that did have the
needed data generally did not have all required data in one
file set.
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In many instances during the data collection effort, it was
found that the required data on a desirable in-service pave-
ment section was missing from the files. So an agency would
often start with 30 to 40 candidate in-service pavement sec-
tions on which the researchers expected to collect data only
to end with 5 to 15 sections with adequate data for use in the
project. As a result, the researchers never knew the number
of sections on which daia could be collected until they were
on site at the agency. In some instances, it was not possible
to be sure that the data were usable until after the data was
collected and reduced into common-analysis units, When the
data were normally stored in several different files, cach file
would often have a different referencing or cataloguing scheme,
making it difficult to cross reference the data elements. So
even when data could be found, it was not always possible to
identify corresponding data sets, such as which asphalt prop-
erties corresponded to a given section of pavement.

DATA REDUCTION

Raw data were collected from several different agencies, as
shown in table 2. In many instances the data gathered by the
research team were not measured or collected in the same
form by the various highway agencies from which it was gath-
ered, When data in different forms are used, they must be
reduced to similar forms of material and response character-
istics before they can be used in developing the desired
mechanistic-empirical design equations.

Asphalt Material Characterization for the Overlay

The stiffness of the asphalt-concrete overlay must be known
in order to determine the fracture properties and was calcu-
fated using the Van der Poel or Mcleod method (14, 15). To
use the Van der Poel method, the following properties of the
bitumen and the mix must be known:

e Penctration at 77°F,

& Ring and ball softening point,

e Asphalt percentage in the mix or volume concentration
of aggregate,

& Time of loading, and

® Age of mix or time in service.

Many of the pavement sections did not have ring and ball
softening point data. In those cases, the McLeod procedure
was used which requires the following data.

e Penetration at 77°F,

® Viscosity at 275°F or viscosity at 140°F,

® Service Temperature,

e Time of Loading,

& Asphait percentage in the mix or volume concentration
of aggregate, and

& Percent of air voids.

Any set of data that could be used in cither of these two
procechres was accepted. These data were generally deter-
mined from laboratory test results found in construction rec-
ords. In some cases they were the result of many specific tests
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made for the project, which was the original intent; however,
in other cases, asphalt propesties were from asphalt sources
tested over the period of time during which the project was
constructed.

Mix design properties were taken from quality control rec-
ords in the construction records in most cases. When these
were not available, the mix design parameters were taken
from standard mix design requirements in effect at the time
of the overlay construction; however, this may add error to
the resuits, Time of Joading was selected to represent a moving
wheel load of a truck; service temperature was selected based
on environmental information for the areas; and age of mix
was based on construction date. Availabitity, or locating, the
asphalt cement and mix design properties for the overlay were
major problems of this data collection effort.

Characterization of the Existing Pavement Structure

The mechanistic model represents the existing pavement prior
to the overlay as a beam on elastic foundation. The stiffness
characterizing the surface and foundation support can be
determined from deflection testing data on the existing pave-
ment prier to the time of the overlay, in conjunction with
layer thickness. A record of construction history was obtained
for each section used in this analysis to determine the thick-
ness of each layer and its date of construction; in some cases
this was supplemented with coring reports. It would have been
beneficial to have had deflection data across a series of cracks
in the pavement prior to the overiay to determine the load
transfer level;, however, those data were not available. Many
projects with otherwise usable data were discarded from this
project when deflection data could not be located for them.

Climatic Data

The temperature and moisture information defining the cli-
matic zone in which the pavement section is located were
described earlier. The 24-hour temperature drop and average
monthly temperature were the other two climatic data ¢le-
ments required. They were found in the same sources.

Traffic

Traffic data regarding the average number of 18,000-1b equiv-
alent single-axle loads (ESALs) per day over the life of the
overlay were cotlected from the highway agencies, Where they
had some other measure of traffic such as average daily traffic
(ADT), their conversion system of converting ADT to ESAL
was used. It was then converted to average ESAL per day.
Several of the agencies expressed reluctance at providing traffic
data because they were not sure of its accuracy.

Performance (Distress)

The mechanistically computed development of cracking is
compared to the observed crack development in the regres-
sion process. To determine the amount of reflection cracking
that developed over time, distress data regarding reflection
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TOTAL | e o | omm o | e | | - o |

|} 19 03 | 55 351} 10 23 | 23 | 7& 28 (134 209 62
Hoce ## HNo. Pavement Sections Used

T ® No. Pavement Sections Collected
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cracking after the application of the overlay is required. Since
the performance used in the mechanistic approach considered
damage that varied from zero to one, the distress data had
to be transformed into equivalent levels of damage (18). Even
had this not been required, the data would still have had to
be transformed into a common set. Each agency collects dis-
tress data in its own form, and virtuaily no two agencies used
the same distress identification system. The distress identifi-
cation system from each agency was used to develop a
conversion similar to that used in the initial program (3).
The transformations used to convert the distress from each
data set into a common damage function are presented else-
where (6).

DEVELOPMENT OF PERFORMANCE CURVE

The observed damage levels over time and traffic were used
to develop a mathematical equation to describe the growth
of damage, or overiay reflection cracking, with increasing time
and increasing numnber of load passes for each pavement sec-
tion included in the project. By comparing the mechanistic
crack development time with observed time to reach various
levels of damage, design equations could be developed for
different amounts of allowable reflection cracking,

Two forms of reflection cracking were considered; trans-
verse and longitudinal. It was hoped to use both distress area
and severity; however, only distress area was available for
many of the in-service pavements. As a result, only area was
used for the final equations.

Different forms of cquation have been used to fit the observed
pavement distress data over increasing time or axle load appli-
cations. The following equation was sclected for use in the
present analysis since it is in accordance with the physical
boundary conditions (/8):

g = o~ IV (6)
where
g = the damage rating of the pavement
N = the number of load applications in 18-kip ESALs
p,B = characteristic parameters

An equation that relates the damage level of the distressed
pavement to the number of load applications is commonty
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referred to as a structural performance curve. The damage
rating of the pavement is a variable that ranges between 0,
representing a smooth riding or undistressed surface, to 1,
representing a severcly damaged pavement structure. There-
fore, the performance curve of a pavement will be bounded
by O and 1. Pavement distress observations show that the
performance cugrve starts out horizontally, bounded from below
by a rating of 0. As the number of load applications increases,
the curve will asymptotically reach the damage rating of 1,
These boundary conditions imply that the functional perfor-
mangce curve should be sigmoidal, or S-shaped.

Nonlinear regression analysis technigues were used to develop
the performance cures to define a relationship between dam-
age and the number of load applications, M. This aliows the
number of applications to be determined at any desired level
of damage. Several problems were encountered in using these
programs. The nonlinear regression procedures are not always
straightforward, especially if the data are not well defined
through the entire area defining all parameters in a curve,
Thus, there is not always one unique curve that wili fit the
data points and meet the convergence criteria. Since many of
the data sets contained data with damage levels only to levels
of (L1 or less, several sets of regression parameters could be
fit through those points and still meet the convergence criteria.
Luckily, the major differences in predicted values are above
damage levels of (0.5 and have little impact on the results used
in this project.

Because some of the distress identification procedures repott
distress in condlition categories, for example, 5 to 15 percent
equals distress rating of 2, some of the distress data had pla-
teaus, as illustrated in figure 3. When regression was con-
ducted, parameters could be calculated to define the curve
shown as A in figure 4, or another set could be calculated to
define the curve shown as B in figure 4. The performance
curves for this type of data were forced to follow the shape
identified as Curve B in figure 4 because it was believed that
the observed data was in the earliest stages of distress devel
opment. Allowed to develop further, it is expected that they
would develop the S-shape defined by Curve B in figure 4,

In some of the in-service pavement sections, no distress had
developed at the time of data collection resulting in all zero
damage levels. These sections could be ignored; however,
ignoring pavements that were performing well would bias the
data. To use these data, average p and ( values for the non-
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zero data sets within cach climatic/pavement type group were
determined. Those values were used to define the curve through
the all zero data points, as illustrated in figure 3. If the all-
zero points extended to the right of the curve from the average
values, the p values were increased until the curve extended
through all of the reported zero points as shown in figure 5.
‘This allowed the influence of the all-zero points to be included
in the analysis.

RESULTS

A final set of design equations to address reflection cracking
were developed that allow the designer to select a damage
level of 0.33 for a moderate amount of reflection cracking,
0.50 for a high amount, and 0.44 for an intermediate amount,
They have been placed in a user-friendly microcomputer pro-
gram that can be used by highway engineers to determine
when reflection eracking is expected to develop in an overlay
of desired thickness for different asphalt cement and mix
properties. This research has extended the work that began
in NCHRP Project Z(»-7, Task 7, Phase IE, and includes
design equations for six climatic regions for asphalt overlays.

This is a major step forward in developing design equations
that address the performance problems of asphalt conerete
overlays. The best available data was used to calibrate the

mechanistic equations; however, they would be more reliable
if the data used to calibrate the mechanistic equations were
more complete and comprehensive, They can be improved
by using more accurate in-service data when it becomes
available.

The data used to calibrate the mechanistic equations were
collected from agencies with data on pavements of the type
needed in the desired climatic zones. The data did not come
from a designed experiment, and all the problems inherent
in using this type of data are incorporated into these design
equations. One of the biggest problems with this type of data
is that unknown biases exist, making it impossible to deter-
mine the true reliability of the resulting data. In addition, the
variability and reliability of the data collected were generally
unknown, This does not mean that the equations are unre~
liable, but it does mean that the reliability of the design equa-
tions developed using this type of data cannot be accurately
defined.

The mechanistic empirical approach to overlay design has
heen shown to be feasible and practical, It has alsa shown
the need for collecting accurate data with variability and reli-
ability information included for use in developing mechan-
isticeempirical equations. The mechanistic empirical approach
provides an excellent means to develop design equations that
are soundly based on mechanistically correct concepts with a
limited number of parameters. However, they will only be as

CURVE WITH
AVERAGE BETA
AND INCREASE RHO

1.0
[ REPORTED DAMAGE
w CURVE FROM
Sg AVERAGE BETA
= AND RHO
«f]
[
¢} = 3 = = =

FIGURE 5 Using ail zero data points.
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good as the data used-to calibrate them. Until accuracy of
avaitable data is known, accuracy of the resulting design equa-
tions will be unknown.

RECOMMENDATIONS

The data collection problems in this and other projects dem-
onstrate the need for a comprehensive centralized data col-
lection effort if mechanistic-empiricai procedures are to be
used in the pavement engineering field. The data required to
calibrate these and other mechanistic cmpirical design equa-
tions should be collected in the Strategic Highway Rescarch
Program (SHRP). These data should be collected in a manner
to avoid the problems of possible bias and uncertainties that
occur in using available data to calibrate mechanistic equa-
tions. These data can then be used to update this first set of
design equations.
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