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F O R E W O R D

By Edward Harrigan
Staff Officer
Transportation Research Board

This report presents models for the HMA fatigue endurance limit that are responsive to 
asphalt binder and mixture properties and healing between load cycles and are suitable for 
incorporation as algorithms in Pavement ME Design and other design methods. Thus, the 
report will be of immediate interest to materials and structural design engineers in state 
highway agencies and engineers in the HMA construction industry.

Many well-constructed flexible pavements with a thick HMA structure have been in ser-
vice for 40 or more years without any evidence of fatigue cracking. This field experience 
suggests that an endurance limit, that is, a level of strain below which fatigue damage does 
not accumulate for any number of load repetitions, is a valid concept for HMA mixtures.

NCHRP Project 9-38, “Endurance Limit of Hot Mix Asphalt Mixtures to Prevent Fatigue 
Cracking in Flexible Pavements,” completed in 2009, confirmed the existence of an HMA 
fatigue endurance limit through an extensive program of laboratory testing, which further 
suggested that the endurance limit is influenced by HMA mixture and binder properties. 
Based on these results, a practical definition of the endurance limit was developed, along 
with a method to estimate its value in the laboratory.

NCHRP Project 9-44A was designed to extend the results and findings of Project 9-38, 
with particular attention to the influence of asphalt binder and mixture properties on the 
endurance limit and to the relationship of the endurance limit to the phenomenon of heal-
ing hypothesized to occur in asphalt mixtures during the rest period between load appli-
cations in the laboratory and in pavements. The specific objectives of the project were to 
(1) carry out a laboratory experiment to identify the mixture and pavement layer design 
features related to an endurance limit for bottom-initiated fatigue cracking of HMA and 
(2) develop an algorithm to incorporate this endurance limit into the Pavement ME Design 
software and other selected pavement design methods. The research was performed by Ari-
zona State University, Tempe, Arizona, in association with AMEC (formerly MACTEC), 
Phoenix, Arizona.

The research investigated the relationship of the fatigue endurance limit to factors such 
as asphalt binder rheology, air voids, asphalt content, temperature, strain level, number of 
load cycles, and rest period between load cycles. Both beam fatigue (AASHTO T321) and 
uniaxial compression-tension testing were conducted according to a factorial design that 
permitted statistical analysis of the main factor and up to three-factor interactions. Robust 
regression models were developed that described the effect of the main factors and factor 
interactions on the stiffness ratio, SR, which is defined as the ratio of the stiffness measured 
at any load cycle during beam fatigue or uniaxial fatigue testing to the initial stiffness of the 
specimen. Testing was conducted with rest periods of 0, 1, 5, and 10s between load cycles. 

Laboratory Validation of an Endurance Limit for Asphalt Pavements

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22453


The endurance limit can then be determined for any mixture initial stiffness as the strain at 
SR = 1, i.e., for the condition in which complete healing of the fatigue damage takes place 
after each load cycle.

Thus, this research reaffirmed the existence of the HMA fatigue endurance limit and 
demonstrated that the endurance limit is the result of a balance between loading damage 
and the healing, i.e., damage recovery, that happens during rest periods and that the value 
of the limit varies with the mixture initial stiffness (acting as a surrogate for binder rheology, 
air voids, asphalt content, and temperature) and the duration of the rest period. It was also 
found that for a load cycle of 0.1s, a rest period greater than 5 to 10s (from beam fatigue 
testing) or greater than 3s (from uniaxial testing) will not produce additional healing of 
the fatigue damage in the laboratory. Finally, the report recommends that the beam fatigue 
model be used for future study of the endurance limit and its implementation. The beam 
fatigue test is better established than the uniaxial test and has a larger database of results in 
the literature.

This report fully documents the research and discusses incorporation of the endurance 
limit derived from the SR regression model formalism as an algorithm in Pavement ME 
Design software and other design methods. The report includes three appendixes available 
online at http://apps.trb.org/cmsfeed/TRBNetProjectDisplay.asp?ProjectID=2518:

• Appendix 1, Integrated Predictive Model for Healing and Fatigue Endurance Limit for 
Asphalt Concrete

• Appendix 2, Endurance Limit for HMA Based on Healing Phenomena Using Viscoelastic 
Continuum Damage Analysis

• Appendix 3, Project Lab Test Results Inserted into the Mechanistic Empirical Distress 
Prediction Models (M-E_DPM) Database
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1   

Bottom-up fatigue cracking is one of the main distress 
types in flexible pavement. Current design methods of flex-
ible pavement assume that cumulative damage occurs where 
each load cycle uses up a portion of the finite fatigue life of 
the asphalt layer regardless of load magnitude or traffic vol-
ume. The concept of endurance limit assumes that there is a 
strain value below which fatigue damage may not occur or 
can be healed during unloading. The fact that traffic loads are 
separated by “rest periods” may allow for partial or full heal-
ing of the accumulated damage, which in turn increases the 
number of load repetitions before failure. Therefore, if the 
pavement is thick enough to keep strains below the endur-
ance limit, the fatigue life of the pavement can be considerably 
extended. This concept has significant design and economic 
implications.

In 1972, Monismith and McLean (1) first proposed an 
endurance limit of 70 microstrain for asphalt pavements. More 
recently, Nishizawa et al. (2) analyzed in-service pavements in 
Japan and reported an endurance limit of 200 microstrain. Wu 
et al. back-calculated Falling Weight Deflectometer (FWD) 
data and reported strains at the bottom of the asphalt layer 
between 96 and 158 microstrain for a long-life pavement 
in Kansas (3). Bhattacharjee et al. (4) obtained endurance 
limit values through uniaxial testing that ranged from 115 
to 250 microstrain. Studies performed at the University of  
Illinois (5, 6) showed that fatigue life becomes significantly lon-
ger if the strain is kept below approximately 100 microstrain. 
In NCHRP Project 9-38, beam fatigue and uniaxial tension 
testing were conducted to determine fatigue life (7). By con-
ducting a small strain-controlled beam fatigue test, a fatigue 
life in excess of 50 million cycles was achieved. Data from the 
Long Term Pavement Performance (LTPP) studies were also 
analyzed to determine if they support the endurance limit 
concept. The results obtained from the study support the exis-
tence of an endurance limit in HMA mixes (7).

Another major concept recently investigated by research-
ers is the HMA healing phenomenon. Healing of micro-

damage was proposed as the primary reason for the increased 
fatigue life at low strain levels (8, 9, 10). Healing is generally 
considered as the capability of a material to self-recover its 
mechanical properties (stiffness or strength) to some extent 
upon resting due to the closure of micro-cracks. Phillips (11) 
proposed that healing of asphalt binders is a three-step pro-
cess consisting of (1) the closure of micro-cracks due to wet-
ting (adhesion of two crack surfaces together driven by surface 
energy); (2) the closure of macro-cracks due to consolidating 
stresses and binder flow; and (3) the complete recovery of 
mechanical properties due to diffusion of asphaltene struc-
tures. Kim and Little (12) developed a mechanical approach 
to identify the healing potential of asphalt concrete. They 
performed cyclic loading tests with varying rest periods on 
notched beam specimens of sand asphalt mixtures. They con-
cluded that rest periods enhance the fatigue life through heal-
ing and relaxation mechanisms.

There is mounting evidence that healing and the endurance 
limit of HMA are related to each other. It has been observed 
both in laboratory studies of fatigue at low strain levels with 
rest periods and in thick, properly constructed pavements that 
bottom-initiated fatigue cracking is almost non-existent. The 
HMA endurance limit, however, does not reflect an absence 
of load induced damage in the HMA. Rather, it results from 
a balance of damage caused by loading and healing or dam-
age recovery occurring during rest periods (6). The endur-
ance limit of HMA is, therefore, not a single value, but varies 
depending on loading and environmental conditions applied 
to the HMA. Considering an endurance limit in flexible pave-
ment design requires the consideration of the effects of load-
ing, environment, and material properties on both damage 
accumulation and healing. These findings on the endurance 
limit of HMA served as the research hypothesis upon which 
NCHRP Project 9-44 (13) was formulated.

In summary, the literature provides endurance limit val-
ues for certain conditions, but there is no general predic-
tive model currently available to estimate these values under  
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different conditions and accounting for healing. Also, the lit-
erature does not provide a clear relationship between endur-
ance limit and healing, which is one of the main contributions 
of this research.

Previous studies showed that fatigue life is primarily influ-
enced by mix stiffness (E) and also affected by binder content 
and air voids. Lower asphalt contents and lower air voids led 
to higher stiffness, while higher asphalt contents and lower air 
voids led to higher fatigue lives (14, 15). Tayebali et al. (16) 
also found that as air voids increased, fatigue life decreased 
for both controlled strain and controlled stress tests. It was 
concluded that stiffer mixes would perform better for thick 
pavements, while lower stiffness mixes would perform better 
for thin pavements.

Fatigue life and endurance limit are also affected by tempera-
ture and binder grade. Because the endurance limit of HMA is 
tied closely to the healing potential of the binder, healing occurs 
more rapidly at higher temperatures and softer binder grades, 
and the strain level that can be tolerated with no damage accu-
mulation is increased (9). Verstraeten et al. (17) concluded that 
the longer the rest periods and the higher the temperatures, the 
greater the beneficial effect.

Over the last 50 years, several researchers have studied the 
significance of rest periods between load applications dur-
ing fatigue testing of HMA. Different findings have been pre-
sented in the literature showing different opinions on the effect 
of rest period. Some researchers thought that the rest period 
only leads to a temporary modulus recovery without actually 
extending the fatigue life, while others found that the modulus 
recovery did extend fatigue life by a certain amount.

Van Dijk and Visser (18) found that increased rest periods 
can increase fatigue life by a factor of 1 to 10 times. Other test 
results indicated that increasing the rest period had no sig-
nificant effect on fatigue performance under certain assump-
tions and test conditions (19). Raithby and Sterling (20) found 
that fatigue life does not increase significantly for rest periods 
greater than ten times the loading time (or 1s rest period) and 
the waveform influence was less important than the duration 
of rest periods. Van Dijk and Visser (18) showed increased 
fatigue lives with increasing rest periods. Bonnaure et al. (21) 
concluded that increasing the rest period between the loading 
cycles increases fatigue life. They also showed that the maxi-
mum beneficial effect of rest periods on the fatigue life was for 
a rest period equal to 25 times the loading cycle (or 0.625s).

Objectives

The objectives of this research were to (1) determine the 
fatigue endurance limit for HMA and relate it to healing that 
occurs during the rest period between load applications and 
(2) develop models that relate the endurance limit of HMA 
to material properties, loading conditions, and temperature. 

These objectives were achieved by conducting both beam and 
uniaxial fatigue laboratory experiments to identify the mixture 
and pavement design features related to the endurance limit 
for bottom-initiated fatigue cracking. Issues studied included 
incorporating rest periods between loading cycles and the effect 
of rest period on the healing and endurance limit of HMA.

This report summarizes the design, features, results, and 
products of the beam fatigue and uniaxial fatigue experiments 
conducted in NCHRP Project 9-44A to meet these objectives.

Appendixes 1 and 2 are comprehensive treatises describing 
all aspects of the beam fatigue and uniaxial fatigue studies, 
respectively, including tabulations of the experimental data. 
These appendixes are adapted from dissertations presented by 
Dr. Mena Souliman and Dr. Waleed Zeiada to Arizona State 
University in partial fulfillment of the requirements for their 
Doctor of Philosophy degrees. Appendix 3 is a description of 
the Microsoft Access® Mechanistic-Empirical Distress Predic-
tion Models (M-E_DPM) database in which all relevant data 
and results from the project are stored.

Appendixes 1, 2, and 3, and the M-E_DPM database are 
not published herein, but are available online on the TRB 
website (http://trb.org) and can be found by searching for 
NCHRP Report 762.

HMA Endurance Limit and Healing

A rational procedure was developed to relate the HMA 
healing phenomenon to the endurance limit. If the fatigue 
test is conducted with and without rest period between load 
applications, the typical stiffness ratio (SR) (ratio between the 
current stiffness and the initial stiffness) versus the number 
of load cycles will be as shown in Figure 1. Both curves start at 
an SR of one (no damage). The curve for the test without rest 
period is steeper than the other curve because of the continu-
ous deterioration during the test. The test with rest period 
shows higher SR values during the test because of healing that 

0.5 

Nf w/o RP 

0.0 

1.0 
At Endurance Limit, SR = 1.0 at all values of N 

Test with rest period 

Test without rest period 
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Figure 1. Typical SR versus number of load cycles 
for tests with and without rest period.
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occurs during the rest period after each load application. A 
larger separation between the two curves indicates more heal-
ing, and vice versa. If the curve for the test with rest period 
remains horizontal, it indicates that full healing occurs after 
each load cycle.

Healing Index (HI) (Equation 1) was defined as the dif-
ference between the SRs for the tests with and without rest 
period at Nf w/o RP (number of cycles to failure for the test with-
out rest period) as shown in Figure 1, where failure is defined 
when the SR reaches 0.5.

HI SR SR Nw RP w o RP at f w o RP= −[ ] ( )1

where,

 SR w/ RP =	stiffness ratio with rest period
 SR w/o RP =	stiffness ratio without rest period

The approach used in this research is to develop a regres-
sion relation between SR and various factors in the form of 
Equation 2:

SR = f BG, AC, V , T, , N, RP (2)a( )ε

In Equation 2, SR is the stiffness ratio, BG is the binder 
grade, AC is the binder content, Va is the air voids, T is 
the temperature, e is the initial strain, N is the number of 
load applications, and RP is the rest period between load 
applications. 

If the SR in Equation 2 is set to one, the strain, e, will become 
the endurance limit, which implies that full healing occurs 
after each loading cycle. Note that an SR of 1 is equivalent to  
an HI of 0.5, which means full healing. Note also that setting the 
SR to 1 to determine the endurance limit is a better approach 
than setting the HI to 0.5. The SR approach can be used at any 
number of load repetitions (N), but the HI approach can be 
used at Nf w/o RP only. Also, since it is assumed that full heal-
ing occurs after each loading cycle at the endurance limit, the 
number of loading cycles is redundant and may be removed 
from Equation 2 without large effect.

The rest period in the laboratory is inversely related to the 
average annual daily truck traffic (AADTT) in the field. If 
the AADTT is low, the time between trucks or axle loads is 
large, which corresponds to large rest periods between stress 
applications.

Materials, Mix Design, 
and Fatigue Testing

A 19-mm Superpave mix design was selected for the proj-
ect that met the requirements of typical mixtures used for 
paving arterial roads in Arizona (22). Three asphalt concrete 
mixes using three binder grades (PG 58-28, PG 64-22, and 

PG 76-16) were prepared to ensure that a wide range of 
stiffness would be encountered. The same aggregate gra-
dation was used for all three mixtures. Figure 2 shows the 
designed aggregate gradation distribution curve and the 
specification limits and Table 1 shows the composite aggre-
gate properties.

Mixes were designed according to the requirements of 
Maricopa Association of Governments (MAG) 710 specifi-
cations (22) for High Traffic Gyratory mixes with Ndesign = 
100. Table 2 shows the volumetric mix design for the three 
binders. The optimum binder contents were 4.8, 4.5, and 
4.7 percents for the PG 58-28, PG 64-22, and PG 76-16 
mixtures, respectively.

Two types of fatigue tests were conducted, beam (flexure) 
fatigue and uniaxial fatigue. Beam fatigue tests were per-
formed on HMA mixtures prepared with all three binder 
grades (PG 58-28, PG 64-22, and PG 76-16), whereas the 
uniaxial fatigue tests were performed on asphalt mixtures 
prepared with the PG 64-22 binder grade only.
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Figure 2. Designed aggregate gradation distribution.

Property Value Specifications 
Bulk (Dry) Sp. Gravity 2.614 2.35-2.85 

—SSD Sp. Gravity 2.638  

Apparent Sp. Gravity 2.677  

Water Absorption (%) 0.90 0-2.5 

—

Sand Equivalent Value 71 Min 50 

Fractured Face One (%) 99 Min 85 

Fractured Face Two (%) 96 Min 80 

Flat & Elongation (%)  1.0 Max 10 

Uncompacted Voids (%) 46.8 Min 45 

L.A. Abrasion  @ 500 Rev. 16 Max 40 

Table 1. Composite aggregate properties.
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Volumetric Property 
Binder Type 

Specifications
PG 58-28 PG 64-22 PG 76-16 

Target Asphalt Content (%) 4.8 4.5 4.7 4.5-5.5 

Bulk Specific Gravity (Gmb) 2.365 2.367 2.351 N/A 

Theoretical Max. Sp. Gr. (Gmm) 2.461 2.467 2.454 N/A 

Design Air Voids (%) 3.9 4.1 4.2 3.8-4.2 

VMA (%) 13.9 13.5 14.3 Min. 13 

VFA (%) 71.9 69.9 70.8 N/A 

Asphalt Sp. Gr. (Gb) 1.024 1.024 1.042 N/A 

Table 2. Volumetric mix design for different binder types.
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Beam Fatigue Testing

Beams were prepared using vibratory loading applied by 
a servohydraulic loading machine. A mold was used with 
inside dimensions larger than the required dimensions of the 
beam to allow for sawing to achieve standardized specimen 
dimensions. The mix was compacted using a stress-controlled 
sinusoidal load to reach a pre-determined density. The beams 
were brought to the required dimensions of 15 × 2 × 2.5 in. 
for fatigue testing by sawing ¼ in. from each side. Air voids 
were measured using the saturated surface-dry procedure 
(AASHTO T166, Method A). Any specimen with air voids 
deviating by more than 1 percent from the target value of  
7 percent was rejected. The details of beam preparation and 
verification of air void uniformity within the specimen are 
presented elsewhere (23). Fatigue tests were performed using 
the beam fatigue test apparatus shown in Figure 3.

Sinusoidal versus 
Haversine Waveforms

Before testing, a pilot study (24) was performed using the 
PG 64-22 mixture to compare haversine and sinusoidal wave-
forms (see Figure 4), especially when incorporating rest periods 
between load cycles that cause healing of the HMA. Deflection-
controlled haversine and sinusoidal flexure beam fatigue test 
protocols are defined in ASTM D7460 and AASHTO T321, 
respectively.

Figure 5 illustrates what happens (hypothetically) to an 
HMA beam during the sinusoidal deflection-controlled test 
and the haversine deflection-controlled test. In the sinusoidal 
test (Figure 5[a]), the deflection input is sinusoidal, which 
bends the beam in both directions. The neutral position of 
the beam does not change during the test and remains in the  
original position halfway between the two extreme posi-
tions. In the haversine test (Figure 5[b]), the deflection input 
is haversine, which bends the beam with the same peak-to-
peak magnitude as the sinusoidal test but in one direction 
only. Because of the viscous response of the material, creep 

(permanent deformation) occurs in the beam and the neu-
tral position of the beam shifts downward after a few loading 
cycles. The neutral position is located halfway between the 
extreme positions and the haversine deflection transitions to 
a sinusoidal deflection performed on a bent beam.

Figure 6 illustrates the deflection input and the stress and 
strain outputs that occur in the HMA beam during the test. 
Since the neutral position of the beam does not change in the 
sinusoidal test, the developed strain and stress are sinusoidal, 
causing alternating tension and compression in the beam as 
shown in Figure 6 (a). In the haversine test, the deflection 
input remains haversine throughout the test. The developed 
strain and stress pulses start as haversine waveforms caus-
ing strain and stress in one direction (compression at the top  
of the beam and tension at the bottom without reversal). 
Because of the shifted position of the beam, however, the 
developed strain and stress pulses immediately change to 
sinusoidal causing alternating tension and compression with 
one-half of the magnitude of the stress applied at the begin-
ning of the test as shown in Figure 6 (b). At the end of the 
test, when the load is removed, the beam remains in the bent 
position showing permanent deformation. The permanent 
deformation at the center of the beam at the end of the test is 
equal to one-half of the peak-to-peak deflection during the 
test. For example, if a 400 peak-to-peak microstrain is main-
tained during the test, a peak-to-peak deflection of 0.009 in. is  
produced and 0.0045 in. of permanent deformation would 
result at the end of the test. Although this permanent defor-
mation is not seen with the naked eye, it produces erroneous 
fatigue and endurance limit results since the calculations do 
not match the test conditions. This pilot study observation 
confirmed the conclusions of Pronk (25, 26).

Therefore, it was concluded that the deflection-controlled 
sinusoidal test (AASHTO T321) is more consistent than the 
deflection-controlled haversine test (ASTM D7460) since it 
produces the intended stress and strain waveform. This is par-
ticularly important for studies dealing with healing and the 
endurance limit of HMA, in order to obtain a fair comparison 

C H A P T E R  2

Developing of Endurance Limit Model  
Based on Beam Fatigue Tests
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rest periods with a frequency of 10 Hz according to AASHTO 
T321, while others used a 0.1s sinusoidal loading followed by 
a rest period. Figure 7 shows the waveform used in the study, 
which required a software modification in the operating sys-
tem of the loading machine.

Tests without rest periods were performed up to failure, 
which occurs when the SR reaches 0.5. Since the tests with 
rest periods take considerably longer than tests without rest 
periods, it was decided to run all tests with rest period up 
to 20,000 cycles only. Extrapolation was then used to predict 
the SR for the test with rest period at Nf w/o RP. Figure 8 shows 
the extrapolation used to determine the SR for tests with rest 
period at Nf w/o RP.

The accuracy of the extrapolation was verified by run-
ning several tests with a rest period until 200,000 cycles. Data 
points from the first 20,000 cycles were used to extrapolate 
up to 200,000 and were compared with actual data. It was 
found that an exponential function was able to extrapolate 
the data accurately and this process almost exactly predicted 
the measured data obtained at 200,000 cycles.

Experimental Design

The following factors and levels were used during testing 
for the beam fatigue endurance limit study.

of tests with and without rest periods and an accurate assess-
ment of the fatigue and healing results. It was also concluded 
that in the beam fatigue test on HMA, the loading machine 
controls the deflection, not the strain. Because of the perma-
nent deformation that occurs in the material, the strain does 
not match the deflection. Therefore, the so-called haversine 
“strain-controlled” test on HMA is technically a haversine 
“deflection-controlled” test.

Based on the results of the pilot study, beam fatigue tests 
were conducted according to AASHTO T321 test procedure 
using sinusoidal loading. Some tests were performed without 

Figure 3. Beam fatigue test apparatus.
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Figure 4. Haversine and 
sinusoidal waveforms.
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Figure 5. Neutral and extreme positions using sinusoidal 
and haversine waveform deflection-controlled test on HMA.
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period used in the study.
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was decided to use two replicates in the rest of the study. In 
the beam fatigue study, the results from a total of 468 tests 
were analyzed to develop the SR model as discussed in the 
subsequent section.

Model Development

Several trials were made to determine the best mathemati-
cal form to relate the independent variables to SR. It was 
found that there was a need for logarithmic transformations 
for some variables. It was also concluded that the best mathe-
matical form to relate SR to rest period was the tangent hyper-
bolic (Tanh) function since it was noted during the laboratory 
tests that there was no large gain in healing from applying a 
10s rest period compared to a 5s rest period. This observation 
agrees with the literature that showed that there is a threshold 
rest period beyond which no additional healing is gained.

In an effort to develop a satisfactory relationship between 
the SR and the material and testing conditions, several regres-
sion models were attempted. Originally, a regression model 
was developed to relate the SR to all factors used in the study, 
which are binder content, air voids, binder grade, tempera-
ture, applied tensile strain, rest period, and number of loading 
cycles. Later, the model was simplified using the initial stiff-
ness of the mixture as a surrogate for the binder content, air 
voids, binder grade, and temperature, as all these parameters 
affect stiffness. This rather innovative approach relates the 
endurance limit to a basic material property, stiffness. Two 
main advantages were achieved with this modification. First, 
the model is simplified. Second, the model is more compat-
ible with the AASHTOWare Pavement ME Design software, 
where the prediction of pavement performance is mainly 
driven by the stiffness (or dynamic modulus) of HMA. How-
ever, care has to be taken when replacing volumetric prop-
erties with the material stiffness since air voids and binder 
content can counteract each other and create the same stiffness 
but different endurance limits. This problem was minimized 
in the development of the beam fatigue model in this study by 
considering the effect of a wide range of stiffness (three binder 
grades), which reduced the impact of the stiffness effect.

The model was further refined by adding more data points. 
As discussed earlier, the applied strain was pre-selected to reach 
failure for the test without rest period at a certain number of 
cycles (Nf w/o RP). This situation resulted in co-linearity between 
the strain and the number of cycles. To remove the co-linearity 
in the model, SR data were collected at three different locations 
along the SR-N relationship for tests with rest period. Two of 
these points were taken during the test, while the third point 
was taken at Nf w/o RP. Figure 9 shows the typical SR-N relation-
ships for the tests with and without rest period and the loca-
tions where data points were taken. Note that the test results 
with rest period are extrapolated to Nf w/o RP as discussed earlier.
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Figure 8. Typical extrapolation to estimate stiffness 
ratio (SR) (with rest period) at Nf w/o RP (PG 64-22, 40F, 
4.2% AC, 4.5% Va, 200 microstrain).

1. Binder grade (3 levels: PG 58-28, PG 64-22, PG 76-16)
2. Binder content (2 levels: optimum ± 0.5%)
3. Air voids (2 levels: 4.5, 9.5%)
4. Strain level (3 levels: L, M, H)
5. Temperature (3 levels: 40, 70, 100°F)
6. Rest period (4 levels: 0, 1, 5, 10s)

The criterion for selecting the strain level at each tempera-
ture was to reach a fatigue life of approximately 20,000 cycles 
at the high strain level and approximately 100,000 cycles at 
the low strain level for tests without rest period (Nf w/o RP). 
These strain levels were determined from pilot beam fatigue 
tests conducted at different strain levels at 40, 70, and 100°F.

It was clear that a complete factorial design using the 
previously mentioned factors and levels would be practi-
cally impossible considering the time and resources avail-
able. Added to the problem is the time it takes to run beam 
fatigue tests with rest periods. For example, a fatigue test with 
a 0.1s loading cycle, 5s rest period, and 20,000 load applica-
tions takes 28.3 hours, in addition to the time needed for mix 
preparation, specimen compaction and sawing, and air void 
determination. Therefore, it was decided to use a six-factor 
fractional factorial statistical design with partial randomiza-
tion that would provide accurate results and require fewer 
tests (27). This design allows for determining the effects of 
the main factors and up to three-factor interactions.

Table 3 shows the factor combinations used in the beam 
and uniaxial fatigue tests. Three replicates were tested at each 
factor combination in the first part of the study. An analy-
sis using the PG 64-22 data points was then performed to 
determine the minimum number of replicates to maintain 
the required accuracy. The statistical results concluded that 
the accuracy of the results does not change when using two 
or three replicates for each factor combination. Therefore, it 
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Beam Fatigue Test 

X        Uniaxial Fatigue Test 

4.5 9.5 4.5 9.5 4.5 9.5 4.5 9.5 4.5 9.5 4.5 9.5
Strain 
Level

Rest Period 
(seconds)

0 x x x 
1
5 x x x x 
10
0 x x x 
1 x 
5 x x x 
10 x 
0 x 
1 x
5 x
10
0 x x x 
1
5 x x x 
10 x
0 x x x
1 x
5 x x x x 
10
0
1 x 
5
10
0 x x x 
1 x x
5 x x 
10
0 x x x 
1
5 x x x
10 x
0 x 
1
5 x 
10

PG 58-28
4.2 5.2 4.2 5.2 4.2 5.2

Temperature 
(F)

Air Voids (%)

40°

PG 76-16 PG 64-22Binder Grade
Binder Content (%)

High

70°

100°

Low

Medium

High

Low

Medium

High

Low

Medium

Table 3. Factor combinations used for the beam and uniaxial fatigue tests.
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Figure 10. Predicted versus measured SR for the 
beam fatigue SR model.

A total of 946 data points was used to build the regression 
model. Two main statistical software programs were utilized 
to build the regression model: STATISTICA and Microsoft 
Excel®. STATISTICA was used to determine the best initial 
values for the coefficients. An optimization process was then 
performed using Excel® to minimize the sum of squared error 
followed by setting the sum of errors equal to zero. The JMP® 
software (27) was used in developing the model by trying dif-
ferent combinations of factors. A statistical procedure (28) 
was then used to remove the outliers in order to improve the 
accuracy of the model. Equation 3 shows the final SR model 
developed from the beam fatigue test results.

SR 2.0844 0.1386 log E 0.4846 log( )

0.2012 log N 1.4103 Tanh 0.8471 RP

0.0320 log E log( ) 0.0954 log E
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where,

 SR = stiffness ratio
 Eo = initial flexural stiffness (ksi)
	 et =  applied tensile microstrain (the tensile portion of the 

tension-compression loading cycle, or half peak-to-
peak) (10−6 in./in.)

 RP = rest period (s)
 N = number of loading cycles

The adjusted R2 value of the model was 0.891. Figure 10 
shows the predicted versus measured SR values of the model, 
which indicates an accurate prediction. The figure shows two 
clusters of data points, where the top cluster represents data 
with rest period and the bottom cluster represents data with-

out rest period. A larger number of tests were performed with 
rest period since they produce results close to the endurance 
limit, which is the main outcome of the study. The two clus-
ters of data represent a wide range of SRs producing a ratio-
nal and stable regression model.

By substituting the SR in Equation 3 with 1.0 (complete 
healing condition), the strain becomes the endurance limit 
for different values of Eo, N, and RP.

Since N is included in the model, it is important to know 
how changing the value of N affects the endurance limit. A 
sensitivity analysis study was performed, where SR was plot-
ted versus strain and rest period for different Eo values and 
three values of N (20,000, 100,000, 200,000 cycles). It was 
concluded that the number of loading cycles has little to 
no effect on the SR value, especially for rest periods higher 
than 1s and large values of N. This conclusion validates the 
assumption that complete healing occurs during the rest 
period after each load application, which makes the number 
of load applications redundant when the model is used to 
define the endurance limit strain. As a result, the endurance 
limit was calculated at a value of 200,000 cycles in the model. 
Note that aging is indirectly considered in Equation 3 since 
aging affects the stiffness of the mix.

Estimation of Endurance Limit Based 
on Beam Fatigue Testing Model

The endurance limit was estimated by plotting SR versus 
strain at rest periods of 1, 2, 5, 10, and 20s. In each case, the 
endurance limit was obtained as the strain corresponding to 
an SR value of 1.0, indicating complete healing during the 
rest period. Figure 11 provides examples of estimating the 
endurance limits at rest periods of 1 and 5s and SR = 1.0.

Figure 12 and Table 4 summarize the endurance limit val-
ues obtained from the model for several rest periods and stiff-
ness values. The model produced endurance limit values of  
22 microstrain to 223 microstrain for the variables analyzed 
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(rest period and AC moduli [Eo]). The results show that 
decreasing the stiffness makes the material more ductile and, 
therefore, the endurance limit increases. Also, increasing the 
rest period increases the endurance limit. This means that  
the endurance limit at larger strains is obtained at longer rest 
periods in order to allow for complete healing. The endurance 
limit increased from a range of 22–82 microstrain at 1s rest 
period to a range of 81–223 microstrain at a 20s rest period. 
The endurance limit values at rest periods of 10 and 20s were 
almost the same. This suggests that the threshold rest period 
to complete the healing is between 5 and 10s for a loading 
period of 0.1s.

Figure 13 shows that the number of loading cycles has 
little or no effect on the SR value for tests with a rest period, 
especially at large values of N. Since the endurance limit is 
obtained at an SR value of 1.0, the number of loading cycles 
also has little or no effect on the endurance limit. As a result, 
the endurance limit was calculated at a value of 200,000 cycles 
in the rest of the study.

Rest Period 
(seconds) 

Stiffness (ksi) Predicted EL (µ ) EL Range (µ ) 

1 

3,000 22 

22 – 82 
1,000 32 
200 56 
50 82 

2 

3,000 45 

45 – 138 
1,000 62 
200 96 
50 138 

5 

3,000 66 

66 – 187 
1,000 90 
200 134 
50 187 

10 

3,000 80 

80 – 220 
1,000 106 
200 161 
50 220 

20 

3,000 81 

81 – 223 
1,000 108 
200 164 
50 223 

Table 4. Endurance Limits (EL) predicted from the 
beam fatigue test model.

Figure 13. SR vs. strain at different values of rest period, stiffness, and number of 
load repetitions.
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The materials used in the uniaxial fatigue test were the same 
as those of the beam fatigue test, except that only one asphalt 
binder (PG 64-22) was used instead of three. The same factors 
and levels as in the beam fatigue experiment were used. The 
similarity of materials and factors between the uniaxial and the 
beam fatigue tests allows for direct comparisons of the results of 
the two test methods. Gyratory specimens were prepared with 
a 6-in. diameter and a 6.7-in. height using the Superpave gyra-
tory compactor. Four-in. diameter specimens were cored from 
the gyratory compacted specimens and cut to a 6-in. height for 
complex modulus testing or cored to a 3-in. diameter and cut 
to a 6-in. height for the uniaxial test. Air voids were measured 
using the saturated surface-dry procedure (AASHTO T166, 
Method A). Any specimen with air voids deviating by greater 
than 1 percent from the target value of 7 percent was rejected.

Continuum Damage Approach

The Continuum Damage Mechanics (CDM) analysis 
approach was developed at North Carolina State University 
and Texas A&M University. This approach utilizes the visco-
elastic correspondence principle and Work Potential Theory 
(WPT) described by Schapery (29) to remove viscous effects 
in monitoring changes in pseudo stiffness in repeated uniaxial 
tensile tests. Physical variables are replaced by pseudo variables 
based on the extended elastic-viscoelastic correspondence 
principle to transform a viscoelastic (linear or nonlinear) 
problem to an elastic case.

One of the viscoelastic properties required to apply the 
CDM approach is the relaxation modulus. The relaxation 
modulus is defined as the stress response of a viscoelastic mate-
rial due to a unit step of strain input. The relaxation modulus 
can be calculated as the time-dependent stress divided by the 
initial applied strain as shown by Equation 4:

(4)E t
t

o

( ) ( )
= σ

ε

where E(t) is the relaxation modulus at time t, s(t) is the 
stress at time t, and eo is the initial applied strain.

The calculation of the pseudo stiffness (PS) requires the 
calculation of pseudo strain (eR). The pseudo strain can be 
calculated rigorously using Equation 5, where e is the mea-
sured strain, E(t) is the linear viscoelastic relaxation modulus 
and ER is the reference modulus (typically taken as 1) used for 
dimensional compatibility (29).

1
(5)

0E
E t

d

d
dR

R

t

∫ ( )ε = − τ ε
τ

τ

Kim et al. (30) proposed a simplified approach for the 
steady-state assumption to calculate the pseudo strain as 
shown in Equation 6. This equation is based on the assump-
tion that fatigue damage accumulates only under the tensile 
loading condition, represented by the pseudo strain tension 
amplitude, eR

0,ta. In such conditions, the pseudo strain can be 
rigorously computed as the product of strain and dynamic 
modulus, |E*|LVE (at temperature and frequency matching 
with the test under investigation).

1 1

2
* (6)0, 0,

E
Eta

R
i

R
pp i LVE( )( )( )ε = ⋅ β + ε ⋅

where b is a factor used to quantify the duration that a given 
stress cycle is tensile (1 means always tensile, 0 means fully 
reversed loading and -1 means always compressive), and e0,pp 
stands for peak-to-peak strain amplitude.

Underwood et al. (31) suggested a simplified approach to 
calculate the pseudo strain. For the first loading path where 
damage growth may be significant, the rigorous calculation 
(31) is used; for the remaining cycles, the simplified calcula-
tion is used.

Once the pseudo strain is calculated, the PS is also calcu-
lated through Equation 7 using the pseudo strain as defined 
in Equations 5 and 6.

C H A P T E R  3

Developing of Endurance Limit Model  
Based on Uniaxial Fatigue Tests
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where the DMR is the dynamic modulus ratio to account 
for specimen-to-specimen variability (32) and is defined as 
shown in Equation 8. In this equation |E*|LVE is the linear  
viscoelastic dynamic modulus of the material at the par-
ticular temperature and frequency of the test and it can be 
determined from the |E*| master curve. |E*|fp is the finger-
print dynamic modulus that is measured from a fingerprint 
experiment performed before the uniaxial fatigue test.

*

*
(8)DMR

E

E
fp

LVE

=

For the purpose of developing the Pseudo Stiffness Ratio 
(PSR) model using the continuum damage approach and 
predicting the endurance limit, two tests were performed: the 
complex modulus test and the uniaxial tension-compression 
fatigue test.

Complex Modulus Testing

The main objective of the complex modulus test was to 
construct the dynamic modulus master and phase angle mas-
ter curves to estimate the relaxation moduli required in the 
analysis of the viscoelastic and continuum damage model. 
Four asphalt mixtures were tested in this part of the study 
representing combinations of two levels of asphalt content 
and two levels of air voids (4.2%AC-4.5%AV, 4.2%AC-
9.5%AV, 5.2%AC-4.5%AV, and 5.2%AC-9.5%AV).

Complex modulus (E*) tests were performed accord-
ing to AASHTO TP 62-07 using a servohydraulic testing 
machine. Two replicates were tested for each factor combi-
nation. E* tests were conducted on each specimen at a full 
sweep of loading frequencies (25, 10, 5, 1, 0.5 and 0.1 Hz) 
and temperatures (-10, 4.4, 21.1, 37.8 and 54.4°C). Using 
the E* test results, i.e., the dynamic modulus, |E*|, and the 
phase angle, f, master curves were constructed for the four 
mixtures using the time-temperature superposition prin-
ciples (Figure 14). It can be observed from Figure 14 that 
the |E*| values were more significantly affected by varying 
the air voids from 4.5 to 9.5% than by varying the asphalt 
content from 4.2 to 5.2%.

Uniaxial Fatigue Testing

In order to determine the strain values to be used in the 
uniaxial fatigue test, a pilot experiment was performed to 
establish the log Nf-log et relationships for the four mix-
tures at three selected temperatures (40, 70, 100°F). These 
fatigue relationships were then used to determine the three 
tensile strain values used in the uniaxial fatigue experi-
ments. The criterion for selecting the three tensile strain 
values at each temperature was to reach a fatigue life of 
5,000, 20,000, and 100,000 cycles at the high, medium, and 
low tensile strain values, respectively. To establish a single 
fatigue relationship, four uniaxial tension-compression 
fatigue tests were conducted at different strain levels, which 
required 12 tests for one mixture at three temperatures (40, 
70, and 100°F) or 48 tests for the four asphalt concrete mix-
tures. These fatigue relationships were then used to deter-
mine the tensile strain values for each mixture at the three 
temperatures.

Figure 14. (a) Dynamic modulus master curves and (b) phase angle master curves.
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Figure 15. (a) Uniaxial fatigue test setup and  
(b) Gluing jig.

(b)(a)

Waveform Selection

Similar to the beam fatigue test, the uniaxial fatigue test 
can be performed using a haversine (pull-pull) or a sinusoi-
dal (pull-push) waveform. The rationale used in the beam 
fatigue test was also used in the uniaxial fatigue test, in which 
it was concluded that a haversine waveform cannot be main-
tained during the test on a viscoelastic material such as HMA. 
If a haversine tensile waveform is used, the gauge length of 
the specimen will change in such a way that the haversine 
waveform will change to sinusoidal after a few loading cycles. 
This would result in misleading results because of the incon-
sistency between the assumed condition (tension only with a 
peak-to-peak value) and the actual test conditions (tension 
and compression with a half peak-to-peak value). Therefore, 
a sinusoidal (pull-push or tension-compression) waveform 
was used in the uniaxial fatigue test.

Experimental Design

The uniaxial fatigue tests were conducted using the test 
protocol developed in Appendix 2 of this report. Figure 15(a)  
shows the system setup used to conduct the uniaxial fatigue 
test. The vertical deformation is measured with three spring-
loaded on-specimen linear variable differential transformers 
(LVDTs) spaced 120 degrees apart. The LVDTs are attached to  
the specimen using parallel brass studs to secure the LVDTs 
in place. Three pairs of studs are glued on the surface of the 
specimen with gauge lengths of 4 in. Because of the difference 
between the actuator displacement and specimen displace-
ment, on-specimen LVDTs had to be used considering the 
small displacement measurements used in this test.

After many trials and several gluing procedures, it was 
found that the uniaxial test is much more cumbersome and 

time consuming than the beam fatigue test. Several issues 
had to be addressed in order to perform successful tests. For 
example, the specimen has to be glued to the platens in order 
to subject the specimen to tension. The proper glue has to be 
selected in order to ensure that failure occurs in the specimen, 
and not at the interface between the specimen and the platen. 
Another important issue is specimen alignment. If there is any 
small eccentricity in the specimen, the specimen may break 
after a few loading cycles or may break too close to one of the 
platens and outside the gauge length. A special gluing jig was 
manufactured in order to carefully center the specimen when 
it is glued into the end platens as shown in Figure 15(b).

The uniaxial fatigue tests were conducted by controlling 
the on-specimen strain using a sinusoidal strain waveform 
(tension-compression). Similar to the beam fatigue experi-
ment, some tests were performed without rest periods with a 
frequency of 10 Hz, while others used a 0.1s sinusoidal load-
ing followed by a rest period. Fatigue failure was defined at 
50% reduction of the initial stiffness.

As a part of the uniaxial test protocol, two special uniaxial 
fatigue software programs were developed by the IPC Com-
pany to conduct uniaxial fatigue tests without and with rest 
periods. The uniaxial fatigue test without rest period was 
conducted until fatigue failure occurred as discussed subse-
quently. However, all the tests with rest period were stopped 
at 20,000 cycles due to time limitations of the overall study.

In order to reduce the number of tests and at the same time 
determine important effects of all variables, a five-factor frac-
tional factorial statistical design was used considering the effect 
of all five factors, two-factor interactions, and three-factor inter-
actions (27, 28). Similar to the beam fatigue test, two or three 
replicates were tested for each factor combination. An analysis 
of the results from 132 tests was used to develop the model.

Model Development

Similar to the beam fatigue test, several initial regression 
models were tried. Originally, a regression model was devel-
oped to relate the PSR to all factors used in the study, which are 
binder content, air voids, temperature, applied tensile strain, 
rest period, and number of loading cycles. Later, the model 
was simplified by replacing the binder content, air voids, and 
temperature with the initial stiffness of the mixture.

The inclusion of the rest period decreases the stiffness 
deterioration through partial or full healing of fatigue dam-
age. That is, the stiffness tends to deteriorate at a slower rate 
compared to the test without rest period. In this study, the 
PS values at different loading cycles were determined using 
the improved calculation methods developed by Underwood  
et al. (31). Because the PS varies between replicates, the PSR 
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was used, which is the PS value at any cycle (PSn) normalized 
to the initial stiffness (PSo). Figure 16 shows the relationship 
of PSR versus time for two tests conducted using 0 and 5s rest 
periods and a 310 peak-to-peak microstrain at 70°F.

In this part of the study, the PSR parameter was used  
to define the effect of rest period. For the test with rest period, 
decreasing the strain level or increasing the rest period would 
decrease the net fatigue damage and increase the PSR over 
time. If the test was conducted at specific tensile strain and 
rest period so that the fatigue damage created during loading 
is equal to the healing occurring during the rest period, the 
tensile strain is the endurance limit. This means that the PSR is 
equal to 1.0 at all loading cycles as demonstrated in Figure 17.

To determine the tensile strain value that represents the 
endurance limit when the net damage is zero (PSR = 1.0), the 
tensile strain versus the PSR at different temperatures and at 
a certain number of loading cycles is required. The endur-
ance limit is calculated as the tensile strain value when this 
relationship intersects with PSR of 1.0 as shown in Figure 18.

The test results from all uniaxial fatigue experiments were 
combined together to develop the PSR model for the PG 
64-22 mixture. For each test with rest period, four PSR val-
ues were measured at different N values on the PSR-N curve 
(Figure 16) to represent the nonlinear change of PSR over 
time. Only the PSR values at Nf were considered for the tests 
without rest period. A total number of 161 test results and 
385 data points were used in the model development. The  
PSR model included the main five factors plus one addi-
tional factor, which is the value of N where the PSR was 
measured. A nonlinear optimization analysis was used  
considering one- and two-factor interactions in the statisti-
cal model. A powerful nonlinear optimization technique that 
uses innovative genetic algorithm (GA) technology was uti-

lized to provide an accurate optimization solution. Evolver®, 
a GA technology-based software that is well-suited to find 
the best overall answer by exploring the entire universe of 
possible answers, was used in this part of the study to develop 
the PSR model (33).

The optimization technique requires the main form of the 
regression model as an input. To construct a rational model, the 
relationship between the PSR and each factor was investigated 
by following an iteration process. It was found that there is a 
need for a logarithmic transformation for strain and number 
of loading cycles, while the second degree polynomial func-
tion was proper for temperature. For the rest period, a special 
function was used to fit its relationship with the PSR. The lab-
oratory tests showed that increasing the rest period increases 
the PSR, indicating more healing. The rate of increase of PSR 
decreases as the rest period increases up to a certain threshold 
value above which there is no more PSR increase as shown in 
Figure 19. Using the tangent hyperbolic (Tanh) function to fit 
the PSR and rest period relationship, the threshold rest period 
can be found. The shape and form of the tangent hyperbolic 
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Figure 17. Effect of strain and rest period of the PSR 
as a function of the loading cycles.
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function to fit the PSR and rest period relationship are pre-
sented in Figure 19.

In order to obtain a non-biased regression model, the sum 
of errors was set to zero. The model was further improved by 
removing the outlier data points using the method suggested 
by Montgomery (28). The analysis was then repeated based 
on the remaining 383 data points and the regression model 
shown in Equation 9 was obtained.

PSR 0.459539 0.090917 log E – 0.104389 log

0.417028 Tanh 0.875884 RP 0.238893 log N

0.120018 log E log 0.041502 log E log N

0.077377 log log N (9)

o t

o t

t

o

� �

� � �

� � � �

� �

( )

= − ε

+ +

+ ε −

− ε

where,

 PSR = pseudo stiffness ratio
 Eo = initial flexural stiffness (ksi)
	 et =  applied tensile microstrain (the tensile portion of 

the tension-compression loading cycle, or half peak-
to-peak) (10-6 in./in.)

 RP = rest period (seconds)
 N = number of loading cycles

The adjusted R2 value of the model was 0.951. Figure 20 
presents the measured versus predicted PSR, which indicates 
accurate prediction. Similar to Figure 9, the two clusters of 
data points represent tests with and without rest periods.

For all the cases presented, it is clear that the PSR increases 
as the rest period increases up to a certain threshold value, 
after which the PSR is constant. The threshold rest period val-
ues for all the cases were around 3s for a loading time of 0.1s.

To investigate the effect of N on the PSR and consequently 
on the endurance limit, the PSR versus the tensile strain 
relationships were investigated at different RP, N values of 
25,000, 50,000, 100,000, and 200,000 loading cycles, and 

temperatures of 40, 70, and 100°F for the four asphalt mix-
tures. Unlike the results of the beam fatigue study, the results 
showed that PSR-tensile strain relationships are not parallel 
at different N values.

Estimation of Endurance Limit  
Based on Uniaxial Fatigue  
Testing Model

The PSR model was used to predict the PSR values (when 
PSR is 1.0) at different tensile strain values for each mixture 
type at different temperatures. The endurance limit was esti-
mated by plotting PSR versus strain at rest periods of 1, 2, 5, 
10, and 20s. In each case, the endurance limit was obtained 
as the strain corresponding to a PSR value of 1.0, indicating 
complete healing during the rest period. Figure 21 demon-
strates examples of stiffness ratio versus strain for rest periods 
of 1 and 5s.

Figure 22 and Table 5 demonstrate the endurance limit val-
ues for different stiffness and rest period values at N = 20,000 
cycles. It can be observed that the mixtures with higher stiff-
ness showed lower endurance limit as expected. In addition, 
the endurance limit values were stable after 5s of rest period. 
The threshold rest period occurred at about 3s. The number 
of loading cycles, N, has a slight effect on the endurance limit 
values, where higher N showed slightly higher endurance 
limit values.

Figure 23 shows the relation between the PSR and the ten-
sile strain at different numbers of loading cycle. The figure 
shows that the number of loading cycles has little effect on 
the PSR value. The endurance limit was calculated at 20,000 
cycles for the uniaxial model.

Figure 19. Effect of rest period on PSR.
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Rest Period 
(seconds) 

Stiffness (ksi) Predicted EL (µ ) EL Range (µ ) 

1 

2,000 1 

1-25 
1,000 1 
200 10 
50 25 

2 

2,000 1 

1-65 
1,000 9 
200 42 
50 65 

5 

2,000 3 

3-82 
1,000 18 
200 59 
50 82 

10 

2,000 3 

3-82 
1,000 18 
200 59 
50 82 

20 

2,000 3 

3-82 
1,000 18 
200 59 
50 82 

Table 5. Endurance Limits (EL) predicted from the 
uniaxial fatigue test model.

Figure 21. PSR versus tensile strain at different 
initial stiffness values for 1-second and 5-second 
rest periods.
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Figure 23. Effect of N on PSR at different initial stiffness and RP values.
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Comparison of Endurance Limits of 
Beam and Uniaxial Fatigue Tests

The beam fatigue model was developed using three bind-
ers (PG 58-28, PG 64-22, PG 76-16), while the uniaxial test 
model was developed using one binder only (PG 64-22). 
Since the beam and uniaxial fatigue tests produce different 
types of stresses, they produce different endurance limit val-
ues as shown in Tables 4 and 5.

In order to have a fair comparison between the endur-
ance limits of beam and uniaxial fatigue tests, only the beam 
fatigue data of the PG 64-22 mixture were used to develop 
a new beam fatigue model to predict the SR in the form of 
Equation 2. The model was then used to estimate the endur-
ance limit values at different temperatures when the SR-et 
relationships reach an SR value of 1.0. The results of the beam 
fatigue model were compared with the results of the uniaxial 
fatigue model in the same form (Equation 2). The results showed 
that the endurance limit values of the two tests exhibit simi-
lar trends. The endurance limits obtained from the uniaxial 
fatigue model are about 10% less than those obtained from 
the beam fatigue model when the same binder was used. This 
comparison showed that, regardless of the fatigue test type, 
the asphalt mixtures are prone to heal in a similar fashion if 
allowed to rest.

Figure 24 includes a direct comparison of the endurance 
limit values obtained from the beam fatigue model and the 
uniaxial fatigue model using the same binder. These values 
were estimated for all mixtures at a 5s rest period, 20,000 
loading cycles, and three temperatures (40, 70, and 100°F). 
It is clear that there is a good correlation between the endur-
ance limit values from both models when the same binder 
is used.

It must be recognized that simplifying the models by replac-
ing the binder grade, binder content, air voids, and tempera-
ture with the stiffness of the material may produce a certain 
level of inaccuracy. For example, mixtures with high binder 
content and low air voids showed similar stiffness to those that 

have low binder content and high air voids, even though their 
endurance limits are different. This stiffness effect became 
more apparent in the uniaxial PSR model since it covered a 
narrow range of stiffness (one binder grade only), while the 
beam fatigue model covered a wide range of stiffness (three 
binder grades), which reduced the impact of the stiffness 
effect. This observation may explain the difference between 
the endurance limits obtained from the two stiffness-based 
models as shown in Figures 12 and 22 (Tables 4 and 5).

As indicated earlier, the uniaxial test is more time con-
suming than the beam fatigue test and requires an enormous 
attention to details. Uniaxial specimens have to be carefully 
glued to the loading platens and properly aligned in the load-
ing machine in order to avoid improper or premature failure. 
In addition, the beam fatigue test is more established with 
a larger database available in the literature than the uniax-
ial test. Finally, it is most important to understand that all 
pavement fatigue cracking subsystems in mechanistic design 
procedures for asphalt concrete are based upon tensile strain 
generated in the pavement by a repetitive flexing of the layer. 
As a consequence, it is suggested that the future endurance 
limit studies utilize beam fatigue tests.

Incorporating the Endurance Limit  
in Fatigue Relationships

The fatigue relationships shown in the literature are typi-
cally parallel straight lines for different Eo values on a log-log 
graph as shown in Figure 25. These lines show that when the 
applied strain decreases, the number of load applications to 
failure (Nf) increases following a log-log relationship, with-
out consideration of an endurance limit. The endurance limit 
obtained from the beam fatigue model developed in this 
study (Equation 3) can be easily and directly incorporated in 
the fatigue relationships for a specific rest period as demon-
strated in Figure 25. This means that if the applied strain is 
above the endurance limit, damage will accumulate and the 
asphalt layer will last up to a certain value of Nf. However, if 

C H A P T E R  4

Recommended Fatigue Test  
and Endurance Limit Implementation
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expected load spacing (rest period) of the design truck den-
sity in the total traffic stream.

Figure 25 also shows that when the material stiffness 
increases, Nf decreases if the strain is above the endurance 
limit. It also shows that when the material stiffness increases, 
the endurance limit decreases. The figure demonstrates the 
endurance limit concept for a specific rest period that cor-
responds to a specific AADTT in the field. If the rest period 
increases, complete healing will occur at larger strains and the 
endurance limit values will increase.

Incorporating the Endurance Limit  
in the Pavement ME Design

The current AASHTOWare Pavement ME Design does 
provide the effect of an endurance limit to be incorporated 
into the analysis. The designer is required to input a single 
value of endurance limit. As shown earlier, the endurance 
limit values vary depending on the material stiffness and 
the rest period between loading cycles. The incorporation 
of the beam fatigue endurance limit, developed from this 
project, into the ME Design will require additional software 
code to calculate the endurance limit value for the rest period 
associated with the typical design truck traffic spectra on the 
facility within the models developed in this project. However, 
this task of revising the software should be a relatively simple 
endeavor to accomplish.

At the same time, the critical strain value of the HMA layer 
(or sublayer) can be calculated using the Jacob Uzan Layered 
Elastic Analysis (JULEA) multilayer elastic computer pro-
gram already incorporated in the ME Design software. If the 
critical strain calculated from the JULEA program is less than 
the fatigue endurance limit, the average axle is not counted 
in the analysis for this period, which means that there is no 
fatigue damage during this time period. However, if the 
critical strain is greater than the fatigue endurance limit, the 
average axle is counted as causing cumulative fatigue damage 
during this period.

the strain is below the endurance limit value and is applied at 
a certain rate (for a specific rest period), complete healing will 
occur and damage will not accumulate. This concept has a 
significant implication on extending pavement life, where the 
layer thicknesses and material properties can be controlled 
so that the strain does not exceed the endurance limit for the 
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The concept of a perpetual pavement requires the knowl-
edge of the HMA endurance limit. The main purpose of this 
study was to validate the endurance limit for HMA using 
laboratory beam and uniaxial fatigue tests with rest periods 
between loading cycles and develop the mathematical algo-
rithm to insert this endurance limit into a predictive fatigue 
damage methodology. A comprehensive study was performed 
to estimate the endurance limit of a wide range of conven-
tional HMA due to healing that occurs during the rest periods. 
Extensive laboratory displacement-controlled beam and uni-
axial tension-compression fatigue tests were performed. Hot 
mix asphalt was used with three binder grades, two binder 
contents, two levels of air voids, three test temperatures, four 
values of rest periods between loading cycles, and three levels 
of applied strain. A fractional factorial statistical design was 
used in order to minimize the number of tests and still obtain 
the necessary results.

The study used the principle that the endurance limit 
occurs due to healing of the asphalt mix that happens during 
the rest period between loading cycles or stress pulses due to 
moving traffic. Two models were developed from the beam 
and uniaxial fatigue tests that can predict the SR or the PSR 
at various test conditions which can be related to the healing 
gained during the rest period. The strain that allows for com-
plete healing was obtained to estimate the endurance limit 
below which a very large number of load repetitions (tech-
nically an infinite number) can be applied to the pavement 
without accumulation of fatigue damage. After developing 
the models, a concept of integrating the endurance limit in 
the traditional strain-Nf fatigue relationships was discussed 
as a step toward incorporating the endurance limit in the 
AASHTOWare Pavement ME Design.

The following are the key findings of this study.

 1. HMA exhibits an endurance limit that varies with mix-
ture properties, temperature, and pavement design condi-
tions. There is no single value of the endurance limit for all  

conditions. The endurance limit varies depending on 
binder grade, binder content, air voids, temperature, and 
the rest period between load applications.

 2. Mixtures using softer binders exhibit higher endurance 
limits than mixtures using stiffer binders.

 3. High binder contents and low air voids produced high 
endurance limit values compared to low binder contents 
and high air voids, which showed low endurance limits.

 4. Endurance limit values were higher at high temperatures, 
which correspond to soft mixtures compared to low tem-
peratures that correspond to stiff mixtures.

 5. HMA stiffness (modulus) was found to be an excellent 
surrogate property that takes into account all of the pri-
mary mix variables: binder grade, binder content, air 
voids, and temperature. This concept, however, needs to 
be used carefully since air voids and binder content can 
counteract each other and create the same stiffness but 
may have different endurance limits. However, it should 
also be recalled that the classical AC fatigue model used 
in the AASHTO ME Design also additionally adjusts 
fatigue life through the mix air void and effective bitu-
men contents.

 6. For a loading period of 0.1s the rest period that ensures 
complete healing ranges from 5 to 10s for the beam fatigue 
results. The uniaxial fatigue results showed a threshold 
value of 3s.

 7. The models developed in this project can accurately estimate 
the endurance limit without testing beyond 20,000 cycles  
if the rest period is adequately long (3 to 10s). The number 
of loading cycles has little effect on the endurance limit for 
tests with long rest periods since damage will be healed by 
the end of each loading cycle.

 8. The endurance limit values from the beam fatigue test 
yielded differing strain magnitudes compared to those of 
the uniaxial fatigue test. The predicted endurance limit 
values based on the beam fatigue model with three bind-
ers ranged from 22 microstrain to 223 microstrain. The 
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endurance limit values based on the uniaxial fatigue 
model with one binder ranged from 1 microstrain to 
82 microstrain. It would be desirable to determine if 
expanding the uniaxial endurance limit study to the same 
three binders would result in a more favorable compari-
son of the endurance limit values of the two tests.

 9. The beam fatigue model (Equation 3) is proposed for 
future endurance limit studies. The beam fatigue test is 
more established with a larger database available in the 
literature than the uniaxial test. The model obtained 
from the uniaxial test study (Equation 9) was based on 
limited data. Moreover, the uniaxial test is more time 
consuming than the beam fatigue test and requires an 
enormous attention to detail.

10. The endurance limit model obtained in this study from 
the flexural beam fatigue approach can be incorporated 
in Pavement ME Design. This would support the future 
design of perpetual pavements that could accommo-
date a large number of truck loads without accumulated 
fatigue damage. Such designs would require close con-
trol of layer thicknesses and material properties so that 
the strain does not exceed the endurance limit for the 
expected load spacing (rest period).

Suggested Future Research

This research developed an integrated model to predict heal-
ing and endurance limits for conventional HMA mixtures.  
To gain a better understanding of the endurance limit for 
the full range of asphalt mixtures, suggested future research 
includes:

•	 Field verification of the model for a wide variety of pave-
ment cross sections and different combinations of HMA 
stiffness, rest period, and number of load applications. Ver-
ification can best be achieved by using existing databases, 
such as the LTPP, or using accelerated loading facilities to 
control critical design properties.

•	 Coding of the model for its incorporation in the AASHTO-
Ware Pavement ME Design software.

•	 Investigation of the healing-based endurance limit method 
for other types of mixes such as recycled asphalt pavement, 
recycled asphalt shingles, warm mix asphalt, asphalt rub-
ber, and mixtures prepared with polymer modified or 
highly chemically modified asphalt binders.

•	 Investigation of the contribution of the different compo-
nents of the mix such as binder, mastic, and aggregate to 
the endurance limit.
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Appendixes 1 through 3 as submitted by the research agency are not provided herein but are 
available on the TRB website (http://trb.org) and can be found by searching for NCHRP Report 762. 
The appendix titles are as follows:

Appendix 1:  Integrated Predictive Model for Healing and Fatigue Endurance Limit for 
Asphalt Concrete

Appendix 2:  Endurance Limit for HMA Based on Healing Phenomena Using Viscoelastic 
Continuum Damage Analysis

Appendix 3:  Project Lab Test Results Inserted into the Mechanistic Empirical Distress 
Prediction Models (M-E_DPM) Database

A P P E N D I X E S  1 ,  2 ,  A N D  3

Unpublished Material
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Abbreviations and acronyms used without definitions in TRB publications:

A4A Airlines for America
AAAE American Association of Airport Executives
AASHO American Association of State Highway Officials
AASHTO American Association of State Highway and Transportation Officials
ACI–NA Airports Council International–North America
ACRP Airport Cooperative Research Program
ADA Americans with Disabilities Act
APTA American Public Transportation Association
ASCE American Society of Civil Engineers
ASME American Society of Mechanical Engineers
ASTM American Society for Testing and Materials
ATA American Trucking Associations
CTAA Community Transportation Association of America
CTBSSP Commercial Truck and Bus Safety Synthesis Program
DHS Department of Homeland Security
DOE Department of Energy
EPA Environmental Protection Agency
FAA Federal Aviation Administration
FHWA Federal Highway Administration
FMCSA Federal Motor Carrier Safety Administration
FRA Federal Railroad Administration
FTA Federal Transit Administration
HMCRP Hazardous Materials Cooperative Research Program
IEEE Institute of Electrical and Electronics Engineers
ISTEA Intermodal Surface Transportation Efficiency Act of 1991
ITE Institute of Transportation Engineers
MAP-21 Moving Ahead for Progress in the 21st Century Act (2012)
NASA National Aeronautics and Space Administration
NASAO National Association of State Aviation Officials
NCFRP National Cooperative Freight Research Program
NCHRP National Cooperative Highway Research Program
NHTSA National Highway Traffic Safety Administration
NTSB National Transportation Safety Board
PHMSA Pipeline and Hazardous Materials Safety Administration
RITA Research and Innovative Technology Administration
SAE Society of Automotive Engineers
SAFETEA-LU Safe, Accountable, Flexible, Efficient Transportation Equity Act: 
 A Legacy for Users (2005)
TCRP Transit Cooperative Research Program
TEA-21 Transportation Equity Act for the 21st Century (1998)
TRB Transportation Research Board
TSA Transportation Security Administration
U.S.DOT United States Department of Transportation
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