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ABSTRACT

Fatigue cracking constitutes a main type of distress for flexible pavement, and therefore
developing adequate fatigue models is one of the key challenges in the mechanistic-empirical
design method. One of the most popular test procedures used to determine susceptibility to
fatigue cracking in the laboratory is the beam flexural test. The results are usually interpreted in
terms of a relationship between applied stress or strain and number of cycles to failure. Although
this phenomenological approach provides some guidance necessary to understand fatigue
performance of asphalt concrete pavements, it is essentially an empirical approach that requires
continuous calibration since the relationship between the parameters is not unique and depends
on material properties and loading mode, among others. The dissipated energy approach is based
on the determination of the plateau value (PV), a fundamental property which has a unique
relationship with the fatigue life of asphalt mixtures. The main objective of this research was to
evaluate the dissipated energy approach as an alternative to assess the fatigue life of asphalt
mixtures in Costa Rica. This study used historical data from the beam flexural fatigue test to
validate the relationship between the plateau value and the number of cycles to failure and
evaluated several models for the prediction of PV. The results showed that the dissipated energy
approach is a more accurate alternative for fatigue analysis and the models developed can
eventually be applied to pavement design without the need for extensive testing.
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INTRODUCTION

Fatigue cracking is one of the main distress types for flexible pavements. Cracks generally
initiate at the bottom of the asphalt layer due to the large tensile strains produced by repetitive
traffic loads and propagate upwards as the loadings continue, eventually appearing on the surface.
However, load-related fatigue cracking can also initiate at or near the surface of the pavement
and propagate from the top down (1).

Fatigue cracking resistance of asphalt mixtures depends on material properties as well as
pavement structural factors. In the laboratory, fatigue evaluation is focused on factors related to
the material properties of the hot mix asphalt (HMA) mixtures. One of the most popular test
procedures used to determine susceptibility to fatigue cracking is the beam flexural test. This test
was designed to simulate the bending that a HMA layer experiences in a pavement structure. The
results are usually interpreted in terms of a relationship between applied stress or strain and
number of cycles to failure (2, 3). There are several models used to predict the fatigue life of
asphalt mixtures, the simplest one being the model proposed by Pell (4). For a controlled-strain
test, the relationship is described by Equation 1:

1\F2

Ny =k () (2)
F= g
where

Nt = number of cycles to failure

¢ = tensile strain, mm/mm

ki, k2 = mix-dependent regression coefficients

Although this phenomenological approach provides some guidance necessary to
understand fatigue performance of HMA pavements, there are limitations that must be
considered. It is essentially an empirical approach and does not provide a relationship between
loading and any form of damage accumulation in the mixture (5). The results are either material
dependent, or loading mode dependent, or both, so this approach cannot be applied directly to the
complex loading scenarios that are actually common to in-service pavements (6). In addition, the
strain fatigue life relationship is treated linearly, which has been found to be inappropriate at low
strains (7).

Dissipated Energy Approach

Dissipated energy is a measure of the energy that is lost to the material or altered through
mechanical work, heat generation, or damage to the sample (8). Ghuzlan and Carpenter (9)
developed the ratio of dissipated energy change (RDEC) concept to define fatigue failure in
asphalt mixtures. This approach considers only the portion of the dissipated energy that is
responsible for actual damage. The RDEC is defined as the change in dissipated energy between
two cycles divided by the dissipated energy of the first cycle, as shown in Equation 2.

DEy,y, — DE,
RDEC = ——— 2

where
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RDEC = ratio of dissipated energy change
DE, = dissipated energy produced in load cycle n
DE,.; = dissipated energy produced in load cycle n+1

The damage curve represented by RDEC versus the number of loading cycles can be
divided into three regions (6, 7, 9), as shown in Figure 1. Region | corresponds to the initial
"settling” of the sample where the RDEC decreases rapidly. In Region I, the RDEC reaches a
plateau during which a constant portion of energy is being turned into damage. In Region Ill, the
rapid increase in RDEC indicates sample instability and is the onset of true failure.

The nearly constant value of RDEC in Region Il is defined as the plateau value (PV). The
PV is proposed as a fundamental damage parameter that provides a unique relationship with
fatigue life for different mixtures, loading modes and loading levels (6, 9).

Plateau| Plateau Stage
Value [T =~ 7

g

Ratio of Dissipated Energy Change

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

OBJECTIVE

The main objective of this study was to evaluate the dissipated energy approach as an alternative
to assess the fatigue life of asphalt mixtures in Costa Rica.

SCOPE OF WORK

To accomplish the aforementioned objective, historical data from the beam flexural test were
used. Tests were conducted in accordance with AASHTO T 321 (10) under constant strain
loading for strain levels ranging from 200 to 800 pe. A total of 617 raw data files were collected
from tests performed between 2004 and 2013, which included laboratory and plant produced
mixtures. Over this period, different criteria have been used to perform the test, such as curing
time of the specimens or required air void content. These discrepancies have made it difficult to
develop a reliable general fatigue model based on the phenomenological approach because they
increase variability. The results also included mixtures not typically used in Costa Rica, such as
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stone matrix asphalt (SMA), open-graded friction courses (OGFC) and polymer modified
mixtures. When possible, additional information regarding mixture properties and results from
other laboratory tests were also obtained, but this was not available for all samples.

To ensure the validity of the data, an extensive quality control procedure was conducted.
Each individual data file was checked to verify the failure criteria of 50 percent reduction in
stiffness from initial stiffness. Additionally, the dissipated energy curve was inspected for every
specimen and results containing erratic curves were discarded.

Test results were used to calculate the plateau value of each specimen. A detailed
description on the procedure followed to calculate the PV can be found elsewhere (6, 9). This
study is based only on results from tests performed at 20°C.

RESULTS AND DISCUSSION
Phenomenological Approach

The traditional phenomenological analysis was used to establish a relationship between strain
level and the number of cycles to failure (Nf). Although this relationship is mixture dependent,
results from all samples were pooled together to obtain the general model in Equation 3. Figure 2
shows the fitted curve for all mixtures. It can be observed that there is a well defined trend
between both parameters; however, significant data scatter is also present.

5.34
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FIGURE 2 Ng - strain relationship for all mixtures.

Figure 3 shows measured versus predicted values of Ny. It is evident that the model
developed tends to overestimate the fatigue life at low number of cycles (generally corresponding
to high strain levels), while at higher number of cycles (low strain levels) the N values are
mostly underestimated. This is reflected by the best-fit line coefficients obtained for the
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relationship between measured and predicted number of cycles to failure. When these coefficients
are close to 1, it is an indication that the values are on average close to the line of equality.
However, in this case the larger intercept and lower slope imply that the calculated Nt deviate
from the measured fatigue lives, particularly at both ends of the range of values studied.

The plot shown in Figure 4a indicates that the studentized residuals from the regression (a
scaled measure of error) are in general evenly distributed for each strain level. A few extreme
values were identified, but as illustrated in Figure 4b, the majority of the studentized residuals
(approximately 96% of the data) are within -3 and 3.

Nffrom Model
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FIGURE 3 Comparison between measured and calculated Nt results using Equation 3.
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FIGURE 4 Residual analysis for phenomenological model in Equation 3: a) Residuals vs. strain,
b) Cumulative distribution plot of residuals
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Some researchers have suggested that a relationship more applicable to asphalt mixtures
in general should include stiffness as a variable to account for the differences in mixture
properties (11). This model form was also developed for the samples included in this study,
resulting in Equation 4.

.34 24
5.3 1 0

-12
Ny =164 x 10 <—€> (S_)
where

N = number of cycles to failure
¢ = tensile strain, mm/mm
S = initial mix stiffness, MPa

Figure 5 shows a comparison of measured and predicted N values using Equation 4. It
can be observed that including the stiffness term in the model did not have a significant impact
with respect to the trends found using Equation 3. Fatigue lives are still overestimated in some
cases and underestimated in others, while the distribution of residuals (Figure 6) is essentially the
same. These results suggest that the phenomenological approach may not be appropriate for
developing general models, or it may require extensive calibration to reduce error.
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FIGURE 5. Comparison between measured and calculated N results using Equation 4.
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FIGURE 6 Residual analysis for phenomenological model in Equation 4: a) Residuals vs. strain,
b) Cumulative distribution plot of residuals

PV - N¢ Relationship

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

PV = 0.324N; 0% ©)
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FIGURE 7 PV - N relationship for Costa Rican mixtures at 20°C.

Compared to the phenomenological approach, it is evident that the dissipated energy-
based model exhibits less variability and is more appropriate for predicting fatigue life when
including all mixtures in the database. Table 1 shows a comparison of the model parameters
using both approaches. The PV-N¢ model had a higher coefficient of determination (R?) and a
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lower residual mean square (MSggs), indicating a better fit of the data.

TABLE 1 Comparison of Analysis Approaches for Assessing Fatigue Life

Approach Model R’ MSges
5.34
Phenomenological Ny =191 x 10-13 (1) 0.709 0.1633
i 5.34 1 0.24
Phenomenological N; = 1.64 x 10712 (_> <§> 0.713 0.1579
&g
Dissipated energy | py — 324104 0.957 0.0265

PV Prediction Model

Once a relationship was established between the PV and the fatigue life of the asphalt mixtures,
the study focused on obtaining a model to predict the plateau value without the need for extensive

testing. Shen and Carpenter (6) proposed an equation based on load effect and material

properties, as shown in Equation 6.

PV = 44.42285'14052'993 Y p1850;p—0.4063

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

. AV
VP = volumetric parameter , VP =
AV+Vy

AV = mixture air voids, %

Vp = mixture asphalt content by volume, %, V,, = 100 % GmbxPp

Gp
Gmb = mixture bulk specific gravity

Py = percent of asphalt binder by total weight of mix, %

Gy = asphalt binder specific gravity (generally assumed 1.03)

GP = aggregate gradation parameter, GP = M
200

Pnmas = percent of aggregate passing the nominal maximum size sieve, %
Ppcs = percent of aggregate passing the primary control size sieve, %
P2oo = percent of aggregate passing the No. 200 sieve, %

Using the same parameters, a new model was calibrated for Costa Rican mixtures. In this
case, a reduced database was used since as mentioned earlier, volumetric information was not
available for all samples. The model obtained is shown in Equation 7.

PV = 109'50586'061251'5091VP1'4684 (7)

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

To simplify the evaluation of the fatigue life of asphalt mixtures, other tests may be used
to characterize the stiffness of the mixes. Consequently, other models that included variables such
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as dynamic modulus (E*) and phase angle (¢), resilient modulus (Mg) and tensile strength (Sy)
were studied. Table 2 shows the different models considered in this study along with their
corresponding parameters (R?, Rag” and MSges). The stepwise regression procedure was used to
select the regressor variables in each equation. It can be observed that all models exhibited high
R? and Radj2 values, which indicate that a high portion of the variability observed in the PV is
explained by the model.

TABLE 2 Models Developed for PV Prediction

Eq. | Variables Fitted model R* Radj” MSges
8 g, E*, VP, GP | PV = 5.6 x 1074582687652 p0.7341Gp-1.1644 | 0.837 | 0.833 | 0.132
9 g, E*, ¢ PV = 107'42685'5806E2'3163¢_2'7170 0.835 0.832 0.135
10 & Mg, VP,GP | PV = 10841556690 12663 0.802 | 0.800 | 0.150
11 & St PV = 10836558175 1.7278 0.785 [0.783 | 0.163

Equations 8 and 9 used the dynamic modulus of the mixtures measured at 20°C and 10 Hz
as a predictor for PV. The former includes volumetric and gradation parameters, while the latter
estimates the PV based only on the dynamic modulus and phase angle. Although Equation 8 has
slightly better regression parameters, Equation 8 can provide a good approximation of the plateau
value while requiring less information. In Equation 10, the resilient modulus accounts for the
stiffness of the mixture. The volumetric and gradation parameters were initially considered in the
model, but were not found to be significant.

Finally, Equation 11 includes tensile strength to characterize the mixture. This model has
the least favorable regression parameters but is still a valid alternative to predict the PV. The
advantage of this equation is that S; is a variable that can be easily measured in the laboratory and
the procedure is less time-consuming than other tests considered in this study. Since the majority
of Costa Rican mixtures are designed with the Marshall method, this option can be easily adapted
to evaluate fatigue cracking susceptibility with the available resources.

As previously mentioned, the main advantage of the dissipated energy approach for
evaluating fatigue cracking potential in asphalt mixtures is the unique relationship between the
parameter PV and the number of cycles to failure. The results obtained tend to be more uniform
because the relationship is not dependent on the mixture properties or test conditions. Figure 9
shows measured versus fitted PV values for the models developed in Table 2. In all cases, the
average fitted values fall along the line of equality, with the main difference between the models
being the amount of data scatter.
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FIGURE 9 Comparison between measured and calculated PV results for a) Equation 8, b)
Equation 9, ¢) Equation 10 and d) Equation 11.

Figure 10 presents the studentized residuals for every model versus strain level. The plots
show that the behavior is very similar for all models. Compared to the residuals obtained with the
phenomenological model, values are closer to zero, which is an indication of reduced error. In
addition, the amount of extreme values also decreased, with all models having over 99% of the
studentized residuals within a range of -3 to 3, as shown in Figure 11.




N~

RO Oo~NOo ol

N

Vargas-Nordcbeck, Aguiar-Moya, Leiva-Villacorta and Loria-Salazar 13

ESIEI 35|EI 4EIIEI 45|EI SSIEI E-EIIEI 65|EI ?SIEI BEIIEI
Equation 8 Equation o 4
L ]
B .
e [ 2
s b i4d:1.
- = 4 +— (]
3 . $
L] [ ]
:E L] i | _2
5 . .
e
T 4
_E i Equation 10 Equation 11
5 g
L] L] .
= i -
E 2 l H g i . l 2 . : l i : ] . )
=l IR H 0
L ]
L}
21 i . -4 ! - g
[ ] - L ] -
-4 T T T T T T T T T
2530 350 400 450 5350 600 650 750 800
Strain (mmfmm-3)
FIGURE 10 Residuals versus strain for all PV prediction models.
100% g RR——
0, /
90% /
80% /
70%
0 7
= 60% I Eq.8
5  50% 7 a
S 40% = = Eq.9
30% Eq. 10
0,
20% = -Eq.11
10%
0% pe— T T T T T |

-4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0

Studentized residual

FIGURE 11 Cumulative distribution of studentized residuals.
Application to Pavement Design
Writing the PV-Ns relationship from Table 1 in terms of N¢ and substituting PV with any of the

models obtained in Table 2, a new equation can be developed to estimate the fatigue life as a
function of the corresponding variables. For example, if dynamic modulus, mixture volumetric



17
18

Vargas-Nordcbeck, Aguiar-Moya, Leiva-Villacorta and Loria-Salazar 14

and gradation data are available, a combination of the PV-Ns relationship and Equation 8 would
result in the fatigue model shown in Equation 12:

Nf = 441.78 £~ 55838 —~4.56641/p—0.7035 7 p1.1158 (12)

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

TABLE 3 Fatigue Models for Pavement Design

Eqg. Fatigue Model Predictor Variables
Tensile strain, dynamic modulus,
13 Ny = 441.78 ¢~5-5838 [~45664 p=0.7035 ;p1.1158 volumetric parameter, gradation
parameter
14 N; = 2.60 X 10~ £=5:3478 [ ~2.2197 (5 2.6036 Tensile strain, dynamic modulus,
phase angle
15 Ny = 2.94 x 10—95—5.4325MR—1.2134 Tensile strain, resilient modulus
16 Ny = 3.28 x 1079557495, 716557 Tensile strain, tensile strength
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FIGURE 12 Comparison between measured and calculated fatigue life results for a) Equation
13, b) Equation 14, ¢) Equation 15 and d) Equation 16.

It should be noted that the models obtained in Table 3, and any other model derived
through a similar procedure, are based on laboratory measured fatigue cracking resistance and
need to be calibrated with field data in order to be incorporated in the pavement design method.
However, the basic procedure established in this study is a useful alternative to estimate the
fatigue life.

CONCLUSIONS

This study evaluated the dissipated energy approach as an alternative to assess the fatigue life of
Costa Rican asphalt mixtures. The following conclusions can be drawn:

e The concept of a unique relationship between the plateau value (PV) and the number of
cycles to failure was validated, which included asphalt mixtures typically used in Costa Rica
as well as other mixture types not widely used, but produced with local materials.

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

e From the equations obtained, it was possible to derive fatigue models to estimate the number
of cycles to failure. These models can be incorporated into pavement design following
appropriate calibration with field data.
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The results from this study are based on laboratory fatigue tests conducted at 20°C. It is

recommended that additional testing be performed at different temperatures to include the
expected range of service temperatures. Tests should include beam flexural fatigue as well as
dynamic modulus, resilient modulus and tensile strength. Additionally, full-scale testing is
required for adequate application of the fatigue models for pavement design.
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