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ABSTRACT 1 
 2 
Fatigue cracking constitutes a main type of distress for flexible pavement, and therefore 3 
developing adequate fatigue models is one of the key challenges in the mechanistic-empirical 4 
design method. One of the most popular test procedures used to determine susceptibility to 5 
fatigue cracking in the laboratory is the beam flexural test. The results are usually interpreted in 6 
terms of a relationship between applied stress or strain and number of cycles to failure. Although 7 
this phenomenological approach provides some guidance necessary to understand fatigue 8 
performance of asphalt concrete pavements, it is essentially an empirical approach that requires 9 
continuous calibration since the relationship between the parameters is not unique and depends 10 
on material properties and loading mode, among others. The dissipated energy approach is based 11 
on the determination of the plateau value (PV), a fundamental property which has a unique 12 
relationship with the fatigue life of asphalt mixtures. The main objective of this research was to 13 
evaluate the dissipated energy approach as an alternative to assess the fatigue life of asphalt 14 
mixtures in Costa Rica. This study used historical data from the beam flexural fatigue test to 15 
validate the relationship between the plateau value and the number of cycles to failure and 16 
evaluated several models for the prediction of PV. The results showed that the dissipated energy 17 
approach is a more accurate alternative for fatigue analysis and the models developed can 18 
eventually be applied to pavement design without the need for extensive testing.  19 
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INTRODUCTION 1 
 2 
Fatigue cracking is one of the main distress types for flexible pavements. Cracks generally 3 
initiate at the bottom of the asphalt layer due to the large tensile strains produced by repetitive 4 
traffic loads and propagate upwards as the loadings continue, eventually appearing on the surface. 5 
However, load-related fatigue cracking can also initiate at or near the surface of the pavement 6 
and propagate from the top down (1).  7 
 Fatigue cracking resistance of asphalt mixtures depends on material properties as well as 8 
pavement structural factors. In the laboratory, fatigue evaluation is focused on factors related to 9 
the material properties of the hot mix asphalt (HMA) mixtures. One of the most popular test 10 
procedures used to determine susceptibility to fatigue cracking is the beam flexural test. This test 11 
was designed to simulate the bending that a HMA layer experiences in a pavement structure. The 12 
results are usually interpreted in terms of a relationship between applied stress or strain and 13 
number of cycles to failure (2, 3). There are several models used to predict the fatigue life of 14 
asphalt mixtures, the simplest one being the model proposed by Pell (4). For a controlled-strain 15 
test, the relationship is described by Equation 1: 16 
  17 

 ௙ܰ ൌ ݇ଵ ൬
1
ߝ
൰
௞మ

 (1)

where 18 
Nf = number of cycles to failure 19 
 = tensile strain, mm/mm 20 
k1, k2 = mix-dependent regression coefficients 21 
 22 
 Although this phenomenological approach provides some guidance necessary to 23 
understand fatigue performance of HMA pavements, there are limitations that must be 24 
considered. It is essentially an empirical approach and does not provide a relationship between 25 
loading and any form of damage accumulation in the mixture (5). The results are either material 26 
dependent, or loading mode dependent, or both, so this approach cannot be applied directly to the 27 
complex loading scenarios that are actually common to in-service pavements (6). In addition, the 28 
strain fatigue life relationship is treated linearly, which has been found to be inappropriate at low 29 
strains (7). 30 
 31 
Dissipated Energy Approach 32 
 33 
Dissipated energy is a measure of the energy that is lost to the material or altered through 34 
mechanical work, heat generation, or damage to the sample (8). Ghuzlan and Carpenter (9) 35 
developed the ratio of dissipated energy change (RDEC) concept to define fatigue failure in 36 
asphalt mixtures. This approach considers only the portion of the dissipated energy that is 37 
responsible for actual damage. The RDEC is defined as the change in dissipated energy between 38 
two cycles divided by the dissipated energy of the first cycle, as shown in Equation 2. 39 
 40 

ܥܧܦܴ  ൌ
௡ାଵܧܦ െ ௡ܧܦ

௡ܧܦ
 (2)

where 41 
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RDEC = ratio of dissipated energy change 1 
DEn = dissipated energy produced in load cycle n 2 
DEn+1 = dissipated energy produced in load cycle n+1 3 
 4 
 The damage curve represented by RDEC versus the number of loading cycles can be 5 
divided into three regions (6, 7, 9), as shown in Figure 1. Region I corresponds to the initial 6 
"settling" of the sample where the RDEC decreases rapidly. In Region II, the RDEC reaches a 7 
plateau during which a constant portion of energy is being turned into damage. In Region III, the 8 
rapid increase in RDEC indicates sample instability and is the onset of true failure. 9 
 The nearly constant value of RDEC in Region II is defined as the plateau value (PV). The 10 
PV is proposed as a fundamental damage parameter that provides a unique relationship with 11 
fatigue life for different mixtures, loading modes and loading levels (6, 9). 12 
  13 

 14 
FIGURE 1  Typical dissipated energy ratio plot with three behavior zones (6). 15 

 16 
OBJECTIVE 17 
 18 
The main objective of this study was to evaluate the dissipated energy approach as an alternative 19 
to assess the fatigue life of asphalt mixtures in Costa Rica.  20 
 21 
SCOPE OF WORK 22 
 23 
To accomplish the aforementioned objective, historical data from the beam flexural test were 24 
used. Tests were conducted in accordance with AASHTO T 321 (10) under constant strain 25 
loading for strain levels ranging from 200 to 800 . A total of 617 raw data files were collected 26 
from tests performed between 2004 and 2013, which included laboratory and plant produced 27 
mixtures. Over this period, different criteria have been used to perform the test, such as curing 28 
time of the specimens or required air void content. These discrepancies have made it difficult to 29 
develop a reliable general fatigue model based on the phenomenological approach because they 30 
increase variability. The results also included mixtures not typically used in Costa Rica, such as 31 
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stone matrix asphalt (SMA), open-graded friction courses (OGFC) and polymer modified 1 
mixtures. When possible, additional information regarding mixture properties and results from 2 
other laboratory tests were also obtained, but this was not available for all samples. 3 
 To ensure the validity of the data, an extensive quality control procedure was conducted. 4 
Each individual data file was checked to verify the failure criteria of 50 percent reduction in 5 
stiffness from initial stiffness.  Additionally, the dissipated energy curve was inspected for every 6 
specimen and results containing erratic curves were discarded. 7 
 Test results were used to calculate the plateau value of each specimen. A detailed 8 
description on the procedure followed to calculate the PV can be found elsewhere (6, 9). This 9 
study is based only on results from tests performed at 20°C. 10 
 11 
RESULTS AND DISCUSSION 12 
 13 
Phenomenological Approach 14 
 15 
The traditional phenomenological analysis was used to establish a relationship between strain 16 
level and the number of cycles to failure (Nf). Although this relationship is mixture dependent, 17 
results from all samples were pooled together to obtain the general model in Equation 3. Figure 2 18 
shows the fitted curve for all mixtures. It can be observed that there is a well defined trend 19 
between both parameters; however, significant data scatter is also present. 20 
 21 

 ௙ܰ ൌ 1.91 ൈ 10ିଵଷ ൬
1
ߝ
൰
ହ.ଷସ

 (3)

 22 

 23 
FIGURE 2  Nf - strain relationship for all mixtures. 24 

 25 
 Figure 3 shows measured versus predicted values of Nf. It is evident that the model 26 
developed tends to overestimate the fatigue life at low number of cycles (generally corresponding 27 
to high strain levels), while at higher number of cycles (low strain levels) the Nf values are 28 
mostly underestimated. This is reflected by the best-fit line coefficients obtained for the 29 
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relationship between measured and predicted number of cycles to failure. When these coefficients 1 
are close to 1, it is an indication that the values are on average close to the line of equality. 2 
However, in this case the larger intercept and lower slope imply that the calculated Nf deviate 3 
from the measured fatigue lives, particularly at both ends of the range of values studied. 4 
 5 
 The plot shown in Figure 4a indicates that the studentized residuals from the regression (a 6 
scaled measure of error) are in general evenly distributed for each strain level. A few extreme 7 
values were identified, but as illustrated in Figure 4b, the majority of the studentized residuals 8 
(approximately 96% of the data) are within -3 and 3.  9 
 10 

 11 
FIGURE 3  Comparison between measured and calculated Nf results using Equation 3. 12 

 13 
 14 

(a) (b) 
FIGURE 4  Residual analysis for phenomenological model in Equation 3: a) Residuals vs. strain, 15 

b) Cumulative distribution plot of residuals 16 
 17 
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 Some researchers have suggested that a relationship more applicable to asphalt mixtures 1 
in general should include stiffness as a variable to account for the differences in mixture 2 
properties (11). This model form was also developed for the samples included in this study, 3 
resulting in Equation 4. 4 
 5 

 
௙ܰ ൌ 1.64 ൈ 10ିଵଶ ൬

1
ߝ
൰
ହ.ଷସ

൬
1
ܵ
൰
଴.ଶସ

 
(4)

where 6 
Nf = number of cycles to failure 7 
 = tensile strain, mm/mm 8 
S = initial mix stiffness, MPa 9 
 10 
 Figure 5 shows a comparison of measured and predicted Nf values using Equation 4. It 11 
can be observed that including the stiffness term in the model did not have a significant impact 12 
with respect to the trends found using Equation 3. Fatigue lives are still overestimated in some 13 
cases and underestimated in others, while the distribution of residuals (Figure 6) is essentially the 14 
same. These results suggest that the phenomenological approach may not be appropriate for 15 
developing general models, or it may require extensive calibration to reduce error. 16 
 17 

 18 
FIGURE 5. Comparison between measured and calculated Nf results using Equation 4. 19 

 20 
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(a) (b) 
FIGURE 6  Residual analysis for phenomenological model in Equation 4: a) Residuals vs. strain, 1 

b) Cumulative distribution plot of residuals 2 
 3 
PV - Nf Relationship 4 
 5 
Although Equations 3 and 4 capture the general fatigue behavior of asphalt mixtures, it is 6 
possible to obtain a fatigue model with less variability by using an approach that is independent 7 
of mixture properties and loading conditions. The model shown in Equation 5 was obtained to 8 
describe the relationship between the plateau value (PV) and the number of cycles to failure (Nf). 9 
This relationship, illustrated in Figure 7, was very similar to the exponential equation developed 10 
by Shen and Carpenter (6) but had slightly lower regression coefficients (intercept and slope). For 11 
the mixtures included in this study, a higher variability was observed for the results as the fatigue 12 
life increased. 13 
 14 

 ܸܲ ൌ 0.324 ௙ܰ
ିଵ.଴ସ (5)

 15 
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 1 
FIGURE 7  PV - Nf relationship for Costa Rican mixtures at 20°C. 2 

 3 
 Compared to the phenomenological approach, it is evident that the dissipated energy-4 
based model exhibits less variability and is more appropriate for predicting fatigue life when 5 
including all mixtures in the database. Table 1 shows a comparison of the model parameters 6 
using both approaches. The PV-Nf model had a higher coefficient of determination (R2) and a 7 
lower residual mean square (MSRES), indicating a better fit of the data. 8 
 9 
TABLE 1  Comparison of Analysis Approaches for Assessing Fatigue Life 10 
Approach Model R2 MSRES

Phenomenological ௙ܰ ൌ 1.91 ൈ 10ିଵଷ ൬
1
ߝ
൰
ହ.ଷସ

 0.709 0.1633 

Phenomenological ௙ܰ ൌ 1.64 ൈ 10ିଵଶ ൬
1
ߝ
൰
ହ.ଷସ

൬
1
ܵ
൰
଴.ଶସ

 0.713 0.1579 

Dissipated energy 
 

ܸܲ ൌ 0.324 ௙ܰ
ିଵ.଴ସ 0.957 0.0265 

 11 
PV Prediction Model 12 
 13 
Once a relationship was established between the PV and the fatigue life of the asphalt mixtures, 14 
the study focused on obtaining a model to predict the plateau value without the need for extensive 15 
testing. Shen and Carpenter (6) proposed an equation based on load effect and material 16 
properties, as shown in Equation 6. 17 
 18 

 ܸܲ ൌ ଴.ସ଴଺ଷ (6)ିܲܩହ.ଵସ଴ܵଶ.ଽଽଷܸܲଵ.଼ହ଴ߝ44.422

where 19 
 = tensile strain, in/in 20 
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S = flexural stiffness of the mixture (20°C, 10Hz), MPa 1 

VP = volumetric parameter , ܸܲ ൌ ஺௏

஺௏ା௏್
 2 

AV = mixture air voids, % 3 

Vb = mixture asphalt content by volume, %, ௕ܸ ൌ 100 ൈ ீ೘್ൈ௉್
ீ್

 4 

Gmb = mixture bulk specific gravity 5 
Pb = percent of asphalt binder by total weight of mix, % 6 
Gb = asphalt binder specific gravity (generally assumed 1.03) 7 

GP = aggregate gradation parameter, ܲܩ ൌ ௉ಿಾಲೄି௉ು಴ೄ
௉మబబ

 8 

PNMAS = percent of aggregate passing the nominal maximum size sieve, % 9 
PPCS = percent of aggregate passing the primary control size sieve, % 10 
P200 = percent of aggregate passing the No. 200 sieve, % 11 
 12 
 Using the same parameters, a new model was calibrated for Costa Rican mixtures. In this 13 
case, a reduced database was used since as mentioned earlier, volumetric information was not 14 
available for all samples. The model obtained is shown in Equation 7. 15 
 16 

 ܸܲ ൌ 10ଽ.ହ଴ହߝ଺.଴଺ଵଶܵଵ.ହ଴ଽଵܸܲଵ.ସ଺଼ସ (7)

 The regression analysis determined that the gradation parameter was not statistically 17 
significant, so this term does not appear in the calibrated model. Figure 8 shows a comparison 18 
between measured and calculated plateau values. On average, results fall along the line of 19 
equality. Although the model shows good correlation with laboratory data, Equation 7 would still 20 
require the beam flexural test to be performed in order to obtain the stiffness of the mix (S).  21 
 22 

 23 
FIGURE 8  Comparison between measured and calculated PV results. 24 

 25 
 To simplify the evaluation of the fatigue life of asphalt mixtures, other tests may be used 26 
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as dynamic modulus (E*) and phase angle (), resilient modulus (MR) and tensile strength (St) 1 
were studied. Table 2 shows the different models considered in this study along with their 2 
corresponding parameters (R2, Radj

2 and MSRES). The stepwise regression procedure was used to 3 
select the regressor variables in each equation. It can be observed that all models exhibited high 4 
R2 and Radj

2 values, which indicate that a high portion of the variability observed in the PV is 5 
explained by the model. 6 
 7 
TABLE 2  Models Developed for PV Prediction 8 
Eq. Variables Fitted model R2 Radj

2 MSRES 

8 , E*, VP, GP ܸܲ ൌ 5.6 ൈ 10ିସߝହ.଼ଶ଺଼ܧସ.଻଺ହଶܸܲ଴.଻ଷସଵିܲܩଵ.ଵ଺ସସ 0.837 0.833 0.132 

9 , E*,  ܸܲ ൌ 10଻.ସଶ଺ߝହ.ହ଼଴଺ܧଶ.ଷଵ଺ଷ߶ିଶ.଻ଵ଻଴ 0.835 0.832 0.135 

10 , MR, VP, GP ܸܲ ൌ 10଼.ସଵହߝହ.଺଺ଽ଴ܯோ
ଵ.ଶ଺଺ଷ 0.802 0.800 0.150 

11 , St ܸܲ ൌ 10଼.ଷ଺ହߝହ.଼ଵ଻ହܵ௧
ଵ.଻ଶ଻଼ 0.785 0.783 0.163 

 9 
 Equations 8 and 9 used the dynamic modulus of the mixtures measured at 20°C and 10 Hz 10 
as a predictor for PV. The former includes volumetric and gradation parameters, while the latter 11 
estimates the PV based only on the dynamic modulus and phase angle. Although Equation 8 has 12 
slightly better regression parameters, Equation 8 can provide a good approximation of the plateau 13 
value while requiring less information. In Equation 10, the resilient modulus accounts for the 14 
stiffness of the mixture. The volumetric and gradation parameters were initially considered in the 15 
model, but were not found to be significant.  16 
 Finally, Equation 11 includes tensile strength to characterize the mixture. This model has 17 
the least favorable regression parameters but is still a valid alternative to predict the PV. The 18 
advantage of this equation is that St is a variable that can be easily measured in the laboratory and 19 
the procedure is less time-consuming than other tests considered in this study. Since the majority 20 
of Costa Rican mixtures are designed with the Marshall method, this option can be easily adapted 21 
to evaluate fatigue cracking susceptibility with the available resources. 22 
 As previously mentioned, the main advantage of the dissipated energy approach for 23 
evaluating fatigue cracking potential in asphalt mixtures is the unique relationship between the 24 
parameter PV and the number of cycles to failure. The results obtained tend to be more uniform 25 
because the relationship is not dependent on the mixture properties or test conditions. Figure 9 26 
shows measured versus fitted PV values for the models developed in Table 2. In all cases, the 27 
average fitted values fall along the line of equality, with the main difference between the models 28 
being the amount of data scatter.  29 
 30 
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(a) (b) 

(c) (d) 
FIGURE 9  Comparison between measured and calculated PV results for a) Equation 8, b) 1 

Equation 9, c) Equation 10 and d) Equation 11. 2 
 3 
 Figure 10 presents the studentized residuals for every model versus strain level. The plots 4 
show that the behavior is very similar for all models. Compared to the residuals obtained with the 5 
phenomenological model, values are closer to zero, which is an indication of reduced error. In 6 
addition, the amount of extreme values also decreased, with all models having over 99% of the 7 
studentized residuals within a range of -3 to 3, as shown in Figure 11. 8 
 9 
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 1 
FIGURE 10  Residuals versus strain for all PV prediction models. 2 

 3 

 4 
FIGURE 11  Cumulative distribution of studentized residuals. 5 

 6 
Application to Pavement Design 7 
 8 
Writing the PV-Nf relationship from Table 1 in terms of Nf and substituting PV with any of the 9 
models obtained in Table 2, a new equation can be developed to estimate the fatigue life as a 10 
function of the corresponding variables. For example, if dynamic modulus, mixture volumetric 11 
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and gradation data are available, a combination of the PV-Nf relationship and Equation 8 would 1 
result in the fatigue model shown in Equation 12: 2 
 3 

 ௙ܰ ൌ ଵ.ଵଵହ଼ (12)ܲܩସ.ହ଺଺ସܸܲି଴.଻଴ଷହିܧହ.ହ଼ଷ଼ିߝ	441.78

 The number of load applications to failure for a given asphalt mixture will be a function 4 
of the expected strain level and tensile strength. The same procedure can be applied to estimate 5 
the fatigue life of asphalt mixtures using the variables in equations 9 to 11, resulting in the 6 
equations shown in Table 3. Figure 12 shows a comparison between measured and predicted 7 
fatigue lives for each of these models. As with the PV prediction models, the results generally fall 8 
along the line of equality and the main difference between the equations is the amount of 9 
variability observed in the data. This represents an improvement from the results obtained 10 
through the phenomenological approach, where as previously shown in Figure 3, the best-fit line 11 
deviated significantly from the line of equality and there was a more data scatter. Compared to 12 
Figure 3, the coefficients shown in Figure 12 are closer to 1 and the R2 values are higher (0.80 or 13 
over), which supports this claim.    14 
 15 
TABLE 3  Fatigue Models for Pavement Design 16 
Eq. Fatigue Model Predictor Variables 

13 
௙ܰ ൌ  ଵ.ଵଵହ଼ܲܩସ.ହ଺଺ସܸܲି଴.଻଴ଷହିܧହ.ହ଼ଷ଼ିߝ	441.78

Tensile strain, dynamic modulus, 
volumetric parameter, gradation 
parameter 

14 
௙ܰ ൌ 2.60 ൈ  ,ଶ.ଶଵଽ଻߶ଶ.଺଴ଷ଺ Tensile strain, dynamic modulusିܧହ.ଷସ଻଼ିߝ	10ି଼

phase angle 
15 

௙ܰ ൌ 2.94 ൈ 10ିଽିߝହ.ସଷଶହܯோ
ିଵ.ଶଵଷସ Tensile strain, resilient modulus 

16 
௙ܰ ൌ 3.28 ൈ 10ିଽିߝହ.ହ଻ସଽܵ௧

ିଵ.଺ହହ଻ Tensile strain, tensile strength 

 17 
 18 
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(a) (b) 

(c) (d) 
FIGURE 12  Comparison between measured and calculated fatigue life results for a) Equation 1 

13, b) Equation 14, c) Equation 15 and d) Equation 16. 2 
 3 
 It should be noted that the models obtained in Table 3, and any other model derived 4 
through a similar procedure, are based on laboratory measured fatigue cracking resistance and 5 
need to be calibrated with field data in order to be incorporated in the pavement design method. 6 
However, the basic procedure established in this study is a useful alternative to estimate the 7 
fatigue life. 8 
 9 
CONCLUSIONS 10 
 11 
This study evaluated the dissipated energy approach as an alternative to assess the fatigue life of 12 
Costa Rican asphalt mixtures. The following conclusions can be drawn: 13 

 14 
 The concept of a unique relationship between the plateau value (PV) and the number of 15 

cycles to failure was validated, which included asphalt mixtures typically used in Costa Rica 16 
as well as other mixture types not widely used, but produced with local materials. 17 

 The PV parameter can be expressed as a function of response to load and mixture properties. 18 
Several models were fitted with R2 values above 0.80. One of the models has the advantage 19 
of using tensile strength as a measure of mixture stiffness, a result that can be easily obtained. 20 

 From the equations obtained, it was possible to derive fatigue models to estimate the number 21 
of cycles to failure. These models can be incorporated into pavement design following 22 
appropriate calibration with field data. 23 
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The results from this study are based on laboratory fatigue tests conducted at 20°C. It is 1 
recommended that additional testing be performed at different temperatures to include the 2 
expected range of service temperatures. Tests should include beam flexural fatigue as well as 3 
dynamic modulus, resilient modulus and tensile strength. Additionally, full-scale testing is 4 
required for adequate application of the fatigue models for pavement design. 5 
 6 
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