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Abstract: In order to evaluate the accumulative of tensile strain
in the process of fatigue failure, the digital image correlation
(DIC) method was utilized to characterize the tensile strain
development of asphalt mixtures in the indirect tensile (IDT)
fatigue test. Three typical hot mix asphalt (HMA) mixtures
with varying nominal maximum aggregate sizes were tested at
During the tests,
mounted to capture the displacement/strain fields on the
surface of the specimen by recording the real-time change of
speckle position. The results
deformation curve can barely evaluate the fatigue performance

four stress levels. a digital camera was

indicate that the vertical

accurately due to the non-negligible local deflection near the
loading point. However, based on the analysis of strain fields,
the optimal fatigue cracking zone is determined as a 40 mm x
40 mm rectangle in the middle of the specimens. Also, a
reasonable fatigue model based on the tensile strain curves
calculated by DIC is proposed to predict the fatigue lives of
asphalt mixtures.
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atigue cracking due to the application of repeated
F traffic load and severe environment conditions is a
significant distress found in asphalt pavement''™. The
development and propagation of fatigue cracking in as-
phalt mixtures can be divided into two phases as pre-lo-
calization and post-localization™. The
propagation of micro-cracks are categorized into the pre-
localization stage while the formation and development of
macro-fractures are termed as the post-localization stage.
To uncover the rule of fatigue failure for asphalt mix-

initiation and

tures, much research has been conducted by different la-
boratory tests, such as the four point beam fatigue test,
semicircular bending fatigue test, single edge notch beam
fatigue test, direct tensile fatigue test and indirect tensile

fatigue test’*™ . However, none of them was considered
to be a standard fatigue test protocol for asphalt mixtures.

The loading condition for these laboratory tests can be
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classified into two types: controlled stress and controlled
strain'” . The strain-controlled mode is employed for as-
phalt mixtures utilized in thin pavements since the strain
level remains almost constant at the bottom of a thin lay-
er. For a thick layer, the stress level remains constant at
the bottom, so the stress-controlled mode is applied for
mixtures used in thick pavement. The fatigue process is
divided into two phases and the fatigue criteria is deter-
mined by defining the beginning of post-localization as
the fatigue failure point based on the change of modulus,
phase angle or dissipated energy'’""’. As a result, the
definitions of the fatigue life of mixtures are not uniform.
The widely accepted fatigue failure is defined at the cycle
when the mixture reaches 50% of its initial flexural stiff-
ness'”. The 50%
determined arbitrary which can barely explain the devel-
opment and propagation of the fatigue fractures. A non-
contact measurement technology, called the digital image

reduction of the initial stiffness was

correlation (DIC) technique, was applied in this study to
explore the fatigue cracking behavior and displacement/
strain field of asphalt mixtures'"”’. DIC was proposed to
determine the reasonable gauge length of the indirect ten-
sion test by measuring the displacement/strain field of
specimens. In addition, this method provides the possi-
bility to calculate the displacement/strain value of any lo-
cation in the specimen by comparing it with the traditional
strain gauge or LVDTs. It is also observed that the errors
between DIC results and strain gauge data are within 200

. . [14]
micro-strains

. Therefore, it is feasible to measure the
fatigue behavior of asphalt mixtures by the DIC system.

The main objective of this study is to evaluate the fa-
tigue performance of hot mix asphalt (HMA) mixtures
based on the IDT fatigue test with DIC technique. First,
the accuracy of the DIC system was verified by comparing
the vertical deformation results from both the LVDTSs and
the DIC system. Then, to explain the local deformation
near the loading point, the displacements of several points
between two loading points were also calculated by the
DIC system. The tensile strains of HMA mixtures during
the fatigue cracking in the horizontal direction with var-
ying gauge lengths were also investigated to determine the
optimal gauge length. Finally, based on the full field fa-
tigue deformation observation, the fatigue curves of ten-
sile strain and life prediction were verified in the IDT fa-
tigue test.
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1 Materials and Mixture Designs

In order to apply the DIC system to fatigue evaluation
of asphalt mixtures by the IDT fatigue test, three typical
dense graded asphalt content mixtures with varying nomi-
nal maximum aggregate sizes (NMAS) of 13.2, 19 and
26.5 mm (named as AC-13, AC-20 and AC-25), re-
spectively, were selected for this study. A styrene-butadi-
ene-styrene ( SBS) modified asphalt binder of PG64-22
was used for these three mixtures. The optimal asphalt
content was determined to be 4. 5% by the weight of AC-
13, 4.1% for AC-20 and 3.9% for AC-25. The aggre-
gate gradations of these three mixtures are designed as
shown in Tab. 1.

Tab.1 Aggregate gradations and mix design results

Passing percent/ %

Sieve size/mm

AC-13 AC-20 AC-25

31.5 100 100 100

26.5 100 100 97.6

19.0 100 96.4 81.2

16.0 100 81.3 71.5

13.2 94.3 72.4 62.3

9.5 70.2 59.2 52.3

4.75 52.9 39.1 34.8

2.36 38.1 28.7 24.6

1.18 26.1 22.0 17.2

0.60 18.0 15.2 12.3

0.30 12.5 12.4 9.7

0.15 9.2 8.4 6.7
0.075 6.2 5.2 5.1
Optimal binder content/ % 4.5 4.1 3.9
Target air void/% 4.0 4.0 4.0

All specimens tested in this experimental work were
fabricated by a superpave gyratory compactor ( SGC).
For the IDT fatigue test, the SGC samples with 180 mm
in height and 150 mm in diameter were produced first.
Then the samples were cored and cut to obtain three repli-
cated samples with the target size of 50 mm in height and

100 mm in diameter. The specimen preparation proce-
dures can reduce the discrete among replicated samples.
Besides, an air void level of 4% ( +0.5% ) was targeted
for the final specimens.

2 Test Methods
2.1 DIC preparation

The DIC system was utilized to obtain the full-field
displacements and strains of the front surface of speci-
mens. Before the application of the DIC technique, a se-
ries of surface treatment on the specimens should be em-
ployed. As demonstrated in Fig. 1, first, the front surface
was cleaned and smoothed by sandpaper and airbrushes.
Afterwards, the surface was painted uniformly matt white
using a spray matt paint. Finally, random black dots were
speckled onto the dried white surface of specimens using a
spray matt black paint. This process of surface treatment
provided a random and uniform speckle pattern on the
specimen for capturing the full-field displacements or
strains. Images of the treated front surfaces of the speci-
men during the IDT fatigue test were recorded by an in-
dustrial digital camera. The camera was placed carefully.
The focus and the brightness were regulated elaborately to
obtain a distinct image of the specimen and it was set to
acquire 10 frames/s during the fatigue tests, which is the
same as the frequency of the repeated load. Two white
lights mounted on both the sides of the specimen were ap-
plied to improve the illumination effects. An image
process software was used to analyze the displacements/
strain field of the specimen. The Newton-Raphson meth-
od'"”" was used as a sub-pixel registration algorithm in the
displacement measurement. A numerical differentiation
process was used to obtain the strain considering the noise
contained in the computed displacement.

(d)
Fig.1 Preparation and setup of the IDT fatigue test based on the DIC system. (a) Surface preparation; (b) Setup of camera; (c) Camer-
a; (d) Setup of IDT test
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2.2 IDT fatigue test setups and conditions

A UTM-25 universal testing machine was utilized for
the IDT fatigue test at 15 C for the HMA mixtures of
AC-13, AC-20 and AC-25. Before the IDT fatigue test,
three replicates in each group were tested to obtain their
tensile strengths. In IDT tests, a constant displacement
with a rate of 50 mm/min was applied on the specimen at
15 C until failure. As seen from Fig. 1, the setup for the
IDT test and the IDT fatigue test consists of two loading
rollers at the top edge and the bottom edge, respectively.
The loading rollers should be vertically aligned. In this
study, the stress-controlled mode was chosen for the IDT
fatigue test. According to the obtained tensile strengths,
stress amplitudes applied to the IDT fatigue tests were de-
termined by the different stress ratios of 0.2, 0.3, 0.4
and 0.5. The stress levels were defined as the products of
stress ratios and the tensile strength of specimens. The
frequency of the repeated compressive load is 10 Hz,
consisting of 0. 1 s half-sine load and no rest period under
different stress levels. Three replicated specimens were
prepared for three HMA mixtures at each stress level. All
specimens were placed in a thermostatic chamber for more
than 4 h to reach the temperature of 15 C, since fatigue
cracking typically occurs at intermediate temperatures and
the local average temperature was 15 C. During the test,
the vertical deformation of specimen was measured by
LVDTs, which were installed in a vertical direction and

the images of the front surface of the specimens were cap-
tured by the DIC system. According to ASTM D4123,
the indirect tensile strength in IDT test is calculated by

_2p

" mwD (D

where S is the indirect tensile strength in IDT test, MPa;
P is the peak load at failure, N; D is the diameter of the
specimen, mm; and ¢ is thickness of specimen, mm.

3 Results and Analysis
3.1 Tensile strength

Three replicated samples of AC-13, AC-20 and AC-25
mixtures were employed in the IDT tests respectively to
obtain the tensile strength of these three mixtures. The
peak values of the vertical load vs. vertical displacement
on specimens were recorded by the LVDTs. Tab.2 shows
the tensile strengths calculated by Eq. (1) of three mix-
tures in IDT tests. It can be seen that the AC-13 mixture
shows a higher indirect tensile strength than AC-20 and
AC-25 mixtures, while the tensile strength of AC-20 is
higher than that of AC-25 mixture. In general, the larger
nominal maximum aggregate size for AC mixtures means
weaker strength.  Since the
strengths of each mixture differ, the stress amplitudes for
varying mixtures are recommended to be determined by
uniformed stress ratios (0.2, 0.3, 0.4 and 0.5) rather
than some fixed stress values.

indirect tensile tensile

Tab.2 Distribution of the average vertical strains from point 1 to point 7

Average vertical strains (after being normalized)

Mixtures - - - - - -
Points 1 and 2 Points 2 and 3 Points 3 and 4 Points 4 and 5 Points 5 and 6 Points 6 and 7
AC-13 0.148 0.019 0.111 0.148 0.050 0.186
AC-20 0.167 0.042 0. 146 0.104 0.031 0.173
AC-25 0.160 0.040 0.100 0.140 0.030 0.212

3.2 Analysis of vertical deformation

The vertical deformations of specimens can not only be
recorded by LVDTs during the IDT fatigue test, but also
can be calculated by the acquired images of the front sur-
face of specimens from the DIC system.

3.2.1 Accuracy of DIC system

To verify the accuracy of the DIC system in the IDT
fatigue test, the vertical displacement estimated by the
DIC system from the target on the surface of the loading
roller was compared with the measured results from an
externally mounted LVDT. The resolution of the images
acquired by the DIC system was 0. 137 mm/pixel in this
study. The verification was performed in the IDT fatigue
test for all the three mixtures at a stress level of 0.2. As
shown in Fig. 2, the variation tendency of the vertical dis-
placement measured by the DIC system and LVDT are the
same and the values estimated by the DIC system are a
little less than those estimated by LVDT, which may be

—s— AC-13(LVDTs)
—o- AC-13(DIC)
s AC-20(LVDTs)
-« AC20(DIC)
-o-- AC-25(DIC)

4

Vertical dispalacement/mm

20 25 30 35
Loading cycles/10°

Fig.2 Verification of the DIC system

caused by the slight deformation of the mold. The errors
between the estimated and measured vertical displacement
values are 0. 099, 0. 147 and 0. 088 mm for the AC-13
mixture, AC-20 mixture and AC-25 mixture, respective-
ly, which is less than 0. 1% of the IDT fatigue test. It
can be safely concluded that the DIC system can be ap-
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plied successfully in collecting correct displacement/ strain
data during the IDT fatigue tests.
3.2.2 Vertical deformation from DIC technique
Based on the DIC system, a full-field displacement can
be calculated by analyzing the acquired images during
IDT fatigue tests. The DIC technique provided the possi-
bility of measurement of any particular point in the front
surface of specimens. In this study, as described in Fig. 3
(a), seven points in the vertical direction of the front sur-
face of specimens with varying distances from the top
loading roller were selected to uncover more information
about the vertical deformation of specimens during the
IDT fatigue tests. Seven points were named as points 1,
2, 3, 4, 5, 6 and 7 with the distances of 0, 1, 3, 5, 7,
9 and 10 cm from the top roller, respectively. The analy-
sis was conducted in the IDT fatigue tests for three mix-
tures at a stress level of 0.2. Figs.3(b) to (d) demon-
strate the rules of vertically compressive deformation for
AC-13, AC-20 and AC-25, respectively. The deflections
of several points decrease with the increase of the distance
from the top loading roller, which indicates that the com-
pression occurs in each interval between any two points.
LVDT can only acquire the vertical displacement of point
1 while the DIC system can estimate each point in the
vertical direction. The vertical displacement curves of
each mixture display an S shape with different maximum
values. To better compare the deformation rule among
different mixtures, the vertical displacement at point 1 is
normalized to 1 (100% ) and defined as the total vertical
displacement. The proportions of the vertical displace-
ments for the following six points and the vertical dis-
placement of point 1 are illustrated in Fig.3(a). It is ob-
served that the decreasing speed from point 1 to point 2,
point 3 to point 5 and point 6 to point 7 is extremely high
for all the mixtures while the decreasing trend is slow
from point 3 to point 4 and point 5 to point 6. The slopes
of the percentages of the total vertical deformation vs.
distances from the top loading roller indicate the average
vertical strains between two adjacent points. It can be
seen from Fig. 3(a) and Tab. 2 that the average vertical
strains near the top loading roller ( between points 1 and
2) and bottom loading roller (between points 6 and 7) are
three times the average strain between point 3 and point 4
and point 5 and point 6, respectively. This suggests that
the local deflection near the loading point is too large
(nearly 40% of the total vertical displacement) to ignore.
Furthermore, the local deflection in the IDT fatigue tests
was caused by localized stress concentration, which has
less influence on the tensile stress near the center of the
specimens. Besides, the average vertical strains near the
center of the specimens ( from point 3 to point 5) are
double that of the sub-center of specimens between points
2 and 3 and between points 5 and 6, and the relative ver-
tical displacements along point 3 to point 5 is nearly 60%

of the total vertical displacement. So, it can be concluded
that the vertical deformation from point 3 to point 5 is the
main reason causing the tensile stress or fatigue damage to
specimens.
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Fig.3 Distribution of vertical deformation for three mixtures at

stress ratio of 0. 2. (a) Percentage of the total vertical deformation for
three mixtures; (b) AC-13 with stress ratio of 0.2; (c¢) AC-20 with
stress ratio of 0.2; (d) AC-25 with stress ratio of 0.2

3.3 Analysis of tensile strain based on DIC system

The tensile strain of specimens can be calculated by the
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images of the front surface of specimens acquired from
the DIC system. Corresponding to the vertical deforma-
tion curve, the tensile strain curve can also be regarded as
the fatigue curve of the asphalt mixtures and more valua-
ble information about the fatigue performance can be ob-
tained from the curve.
3.3.1
In the horizontal direction, the tensile strain was var-

Determination of cracking zone

ying. Since the DIC system can estimate the full field dis-
placement/strain of specimens, Fig.4(a) gives the seven
selected gauge lengths in the center of specimens. The
seven gauge lengths were 1, 2, 3, 4, 6, 8 and 10 cm
(named as GL-A, GL-B, GL-C, GL-D, GL-E, GL-F
and GL-G, respectively). To investigate the distribution
of the tensile strain in the center of specimens, the DIC
system 1is utilized to obtain the relative displacement and
the tensile strain for the AC-20 mixture at a stress level of
0.2 within each gauge length during the IDT fatigue
tests. The results of relative displacements are illustrated
in Fig.5. It is clear that the relative displacement curves
also exhibit an S shape as the vertical displacement curves
for each gauge length with different values. The increas-
ing rate of relative displacements decreases with time dur-
ing the primary stage, which is approximately constant
during the second stage, and increases during the third
stage. With reference to the traditional vertical deforma-
tion curve''”, the second deflection point was termed the
failure point. The relative displacement at the failure
point was defined as the failure relative displacement and
the tensile strain at failure point was defined as the failure
tensile strain. The circle dotted line in Fig. 4 (a) illus-
trates that the tensile strain calculated by different gauge
lengths decreases from GL-A to GL-G. This indicates
that the distribution of tensile strain in horizontal direction
is not uniform and the tensile strain near the center of
specimens is extremely large. So, it is necessary to deter-
mine an optimal gauge length to describe the average ten-
sile strain in the center of specimens during IDT fatigue
tests. Fig. 4(b) demonstrates that the relative displace-
ments increase first sharply and then slowly from GL-A to
GL-G, and GL-D, representing the gauge length of 4
cm, is the critical point. After GL-D the relative dis-
placement is nearly constant, which indicates that most of
the horizontal displacement occurs in the range of GL-D
and the outer parts are mainly rigid-body displacement
with few tension. As a result, the optimal gauge length
was determined to be 4 cm in the center of the speci-
mens. According to the analysis of vertical deformation,
the vertical deformation and tensile strain mainly occurred
in 2 40 mm x40 mm rectangle in the middle of the speci-
mens.
3.3.2 Fatigue curve and life prediction

The fatigue curve of the tensile strain in IDT fatigue
tests shows a three-stage characteristic. During the first

Gauge length
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0 E
8 2
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Fig.4 Determination of the optimal gauge length for the IDT

fatigue tests. (a) Schematic diagram of varying gauge lengths; (b)
Fatigue tensile strain and relative displacement from varying gauge
lengths
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Fig.5 Relative displacements of seven gauge lengths for AC-
20 mixture at a stress level of 0.2

stage, the tensile strain increases sharply under repeated
load with an increase of stiffness. The initial crack (or
damage) occurs at the end of this stage. During the sec-
ond stage, the fatigue curve shows a linear increase rule,
which means that the development speed of the micro-
cracks is constant. During the third stage, the tensile
strain increases exponentially until fatigue failure of the
specimens. As exhibited in Fig. 6, there are two inflec-
tion points in the fatigue curve of tensile strain for asphalt
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mixtures. The second inflection point is termed the fa-
tigue failure point, and the fatigue life is defined as the
loading cycles at the failure point. The fatigue life of
three HMA mixtures at several stress levels of 0.1, 0.2,
0.3 and 0.4 are illustrated in Fig. 7(a) and Tab. 3. It can
be found that the fatigue life of AC-20 at each stress level
is the highest and that AC-25 shows a longer fatigue life
than AC-13 at low stress levels of 0. 1 and 0.2 while AC-
13 can resist the repeated load better than AC-25 at high
stress levels of 0.3 and 0. 4. The relationship between the
fatigue life and stress level was not linear. The semi-loga-
rithmic and double-logarithmic functions were two com-
monly used egression functions for fitting the relationship
between the fatigue life and stress levels according to pre-

[17]

vious studies’ "'. Also, a semi-logarithmic function is uti-

lized as follows:

1gN,.=k-n(l) (2)

where N, is the fatigue life; o is the stress amplitude,
MPa; ¢, is the indirect tensile strength, MPa; k and n
are the regression parameters.

0.6

0.5 0.1
-o- 0.2

0.4 —-a--0.3
~a--0.4
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Tensile strain /%

02 H

30 45 60 75 90
Loading cycle /10°

Fig.6 Fatigue curve of tensile strain in IDT fatigue tests for
AC-13 mixture at several stress levels

The results of fatigue life prediction equations for three
mixtures in the IDT fatigue tests were summarized in Fig.
7(b). Since the tensile strength of different mixtures is
different, to better compare the fatigue performance of all
mixtures, the stress levels rather than the stress amplitudes

were included to describe the fitting equations. The R-
squared values obtained by Eq. (2) are greater than 0. 98
for all test conditions. The higher absolute value of the
slope of fatigue life prediction equation illustrates that the
fatigue life is more sensitive to the stress levels. It is
found that the slopes of AC-13 mixture, AC-20 mixture
and AC-25 mixture are - 4. 860 1, — 5. 342 6 and
-6.422 9, respectively, which means that the fatigue
life of AC-25 mixture has a high susceptibility to the
change of stress ratios. This also corresponds to the phe-
nomenon that AC-25 exhibits good resistance to fatigue
damage at the low stress levels of 0. 1 and 0. 2, but it
comes to fatigue failure soon at high stress levels of 0. 3
or 0. 4. By comparing the AC-13 mixture and AC-20
mixture, it can be concluded that the AC-20 mixture has
longer fatigue life and a faster decline with the increase in
stress levels. The fatigue life of AC-13 mixture is nearly
the same as that of AC-20 at a stress level of 0.4, and the
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5 04f
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Fig.7 Results of fatigue life prediction for three HMA mix-

tures. (a) Fatigue life for three mixtures; (b) Fatigue equation for three
mixtures

Tab.3 Distribution of the average vertical strains from points 1 to 7

Mixtures Indirect tensile strength/MPa Stress Stress Fatigue tensile IDT Fatigue life
e Average Standard deviation ratio amplitude/MPa strain/ % Average Standard deviation
0.1 0.298 3 3.21 67 513 3125
0.2 0.596 6 3.94 16 810 782
AC-3 2.983 0.255 0.3 0.8950 7.61 7 082 226
0.4 1.1933 6.00 2 164 127
0.1 0.2511 5.08 98 956 4 657
0.2 0.596 6 6.39 31421 1 874
AC-20 251 0.167 0.3 0.8950 3.21 8 442 295
0.4 1.1933 2.43 2 548 165
0.1 0.226 6 5.35 85 475 3792
0.2 0.596 6 5.24 17 993 704
AC-25 2266 0.127 0.3 0.8950 1.99 2 949 170
0.4 1.193 3 1.33 1132 96
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AC-13 mixture shows the worst fatigue performance at a
stress level of 0. 1. So, the AC-13 mixture has a better
potential for fatigue resistance at high stress levels (more
than 0.4) than the AC-20 mixture or AC-25 mixture.

4 Conclusions

1) The local deformation near the loading points in
IDT fatigue tests occupied nearly 40% of the total vertical
deflection, and the main vertical deformation, contribu-
ting to the tensile strain in the center of specimens, oc-
curs in the middle area of the vertical axis of specimens
from point 3 to point 5.

2) The tensile strain distributes non-uniformly in the
horizontal direction and exhibits an extremely large value
in the center of specimens. By comparing the relative dis-
placements of several gauge lengths during the IDT fa-
tigue tests, it is found that most of the horizontal dis-
placement occurs in the range of GL-D (a 4 cm long
gauge) and the outer parts are mainly rigid-body displace-
ment with few tensions. So, the optimal gauge length is
determined to be 4 cm in length in the middle of speci-
mens for the IDT fatigue tests.

3) The fatigue curve of tensile strain in the IDT fatigue
tests exhibits a three-phase characteristic and the fatigue
life can be derived from the tensile strain curve. AC-20
shows the longest fatigue life at each stress level. AC-25
can resist the fatigue damage at a low stress level (0.1 or
0.2) which is better than AC-13, while AC-13 performs
better than AC-25 at a high stress level (0.3 or 0.4).
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