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This study evaluated the oxidative aging of asphalt mixtures by both non-
destructive and fracture performance tests and investigated the possibility 
of estimating the low-temperature fracture properties of aged mixtures 
by using a nonlinear ultrasonic approach. Asphalt mixture samples, oven 
aged for 12, 24, 28, 32, and 36 h at 135çC, were compacted, made into test 
specimens, and evaluated by using a noncollinear wave-mixing approach. 
In addition, the embrittlement temperature and fracture energy of the 
replicate samples were assessed by using the acoustic emission test and the 
disk-shaped compact tension test. Comparison of results from the three 
testing methods clearly showed similar trends. This finding suggests that 
the fracture properties of mixtures can be estimated by using the non-
collinear ultrasonic wave-mixing approach, which is a nondestructive 
method which does not require core extraction in the field.

The detrimental effects of aging of asphalt concrete materials on the 
cracking performance of asphalt pavements has long been recog-
nized. Asphalt concrete is continuously oxidizing; this process leads 
to material embrittlement over time, thus reducing the resistance of 
asphalt mixtures to crack formation.

McGovern et al. demonstrated that asphalt mixtures exhibit an 
increasingly nonlinear response with oxidative aging (1). This non-
linear behavior is attributed, in part, to the mesoscopic nature of the 
asphalt material when unaged and, at later ages, to the development 
of a diffuse microflaw population. The nonlinear behavior itself fol-
lows a nonlinear trend. In their study, McGovern et al. investigated 
the nonlinearity of asphalt mixtures, oven aged from 0 to 36 h, and 
observed that mixture nonlinearity decreased from 0 to 24 h of oven 
aging, while it increased from 24 to 36 h. Thus, for the mix design used 
in this study, 12 to 24 h of laboratory oven aging was identified as a 
critical point beyond which damage rapidly accelerates (2, 3). One 
way to characterize the nonlinear behavior of asphalt mixtures is by a 
nonlinear acoustic technique called noncollinear wave mixing (4–9) 
in which two ultrasonic waves are forced to interact in such a way that 
a third, nonlinear, scattered wave results from this interaction. This 
interaction only occurs if the material exhibits nonlinear behavior. 

The noncollinear wave-mixing technique takes advantage of the 
change in nonlinearities with damage by measuring the efficiency 
and frequency at which interaction takes place.

Oxidative aging is a complex phenomenon in which chemical 
changes lead to the hardening of asphalt materials; which results in 
changes in the mechanical and thermal responses of these materials 
(10). The continuous damage accumulation caused by oxidative 
aging leads to the development of diffuse microflaw populations. 
These microflaws serve as the nuclei for crack growth, and their 
presence reduces cracking resistance. While this reduction is a 
known consequence, it has not been quantified and then compared 
with nonlinear behavior. The fracture energy of asphalt mixtures, 
measured by conducting the disk-shaped compact tension [DC(T)] 
test (ASTM D7313) is one method for characterizing mixture frac-
ture behavior at low temperatures. This method has been used to 
study the oxidative effects on the fracture energy of asphalt mix-
tures (11, 12). The fracture energy provides a good measure of the 
resistance of asphalt concrete to crack growth and is, therefore, a 
good indicator of the microflaw population.

Acoustic emission has already been used during characterization 
of asphalt mixtures in indirect tensile creep and strength tests (13) 
as well as in low-temperature cracking (14). In this study, acoustic 
emission (AE) is used to characterize the asphalt mixture’s response 
as it undergoes thermal cooling. This technique was introduced by 
Behnia (15), Behnia et al. (16), and Dave et al. (17) for assessing the 
embrittlement temperatures of asphalt mixtures. As a material prop-
erty, the embrittlement temperature of asphalt concrete is a charac-
teristic temperature of the material that indicates the temperature at 
which thermal damage in the form of microcracks begins to develop 
within a sample that is subjected to decreasing temperatures. DC(T) 
and AE tests provide information about the fracture behavior of 
asphalt mixtures at macro- and microlevels, respectively.

The nonlinear acoustic method, presented in McGovern et al. (1), 
has been demonstrated to be a quick, reliable, and nondestructive test-
ing method for in situ characterization of damage in asphalt concrete. 
The method is truly nondestructive in that no coring is necessary. For 
field implementation, a sensor unit—which can be mounted on the 
back of a truck—is envisioned to enable quick and automatic field 
assessment of asphalt pavement surface conditions. While it was 
shown that nonlinear acoustic metrics can detect the level of oxidation 
present in the pavement, nothing was reported about the relationship 
of the nonlinear acoustic metrics to the mechanical properties of the 
asphalt mixtures. Once practitioners have taken nonlinear acoustic 
measurements, they will likely want to use those measurements to 
infer the pavement’s mechanical response by looking at the fracture 
resistance, for example. This information is of practical importance; 
therefore, the goal of this paper is to quantify the relationship between 
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nonlinear acoustic metrics and the mechanical fracture properties of 
asphalt concrete materials.

Materials and experiMental procedures

Asphalt mixtures with a 19-mm nominal maximum aggregate size, 
a target asphalt content of 5.9% (by weight of the total mixture), and 
PG 64-22 as the base binder were used. The blend percentages of 
aggregate blend, consisting of four stockpiles, used in the asphalt 
mixture preparations were 65.3% coarse (CM16), 23% manufac-
tured dolomite sand (FM20), 10.5% natural sand (FM02), and 1.2% 
mineral filler.

The mixtures were prepared at 155°C according to a standard 
bucket mixing procedure. The prepared loose asphalt mixtures 
were laboratory aged in an uncompacted condition for 0, 12, 24, 
28, 32, and 36 h at 135°C. Laboratory aging of the asphalt mixtures 
was performed by placing loose mixtures in the force draft oven 
(at 135°C) for the appropriate amount of time (0 to 36 h). Uniform 
aging was ensured throughout the sample by hand stirring the mix-
tures every 6 h. In total, 18 gyratory samples were prepared (three 
gyratory samples for each oxidative aging level). Once they had 
been compacted, two gyratory samples at each aging level were 
cut to prepare four DC(T) specimens; the third sample was cut 
to obtain four AE samples as well as two rectangular specimens 
measuring 40 × 70 × 135 mm for noncollinear acoustic ultrasonic 
testing. Figure 1 illustrates the specimen geometry and nominal 
dimensions.

use of Fracture test for assessing low-temperature 
Fracture performance of Mixtures

The low-temperature fracture performance of asphalt mixtures at 
different aging levels was assessed by conducting DC(T) tests. A 
summary of the DC(T) test is presented in the following section.

DC(T) tests were conducted in accordance with ASTM D7313-07 
to assess the fracture resistance of asphalt mixtures. The DC(T) 

test was selected for compatibility with cylindrical specimens and 
so that a mixture with a 19-mm nominal maximum aggregate size 
could be tested with sufficient fracture ligament area. Figure 2 
shows schematically the DC(T) testing setup and typical results. 
All DC(T) tests were performed at −12°C. This temperature was 
selected on the basis of the ASTM standard that recommends a 
testing temperature 10°C warmer than the PG low temperature of 
the mixture, in this case −22°C. Prepared DC(T) samples were 
conditioned at −12°C for 2 h before the test was started. DC(T) 
tests were conducted by applying a tensile load to the specimen so 
that a constant crack mouth opening displacement (CMOD) rate 
of 1 mm/min was achieved. The geometry of the DC(T) specimens 
is shown in Figures 1 and 2. The fracture energy of the speci-
mens was determined by calculating the normalized area under 
the load-CMOD curve, Figure 2b.

use of acoustic approaches for nondestructive 
evaluation of asphalt Mixtures

Two nondestructive testing methods—nonlinear ultrasonics and 
AE—were used for assessing the behavior of asphalt mixtures 
at different aging levels. A summary of these testing methods is 
presented in the next sections.

AE Testing Approach

An AE testing approach was used for the assessment of the low-
temperature cracking behavior of asphalt mixtures. The AE spec-
imens were prepared by slicing gyratory-compacted samples as 
shown in Figures 1 and 3. These test samples were then positioned 
inside the cooling chamber and cooled at an average cooling rate 
of 0.8°C/min. The temperatures of the samples were recorded with 
a K-type thermocouple on the specimen surface. Wideband AE 
piezoelectric sensors (Digital Wave, Model B1025) with a nomi-
nal frequency range of 50 kHz to 1.5 MHz were used to monitor 
and record the acoustic activities of the samples during the test. 
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FIGURE 1  Fabrication process, geometry, and dimensions of testing samples used in noncollinear ultrasonic, AE, and fracture DC(T) tests.
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The AE testing setup and the specimen dimensions are shown 
schematically in Figure 3.

The evaluation of the AE activity of the asphalt samples was per-
formed on recorded AE signals and associated testing tempera-
tures. For the purposes of this study, an AE event is defined as 
a rapid physical change such as a microfracture in the material 
that releases energy in the form of transient stress waves and can 
be detected as an AE signal with voltage and energy equal to or 
greater than 0.1 V and 4 V2 • µs thresholds, respectively. Post-
processing of AE signals results in determination of the embrittle-
ment temperature, TEMB, of asphalt concrete material, which is 
defined as the temperature corresponding to the first major AE 
event accompanied by release of mechanical elastic waves within 
the sample. The embrittlement temperature represents the onset of 
thermal damage in asphalt concrete. It is an important characteristic 
temperature of material used in interpreting the low-temperature 
cracking behavior of asphalt mixtures. A typical plot of an AE 
response in an asphalt mixture subjected to rapid cooling is shown 
in Figure 3c.

Nonlinear Acoustic Approach

A noncollinear wave-mixing approach, which is a nonlinear acoustic 
technique, was implemented for assessment of the oxidative aging in  

asphalt concrete materials, as shown in Figure 4. In this technique, 
two monochromatic ultrasonic waves with frequencies f1 and f2 
are propagated so that they cross paths. In a material that is non-
linear in its constitutive behavior, these two waves can interact 
to produce a third wave, with a frequency of either f3 = f1 + f2 or  
f3 = f1 − f2, termed the nonlinear scattered wave. Thus, one can 
imagine 54 potential interaction scenarios, because the primary 
and scattered waves may be either (or all) dilatational waves, shear 
waves polarized in the interaction plane, or shear waves polarized 
out of the interaction plane. Of the 54 possible interaction cases, 
only 10 cases satisfy the necessary resonant and polarization con-
ditions (6, 7) that make interaction possible. The relationships 
between the wave numbers and frequencies are most generally 
described as follows:

k k k (1)3 1 2= ±

(2)3 1 2ω = ω ± ω

where ω is the circular frequency (ω = 2πf ) and k is the wave vector 
(|k | = ω/c); by definition, ω2 < ω1. The nonlinear wave is separated 
from the two primary interacting waves in its mode, time of flight,  
direction, and frequency. The separation between the nonlinear 
scattered wave and the primary waves makes this method preferable 
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FIGURE 3  Characteristics of AE test: (a) setup for asphalt mixtures, (b) geometry and 
dimensions of semicircular asphalt concrete test specimen, and (c) typical plot of AE event 
counts and AE energy versus temperature.

to other nonlinear acoustic methods, such as harmonic generation. 
The efficiency of the wave interaction (which can be quantified by 
the amplitude of the nonlinear scattered wave) and the frequency at 
which this interaction occurs will change with a change in material 
properties (i.e., linear acoustic velocity and attenuation and nonlinear 
elastic behavior). Furthermore, the presence of microflaws, which 
are directly related to the oxidation level in asphalt mixtures, 
serves to increase the nonlinear material behavior. It is, therefore, 
natural to use noncollinear wave mixing for detection of oxida-
tion aging level in asphalt concrete. The feasibility of using non-
collinear wave mixing of subsurface longitudinal waves for the 
assessment of oxidative aging of asphalt concrete has been dem-
onstrated in McGovern et al. (1). Subsurface waves are bulk waves 
that travel close to and parallel to the surface; the use of subsurface 
waves allows interaction to occur in a plane close to the surface, 
enabling a completely one-sided (i.e., top surface of the pavement) 
and nondestructive testing setup.

The case in which two dilatational waves interact to produce 
a shear wave, polarized in the plane, with a difference frequency 
was used. The conditions necessary for interaction to occur are 
the following:
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where

	ϕ = angle between the two primary waves,
 cL = dilatational velocity,
 cS = shear velocity, and
	 γ = angle of the scattered wave relative to k1.

Dilatational transducers were mounted on variable Plexiglas angle 
wedges, set to 1° greater than the first critical angle, to generate sub-
surface dilatational waves, which propagate close to and parallel 
to the surface. For field applications, this angle can be experimentally 
measured.

Figure 4d shows the experimental setup for the one-sided sub-
surface wave mixing. More details can be found in McGovern et al. 
(1). The first primary wave was a subsurface dilatational sinusoidal 
tone burst with a frequency f1 of 200 kHz, while the other primary 
wave (also a subsurface dilatational sinusoidal tone burst) was 
swept from a frequency f2 of 100 to 180 kHz in 1-kHz increments. 
The primary waves (k1 and k2) interacted at an angle of ϕ = 47°. The 
following steps were taken for the data collection:

Step 1. The signal was obtained while both transducers were 
operated simultaneously.

Step 2. The signal was obtained by operating only one transducer.
Step 3. The signal was obtained by operating the other transducer.

The signals obtained from Steps 2 and 3 were then subtracted 
from the signal obtained in Step 1 to obtain the nonlinear scattered 
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wave. More details about assessing oxidation in asphalt pave-
ments with the noncollinear mixing method, theoretical consider-
ations, and critically refracted angles can be found in McGovern 
et al. (1), Jones and Kobett (6), Taylor and Rollins (8), and Rollins 
et al. (9).

Metrics for assessment of oxidation level

The two metrics used to assess the level of oxidation were the 
frequency at which wave interaction occurs and the efficiency 
of the interaction. As the frequency f2 is swept during the data 
collection, the amplitude of the difference signal is continuously 
monitored. The frequency ratio, f2/f1, at which the amplitude of the dif-
ference signal is maximum corresponds to the frequency ratio at which 
interaction takes place. This frequency ratio changes with material 
properties, including the oxidation level, and can therefore be used 
as a metric.

A nonlinear scattered wave is the result of interaction between the 
two primary waves. Accordingly, a portion of the energy of the two 
primary waves is used in the generation of the nonlinear wave. For 
this reason, the amplitude of the nonlinear scattered wave is propor-
tional to the product of the two primary waves, as discussed in Jones 
and Kobett (6), as follows:

k k k k k k
kA A A D Dexp exp (5)age age sent sent

3 1 2 1 2 3

3[ ] [ ]( )= β − α + α −α( ) ( )( ) ( ) ( ) ( )

where

 D = propagation distance,
	 α = attenuation coefficient,
 A = amplitude of the respective primary wave,
	 β =  fraction of primary waves converted to the scattered wave 

(termed the nonlinear generation parameter), and
 age = laboratory oxidative aging level (h).
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Dividing Equation 5 by the nonlinear scattered wave amplitude of 
the virgin specimen and solving for β/β0 yields the following:
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The parameter β/β0, termed the normalized nonlinear generation 
parameter, represents the efficiency of the nonlinear wave interaction 
with respect to the virgin, undamaged material. This parameter is the 
second metric for oxidation level assessment in asphalt mixtures.

A nonlinear-characterization curve, which allows for the amount of 
oxidative aging to be estimated, was introduced in McGovern et al. 
(1). This curve is generated in laboratory conditions, for a set of aged 
specimens, by plotting β/β0 versus f2/f1. More details on this process 
are available in McGovern et al. (1).

results and discussion

Noncollinear wave-mixing measurements were performed on the sam-
ple set of aged asphalt mixture specimens, as shown in Figure 4. Table 1  
shows the noncollinear wave-mixing matrix (i.e., the frequency ratios 
f2/f1 and the normalized nonlinear generation parameters β/β0) for all 
aged asphalt mixture specimens, as shown in Figure 4, a and b. Selec-
tion criteria were used to ensure that the measured nonlinearities were 
a result of the wave mixing in the material bulk and not from the testing 
apparatus. The efficiency of the interaction (represented by the normal-
ized nonlinear generation parameter β/β0) decreased from 0 to 24 h of 
aging, after which it increased exponentially, as shown in Figure 4b. In 
fact, for this mixture the nonlinear response decreased from 0 to 24 h. 
At 24 h, however, the level of nonlinear response increased very rapidly 
with oxidative aging because of the presence of distributed microflaw 
populations. The frequency ratios decreased slightly, from 0.572 to 
0.556, from 0 to 24 h. At 28 h, the frequency ratio jumped to 0.679, and 
remained at that approximate level for the 32- and 36-h samples. Thus, 
both β/β0 and f2/f1 exhibited a critical point at about 24 h of labora-
tory aging. Because neither parameter is unique with respect to aging, 
both metrics are needed as shown in Figure 4c. The frequency ratio is 
not nearly as sensitive as the normalized nonlinear generation param-
eter: this makes sense because the frequency ratio is directly related 
to the linear acoustic measurements, as shown in Equation 3, which 
are inherently less sensitive than the nonlinear acoustic measurements.

In addition to noncollinear wave-mixing results, the embrittlement 
temperatures and fracture energies of mixtures obtained from the AE 
and DC(T) tests, respectively, are also presented in Table 1. The DC(T) 
test results, shown in Figure 2c, indicate that initially, as the oxidative 
aging level of the asphalt mixtures increased from the unaged condi-
tion to 12 h of oven aging, the average fracture energy of the material 
increased from 384 to 432 J/m2 (a 12.4% increase). After 12 h of 
oven aging, the fracture energy dropped, which suggests that the crit-
ical point for this mixture is at 12 h of laboratory aging. This apparent 
discrepancy with the nonlinear acoustic data, in which the critical 
point was identified as 24 h, can be explained by examining the dif-
ferences in the nature of the two tests. Noncollinear wave mixing is 
a nondestructive test conducted at room temperature with ultrasonic 
waves, which are high-frequency mechanical waves that are com-
paratively low in magnitude (e.g., with submicron particle displace-
ments at a frequency range of 50 to 200 kHz). Generally, asphalt 
mixtures exhibit elastic behavior under two circumstances: (a) at very 
low temperatures, usually below the glass transition temperature of 
the material, or (b) when subjected to rapid loading. Application of 
high-frequency ultrasonic waves during a noncollinear test is consid-
ered to be a fast loading condition causing asphalt mixtures to behave 
like a quasi-elastic material, minimizing the viscoelastic effects. Thus, 
the mechanical waves do not induce damage in the specimen and do 
not leave any permanent remnants of their passage once they have 
traversed the specimen. At 24 h of laboratory aging, while there might 
be a reduction in the cohesive strength and adhesion of the mastic, 
the microflaws have not yet developed from oxidation. However, 
after 24 h, a continuing decrease of the cohesive strength and adhe-
sion of the mastic leads to the development of microflaws and, in turn, 
to a drastic increase in the nonlinear response, as shown in Figure 4b. 
While the development of microflaws is a key contributor to the non-
linear behavior, oxidation is an extremely complex phenomenon (10), 
in which effects such as chemical changes of the binder play a role.

The oxidative aging effects on the shape of DC(T) load-CMOD 
curves were investigated. Comparison of load-CMOD curves from 
mixtures at different aging levels revealed that aging increased the 
fracture peak load (because of the increase in material stiffness), 
while it shrank the size of the softening (postpeak) portion of the 
load-CMOD curve (because of the decrease in material ductility), as 
shown in Figure 2b. Another important observation regarding oxida-
tive aging effects on asphalt mixtures was the change in cracking 
patterns in mixtures at different aging levels. Comparison of fracture 
patterns in DC(T) samples at the end of testing provided additional 
insight into the oxidative aging of mixtures. Figure 5 schematically 
depicts the change in the cracking pattern in asphalt mixtures attribut-
able to the oxidative aging of the material. It was observed that in 

TABLE 1  Summary of Nonlinear Acoustic, Acoustic Emission, and DC(T) Test Results for Asphalt Mixtures  
at Different Oxidative Aging Levels (0–36 h)

Oxidative Aging 
Level (h)

Frequency
Ratio ( f2/f1)

Normalized Nonlinear 
Generation Parameter (β/β0)

Embrittlement 
Temperature, 
TEMB (°C)

Fracture Energy, 
Gf (J/m2)

Normalized 
Fracture
Energy (Gf /G0)

Peak Load 
(kN)

0 0.572 1.00 −25.18 384 1.00 2.85

12 0.558 0.16 −24.08 432 1.12 3.18

24 0.556 0.11 −23.36 351 0.91 3.25

28 0.679 0.66 −22.47 331 0.86 3.02

32 0.671 36.11 −20.28 327 0.85 3.29

36 0.676 344.56 −15.23 328 0.85 3.37
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mixtures with lower aging levels (aging level ≤	12 h), the crack front 
propagated through the aggregates, while in mixtures with higher 
aging levels (aging level > 12 h) the crack path became more tortu-
ous, going around the aggregates rather than through them. This find-
ing provides further evidence of the reduction in mastic adhesion as 
the result of aging, because crack fronts propagate along the path of 
least resistance. The bonding quality between aggregates and asphalt 
mastic in aged mixtures is weaker compared with the bond level in 
mixtures with lower aging levels. The cracking path at different aging 
levels reveals strong aggregate–mastic bonding as well as a strong 
bond between mastic particles in mixtures with lower aging levels 
(aging level ≤	12 h) because the crack front propagates through the 
aggregates rather than between aggregate and mastics via debond-
ing. As the aggregate–mastic bonding weakens at higher aging levels, 
propagating around the aggregates becomes an easier choice for the 
crack front because it requires less energy to propagate.

The embrittlement temperatures of asphalt mixtures obtained 
from the AE test are also presented in Table 1. Results show that 
the embrittlement temperature of asphalt mixtures progressively 
increased with an increase in aging time. The higher the aging level 
of the mixture, the warmer the onset of the thermally induced micro-

damage in the asphalt concrete samples. Figure 6 shows the plot of 
embrittlement temperatures of asphalt mixtures versus their aging 
levels. Figure 7, a and b, illustrates the relationship between the nor-
malized fracture energy and the embrittlement temperature, respec-
tively, and aging and nonlinear ultrasonic parameters. (The measured  
fracture energy and the embrittlement temperature values, from 
Table 1, are shown in parentheses in the figure.) Figure 8 shows the 
normalized fracture energy versus the normalized nonlinear genera-
tion parameter. (The measured fracture energy values, from Table 1, 
are shown in parentheses in the figure.)

coMparison oF test results

As the mastic undergoes oxidation, the asphaltenes-to-maltenes 
ratio increases, which results in two major changes in the material 
properties: (a) mastic stiffness increases with oxidation and (b) the 
cohesive strength of the mastic as well as the mastic–aggregate adhe-
sion decreases. For the second mechanism, because the laboratory 
specimens were created by aging the loose mixture, the adhesion 
between the aggregates and mastic decreased (so that flaws appeared 

(a) (b) 

Crack path

FIGURE 5  Effect of oxidative aging on the crack path pattern in asphalt mixtures at aging levels (a) Ä12 h and (b) >12 h.
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FIGURE 6  Acoustic emission embrittlement temperatures of asphalt mixtures at 
aging levels from 0 to 36 h.
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at the aggregate–mastic interface rather than within the mastic). At 
low aging levels, the first mechanism dominates the global compos-
ite (i.e., asphalt mixture, material properties). At higher aging levels, 
the second mechanism dominates the global properties. The point at 
which the material properties transition from being dominated by the 
first mechanism to the second mechanism has been termed the “criti-
cal point.” For noncollinear wave-mixing measurements, this point 
was identified as 24 h of laboratory oxidative aging for this mixture, 
and it appears that is the point when the mixture loses the self-healing 
ability. Once the oxidation level passes the critical point, the adhesive 
strength loss dominates, which results in a drastic accumulation of 
microflaws. These microflaws result in an apparent reduction of the 
overall composite stiffness for aging levels beyond the critical point. 
These results appear in ultrasonic measurements as lower ultrasonic 
dilatational and shear velocities (velocity is directly proportional 
to stiffness) and higher ultrasonic attenuations (2, 3). With regard 
to crack-resistant properties, higher stiffness of the loose mixtures 

corresponds to a higher fracture resistance of compacted samples; 
however, lower adhesion of mixtures results in asphalt mixtures with 
weak bonding between mastic and aggregates. Thus, up to the criti-
cal point of aging (12 h for fracture tests), the amount of increase in 
fracture energy caused by an increase in stiffness is more than the 
amount of loss in fracture energy caused by a reduction in mastic 
adhesion. As the aging continues past the critical point, the fracture 
energy drops as the reduction in mastic adhesion becomes the domi-
nating mechanism. Although these two mechanisms play a key role 
in composite behavior, the oxidative aging process is complex, and 
many interrelated phenomena contribute to damage.

In contrast to ultrasonic mechanical loading, the DC(T) test applies 
a relatively large mechanical load at a comparatively low loading rate 
(i.e., 1 mm/min). This mechanical loading aids fracture in specimens 
with an already weakened mastic. Thus, although microflaws had 
not yet developed in the undisturbed (i.e., before testing) mix, the 
weakened mastic caused a sharp drop-off in the fracture energy after 
a critical point. This finding implies that while the nonlinear acous-
tic method is sensitive to the presence of developed microflaws, the 
fracture energy test is sensitive to the cohesive and adhesive strength. 
Another difference between the fracture energy and nonlinear acous-
tic tests is the behavior exhibited by the asphalt mixtures. For fracture 
tests, while performed at lower temperatures (but not below the glass-
transitioning temperature) the loading and temperature regime caused 
the asphalt mixture to exhibit viscoelastic behavior, as opposed to the 
elastic behavior exhibited in the nonlinear ultrasonic testing.

Figure 4c shows the f2/f1 metric plotted versus the normalized 
nonlinear wave generation parameter (β/β0), which represents 
the damage evolution curve attributable to oxidative aging. This 
curve is plotted again in Figure 7, a and b. The numerical val-
ues of the fracture energy and embrittlement temperatures, respec-
tively, are also reported here to aid in understanding the gray coding 
scheme (which is used in the shaded boxes underneath the level 
of aging, given in number of hours in the oven at 135°C). Figure 7, 
a and b, illustrates the relationship between the nonlinear acoustic 
metrics, the fracture energy, and embrittlement temperatures in the 
mixtures. In Figure 8, the normalized fracture energy is plotted versus 
the normalized nonlinear wave generation parameter, and it shows the 
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FIGURE 7  Evolution of (a) the normalized fracture energy and (b) embrittlement temperatures with the evolution of oxidative aging damage 
and their relationship to nonlinear acoustic parameters.
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oxidative damage trajectory in terms of the fracture energy and β/β0. 
A comparison of Figure 8 and Figure 4c reveals that as the frequency 
ratio ( f2/f1) increases, the fracture energy decreases.

conclusions

Oxidative aging effects on asphalt mixtures were evaluated by con-
ducting noncollinear ultrasonic wave mixing tests, AE tests, and 
DC(T) tests. Given that noncollinear ultrasonic wave mixing success-
fully assessed the level of oxidative aging in asphalt mixtures, the 
possibility of estimating the fracture properties, including the fracture 
energy and embrittlement temperature of aged mixtures, was explored. 
Test results from the three methods showed similar trends, indicating 
the detrimental effects of aging on the thermal and mechanical perfor-
mance of asphalt mixtures. Minor discrepancies between the trends 
of the nonlinear acoustic and DC(T) tests were observed. The source 
of the observed discrepancies was explained, and the relationships 
between test results were investigated. Results indicate that estimation 
of traditional fracture parameters (fracture energy and peak load) from 
the DC(T) test and the embrittlement temperatures is possible. For 
the estimation of fracture properties to be implemented in the field, 
future work should include building a library of damage trajectories 
(see Figures 7 and 8) for various mix designs. Furthermore, other 
influences (e.g., rain or traffic) on the damage trajectories should be 
studied to determine their impact on the shape of the curves, so that 
this method can be refined and optimized for field use. The estimation 
of fracture properties from noncollinear wave mixing is very appeal-
ing because the method is portable, can easily be applied in the field, 
and is nondestructive because it does not require core extraction.
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