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Over the past decade,
the Texas Department of
Transportation (TxDOT) focused
research efforts on improving hot
mix asphalt concrete (HMAC)
mix design to preclude rutting
in the early life of pavements.
However, these rut-resistant stiff
mixtures may be susceptible to
long-term fatigue cracking due to
oxidative aging.

This project completed initial
development of an HMAC mix-
ture fatigue design and analysis
system and associated surrogate
fatigue tests to ensure adequate
mixture fatigue performance in
a particular pavement structure
under specific environmental and
traffic loading conditions. In ad-
dition, researchers compared the
fatigue resistance of commonly
used TxXDOT HMAC mixtures
and investigated the effects of
binder oxidative aging on fatigue
performance.

What We Did...

Information Search and
Review

Researchers completed an in-
formation search and conducted a
survey to gather data on: current
fatigue design and analysis ap-
proaches; related laboratory tests,
materials, pavement structures,
and designs; corresponding stan-
dards or references; and resources

or methodologies used to obtain
fatigue-resistant HMAC mixtures.
This process facilitated selection of
four fatigue analysis approaches and
the experimental design.

Fatigue Analysis Approaches

Researchers selected the follow-
ing four fatigue analysis
approaches for comparative
evaluation:

(1) the mechanistic empirical (ME)
approach with flexural bending
beam (BB) testing;

(2) the calibrated mechanistic ap-
proach (CMSE) with surface
energy (SE) measurements,
tensile strength (TS), relaxation
modulus (RM), and repeated
direct-tension (RDT) tests;

(3) the calibrated mechanistic (CM)
approach without surface energy
measurements; and

(4) the NCHRP 1-37A Mechanistic
Empirical Pavement Design
Guide (MEPDG) approach with
dynamic modulus (DM) testing
(as of July 2004).

Experimental Design

The comprehensive laboratory
testing program with a full factorial
design experiment (16 HMAC mix-
tures) included the following:

* two typical TxDOT HMAC mix-
ture types: a Basic Type C mix-
ture and a rut-resistant 12.5 mm
(0.5-inch) Superpave mixture;
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* two aggregate types (limestone
and gravel) and three binder
types (PG 64-22, PG 76-22
modified with styrene-
butadiene-styrene [SBS], and
PG 76-22 modified with tire
rubber [TR] and SBS);

two binder content levels:
optimum and optimum plus
0.5 percent;

three laboratory aging expo-
sure conditions for compacted
HMAC mixtures (0, 3, and

6 months) at 60 °C (140 °F)
that may simulate up to 0, 6,
and 12 years, respectively, of
Texas field HMAC aging at
the critical pavement service
temperature depending on air
voids (AV) and other factors;

five hypothetical HMAC pave-
ment structures (PSs) under
representative traffic loading
conditions;

two Texas environmental
conditions (wet-warm [WW]
and dry-cold [DC]) critical to
fatigue (alligator) cracking; and

a typical reliability level
of 95 percent for statistical
analysis.

Laboratory Testing

Researchers completed an ex-
tensive laboratory testing program
for both binders and HMAC mix-
tures at multiple aging exposure
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conditions for each fatigue analysis ap-
proach. These laboratory tests included:
the dynamic shear rheometer (DSR),
Fourier transform infrared spectroscopy
(FT-IR), and size exclusion chroma-
tography (SEC) for the binder; the BB
mixture test for the ME approach; the
TS, RM, and RDT mixture tests and SE
measurements for the binder (Wilhelmy
Plate [WP]) and aggregate (universal
sorption device [USD]) for the CMSE
and CM approaches; and the DM
mixture test for the MEPDG approach.
Aging of the binder was accomplished
through the stirred air flow test (SAFT)
and the pressure aging vessel (PAV),
while the mixtures were oven-aged for
4 hours at 135 °C (275 °F) in a loose
state prior to compaction and for 0, 3,
and 6 months at 60 °C (140 °F) in an
environmental room after compaction.
Note that binder testing included both
neat and recovered unaged and aged
binders.

These laboratory tests character-
ized the binder and HMAC mixture
properties and enabled prediction of
fatigue life (N,) using the four fatigue
analysis approaches. Laboratory tests
were either conducted at 20 °C (68 °F)
or test data were normalized to 20 °C
(68 °F) during the analysis phase using
time-temperature superposition.

Data Analysis
The researchers analyzed the labo-
ratory testing data as follows:

« fatigue life prediction assuming
controlled-strain mode of loading,

« evaluation of the effects of binder
oxidative aging and mix design
parameters,

» correlation of binder and HMAC
mixture properties,

 comparison and evaluation of
fatigue analysis approaches,

» recommendation of a fatigue analy-
sis approach,

* exploration of methods to quantita-
tively incorporate aging in fatigue
life prediction, and

* investigation of surrogate fatigue
test protocols from the recommend-
ed fatigue analysis approach.
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What We Found...

HMAC Mixture Fatigue Resistance

HMAC mixture fatigue resistance
is a complex function of mix design
parameters (including binder type/
content, air voids), aggregate type/gra-
dation), material properties (binder,
aggregate, and HMAC), traffic, pave-
ment structure, and environment. These
factors interact in a unique way in each
HMAC mixture and should be explic-
itly taken into account when modeling
fatigue resistance.

In general, HMAC mixtures with
modified binders (and higher binder
contents) exhibited better fatigue
resistance than those with unmodified
binders; however, higher statistical
variability was observed for HMAC
mixtures with modified binders.

Fatigue life also exhibited signifi-
cant dependence on pavement structure
and environment.

Impact of Binder Oxidative Aging on
HMAC Mixture Fatigue Resistance
and Properties

Binder oxidative aging in mixtures
has a detrimental effect on both HMAC
mixture fracture and healing properties

and fatigue resistance under controlled-
strain conditions (Figure 1).

Fatigue life decline with binder
oxidative aging is mixture dependent
(Figure 1), providing a significant op-
portunity to increase fatigue resistance
through mix design.

An HMAC mixture visco-elastic
function defined as G'/(n'/G") and
mapped across the three aging exposure
conditions provided a useful means
of tracking mixture stiffening due to
binder oxidative aging without extract-
ing and recovering the binder. This
mixture function at 20 °C (68 °F) and
0.002 rad/s correlated linearly with a
corresponding binder DSR function at
15 °C (59 °F) and 0.005 rad/s.

The Hirsch model provided a
reasonable correlation between binder
and mixture G* values after short-term
aging, but with long-term aging the in-
crease in mixture stiffness with binder
hardening deviates significantly from
model predictions.

Binder stiffening with decreasing
temperature appeared to mimic stiffen-
ing due to oxidative aging and provided
the basis for rapid analysis of oxidative
aging effects. Similarly, the effect of
temperature on N may provide a rapid
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Figure 1. Predicted HMAC Mixture Fatigue Lives (assuming 1 month
laboratory aging at 60 “C [140 °F] simulates up to 2 years aging in the field).
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means of quantitatively estimating N,
decline with oxidative aging.

Evaluation of Fatigue Analysis
Approaches

Based on a value engineering as-
sessment, the CMSE fatigue analysis
approach is recommended for char-
acterizing HMAC mixture fatigue
resistance. Compared to the other ap-
proaches, the CMSE approach:

» utilizes fundamental material and
mixture properties to estimate
HMAC mixture fatigue resistance;

« exhibits greater potential and flex-
ibility to account for HMAC non-
linearity, visco-elasticity, anisot-
ropy, healing, and aging effects;

* provides a more realistic fatigue
failure criterion in terms of simula-
tion of the fatigue damage process
in an in-situ HMAC pavement
structure;

* exhibits potential for multiple dis-
tress analyses; and

» exhibits lower statistical variability
in terms of N, prediction.

The ME approach exhibited the
highest statistical variability, and its
failure criterion does not provide a re-

alistic simulation of actual fatigue dam-

age accumulation in the field. While
the MEPDG offers the best traffic and
environmental analysis models, this
approach incorrectly represents aging
effects and does not directly account
for binder healing or anisotropic ef-
fects. Concerning binder oxidative ag-
ing, the MEPDG only considers aging
in the top 12.5 mm (0.5 inches) of the
pavement, underestimates the extent to
which oxidative aging stiffens bind-
ers in the pavement, and predicts that
binder oxidative aging improves N..

The CM approach produced results
comparable to those obtained with the
CMSE approach and is recommended
as an alternative to the CMSE ap-
proach. The simplified CM approach
does not require SE measurements
and RM tests in compression, and thus
both laboratory and analysis time are
reduced.
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Exploration of Methods to
Quantitatively Incorporate Aging
in N, Prediction

One method (denoted as SF_ ) uti-
lized the N, predicted for a short-term
oven-aged mixture and the properties
of short-term and long-term aged
neat binders measured with the DSR
to predict N, including the effects of
aging. The SF_ method uses a single
shift without considering the simul-
taneous and continuous processes
of trafficking and aging throughout
the HMAC design life. This simple
method considers important binder
properties related to mixture cracking
potential, and preliminary valida-
tion began in this project using N,
values predicted for long-term aged
mixtures.

A second method (denoted as
SF i) utilized the N predicted for
both short-term oven-aged and long-
term aged mixtures, the DSR proper-
ties of both short-term and long-term
aged neat binders, and a cumula-
tive damage hypothesis. The SF e
method quantitatively estimates the
decline in N, caused by both traffick-
ing and binder aging and the resulting
pavement service life. Cumulative
damage results showed a rapidly
accelerating decline in pavement life
as binder oxidative aging progressed.
These results also suggested that the
impact of aging on N, is significant
with the potential to offset substantial
initial N, values. While this method
is not practical for routine mix design
because it requires extensive time to
age and then test the mixtures, it does
provide a more fundamental and reli-
able understanding of the effects of
changes in binder properties and the
influence of other mix design param-
eters and traffic loading on mixture
fatigue resistance.

Both methods (SF,, and SF ing)
produced promising results, but addi-
tional research is needed to combine
these methods and take advantage of
the strengths of each.

Investigation of Surrogate Fatigue
Tests

The TS test is selected and proposed
as a surrogate fatigue test protocol
for mix design and HMAC mixture
screening based on its practicality and
correlation with CMSE N, results. The
following fatigue limiting threshold
value was established: g2 3180 ue.
Any HMAC mixture not meeting this
requirement is considered inadequate
in terms of fatigue resistance, and
improvements are needed prior to use.
The TS test takes only 5 minutes at
ambient temperature.

The Researchers
Recommend...

Researchers’ recommendations
include:

* a laboratory testing program that in-
cludes additional HMAC mixtures
and aging conditions to further
quantify the binder-HMAC mixture
and N -aging relationships;

* investigation of the effects of AV
and temperature variations on aging
and N

* selection of a method to quanti-
tatively incorporate aging in N,
prediction while simultaneously
considering mix design parameters,
temperature variations, and traffic
loading;

« field validation of the CMSE ap-
proach through pilot implementa-
tion projects or accelerated pave-
ment testing;

* sensitivity analysis and software de-
velopment for the CMSE approach;

« exploration of the possibility of
incorporating multiple distress
analyses (moisture sensitivity and
rutting) in the CMSE approach; and

+ additional HMAC mixture testing
to further evaluate and validate the
CMSE surrogate fatigue test proto-
cols and fatigue limiting threshold
values.



For More Details...

The research is documented in Report 0-4468-1, Preliminary Fatigue Analysis of a Common TxDOT Hot Mix
Asphalt Concrete Mixture; Report 0-4468-2, Comparison of Fatigue Analysis Approaches for Two Hot Mix Asphalt
Concrete (HMAC) Mixtures, and Report 0-4468-3, Application of Calibrated Mechanistic Fatigue Analysis with

Aging Effects.
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Disclaimer

This research was performed in cooperation with the Texas Department of Transportation and the Federal Highway
Administration. The contents of this report reflect the views of the authors, who are responsible for the facts and the accu-
racy of the data presented herein. The contents do not necessarily reflect the official view or policies of either the Federal
Highway Administration or the Texas Department of Transportation. This report does not constitute a standard, specifica-
tion, or regulation, nor is it intended for construction, bidding, or permit purposes. Trade names were used solely for infor-
mation and not for product endorsement. The engineer in charge was Amy Epps Martin, P.E. (Texas No. 91053).
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