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Research Summary: IAPA Scholarship 
Megan E. McGovern 

 

 

In this report, I will provide a summary of my research accomplishments upon receiving the IAPA 

scholarship.  First, I will discuss the need for my current research.  Then, I will provide a brief summary of 

the prerequisite, background research which was performed prior to receiving the IAPA scholarship.  

Finally, I will discuss my more recent research accomplishments, which I was able to achieve due in part 

from the support of the Gallagher Family Memorial Scholarship from the Illinois Asphalt Pavement 

Association.  For referencing convenience, I have included my published research in the Appendix of this 

report.    

  

My Research: The Need 
 

Cracks in asphalt pavements are expensive and difficult to properly repair.  They drastically affect the life 

span of asphalt pavements, rideability, and lead to millions of dollars of repair and maintenance annually.  

If left untreated, cracks deteriorate and widen over time, allowing moisture and oxygen to readily infiltrate 

the pavement system, which can lead to severe pavement damage over time.  Oxidative aging has long been 

recognized as an important contributing factor to cracking of asphalt pavements.  As the asphalt concrete 

is subjected to conditions in the field, it continuously becomes oxidized, leading to material embrittlement 

with time.   Aged pavements are stiffer, more brittle, and relieve stresses much slower than newer 

pavements.  While aged pavements accumulate damage at a faster rate, their crack healing rate also occurs 

at a slower rate.  

 

A rejuvenator, as the name implies, is a product that aims to restore the physical and chemical properties 

of aged bitumen. Rejuvenators address the issue of oxidative hardening by softening the aged asphalt via 

the restoration of the original asphaltenes to maltenes ratio [1-3]. Some examples of rejuvenators are refined 

tallow, waste vegetable or frying oils, waste motor oils, lube extracts, extender oils, emulsions, soft virgin 

binders, and bio-binders [1,4,5]. Rejuvenators are generally applied to the surface of existing pavements; 

therefore, it is essential for the rejuvenator to have the ability to penetrate the surface and diffuse through 

the aged asphalt.  If the rejuvenator lacks this ability, not only will the aged asphalt be unaffected, but the 

unabsorbed rejuvenator will reduce skid resistance [3,6]. To avoid creating slick, over-coated surfaces, it is 

often good practice to apply rejuvenators in several coats at a lower application rate [7].  During the 

diffusion process, the rejuvenator first forms a low-viscosity layer around the layer of aged binder which 

coats the aggregate.  Then, the rejuvenator starts to diffuse into the aged binder, thus softening it.  

Eventually, all the rejuvenator penetrates into the aged binder and the inner layer becomes less viscous and 

the outer layer becomes more viscous as the mixture approaches a state of equilibrium [3,6].  

 

Preventive maintenance of pavements is an important aspect of pavement.  It is much more cost effective 

to maintain a pavement in an acceptable state than defer maintenance until damage becomes severe.  Thus, 

preservation entails repairing distresses in the pavement at very early stages, i.e., as they begin to occur.  

One of the great challenges is determining when a pavement has become vulnerable to cracking.  Currently, 

pavement engineers lack practical tools to determine the proper time for preventive maintenance.  

Maintenance can entail the application of surface treatments such as the application of rejuvenators, or a 

more substantial rehabilitation such as pavement milling and resurfacing.  Accurate evaluation of aging 

effects of asphalt concrete could greatly benefit pavement engineers in determining the critical time for 

applying preventive maintenance measures to extend the pavement life.  One such pavement preservation 

method could entail the use of rejuvenators.  Currently, researchers are still pursuing a thorough and 

quantitative understanding of the effect of rejuvenators.  There exists a need for a more reliable method for 

determining the effectiveness of a rejuvenating agent.    
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Background on Research Accomplishments 

 

My research has followed a natural trajectory, where the primary goal is to provide pavement engineers 

with a tool to quickly, accurately, and non-destructively evaluate the oxidative aging level of asphalt 

concrete pavements.  Such a tool would allow pavement engineers to make decisions regarding proper 

maintenance time, as well as evaluate the effectiveness of these decisions (e.g., evaluate the efficacy of 

applied rejuvenators).  In this section, I will detail the work that has lead up to my current research.     

 

Characterization of Asphalt Concrete using Linear Ultrasonics 

 

To understand the oxidative aging effects on asphalt concrete mixtures, acoustic emissions and ultrasonic 

tests were conducted in Reference [8]. A set of nine mixtures, encompassing different aging levels ranging 

from 0 to 72 hours of laboratory oven aging were prepared and tested.  Acoustic emission tests were 

conducted on all specimens, and ultrasonic tests were conducted on specimens aged from 0 to 36 hours.  

Ultrasonic tests were not performed on specimens aged past 36 hours, as the rough cratered surface texture 

impeded satisfactory couplant conditions.  This study was the first to report frequency dependent ultrasonic 

velocity and attenuation measurements.  Furthermore, this study was the first to report ultrasonic shear 

wave measurements.   

 

Using the ultrasonic measurements from Reference [8], the dynamic Young’s (uniaxial) and shear complex 

moduli were computed in Reference [9].  There was observed to be a discernible trend of the dynamic 

modulus with respect to aging.  Specifically, it increases from 0 hours to 24 hours and decreases from 24 

hours to 36 hours.  From this trend, it was concluded that after 24 hours, the binder becomes so stiff that it 

loses adhesion with the aggregate resulting in an overall decrease in the dynamic modulus.  It was observed 

that the complex modulus results via ultrasonic measurements do not overlap with results from mechanical 

testing due to scattering effects present in the ultrasonic testing that are not present in the mechanical testing; 

however, a correlation does exist.  It was noted that shear ultrasonic measurements must be carried out, 

because too much uncertainty exists in trying to guess a suitable Poisson’s ratio.  Also, frequency dependent 

ultrasonic measurements must be carried out to eliminate need for mechanical testing.  The correlation 

between the ultrasonic measurements and the amount of aging suggests that this non-destructive method 

can be successfully employed to detect aging in asphalt concrete.   

 

 
Figure 1. Average across frequency of (a.) velocities (m/s) and (b.) attenuations (Np/m) for asphalt concrete aged 0 to 36 hours.  The 

average velocity (for both dilatational and shear) increase from 0 to 24 hours and decrease from 24 to 36 hours. The average attenuation 

(for both dilatational and shear) decreases from 0 to 24 hours and increases from 24 to 36 hours. 

 

The results from References [8] and [9] all exhibit a particular trend, where the properties increase 

(decrease) with an increase in age until reaching a critical point, after which the data decreases (increases) 

with age.  Furthermore, these results agree with data published in other studies.  See Figure 1.  These results 

highlight the importance of the critical point in oxidative aging.  Below this critical point, asphalt has the 
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ability to self-heal micro-flaws.  Beyond this critical point, degradation of the pavement occurs rapidly.  

This behavior can be explained by understanding the two phenomena that occur as the level of oxidative 

aging in the asphalt concrete increases:  1. The binder stiffness increases and 2. The adhesion between the 

binder/mastic and aggregates decrease.  At low aging levels, i.e., below the critical point, the binder stiffness 

is the dominating affect on the overall composite stiffness.  At higher ageing levels, i.e., above the critical 

point, the adhesion loss dominates the overall stiffness.  The critical point for the mixture-type used in this 

study was observed to occur at 24 hours of laboratory aging.    

 

Characterization of Asphalt Concrete using Nonlinear Ultrasonics 

 

While the linear acoustic techniques from References [8] and [9] allow the pavement engineer to detect 

damage at high levels, these techniques are not sensitive to microflaws (i.e., flaws much smaller than the 

ultrasonic wavelength).  For this reason, nonlinear acoustic methods are more suitable for damage detection 

due to the increased sensitivity to microflaws.  In Reference [10], the feasibility of assessing the level of 

oxidative aging of asphalt concrete was studied using non-collinear wave mixing, a nonlinear acoustic 

technique.  This technique involves the mixing of two ultrasonic waves.  In a linear elastic material, the two 

waves will simply cross paths.  However, in a nonlinear elastic medium, such as asphalt concrete, the two 

waves may interact to produce a third scattered wave.  This interaction will only exist under the right 

conditions.  Please refer to Reference [10] for a more detailed discussion on the appropriate conditions.  

Even in its unaged, virgin state, asphalt concrete belongs to a nonlinear elastic class of materials called 

mesoscopic materials.  As the asphalt concrete is oxidatively aged, it displays increasingly nonlinear 

behavior.  This nonlinear behavior can be monitored by observing some parameters of the third scattered 

wave (which arose from the interaction).  Namely, these parameters include the frequency at which the 

interaction takes place f2/f1 and the efficiency of the interaction, β/β0.  Refer to Reference [10] for a detailed 

description of these parameters.        

 

Non-collinear wave mixing was performed on a set of asphalt concrete specimens subjected to various 

amounts of oven-aging from 0 to 36 hours.  In order to perform the measurements, angles were cut into the 

cylindrical gyratory compacted specimens to facilitate the mounting of the transducers and ensure that the 

waves interacted at the appropriate angle.  See Figure 2.  It was observed that the frequency ratios changed 

with the amount of aging.  Even in the presence of strong attenuation, the nonlinear scattered wave was 

detected.  It was found that asphalt concrete exhibits nonlinear behavior which increases exponentially with 

the amount of aging.   

 

 
Figure 2.  Test samples Schematic diagram of the ultrasonic data collection system illustrating the angle of interaction of the two 
longitudinal waves and the location of the shear transducer to receive the generated scattered shear wave.   The blue and red regions 

denote the areas of signals k1 and k2, respectively, due to beam spread.  The region where they overlap is the volume of interaction.  

Note, the beam spread from k2 is slightly higher than k1 due to the difference in frequencies.  
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For field use, the method presented in Reference [10] is not, in its current state, practical, because it involves 

coring the pavement and then cutting the sample to the geometry shown in Figure 2.  Thus, the goal of 

Reference [11] was to address this issue and modify the testing configuration to be one-sided.  A one-sided 

configuration would eliminate the need for a core, and thus, extend the method to be truly non-destructive 

and employable on-site.  This was achieved through the use of subsurface dilatational waves.  Subsurface 

dilatational waves are dilatational (compressional) waves that propagate close and parallel to the surface.  

Dilatational transducers were mounted on variable Plexiglas angle wedges to generate subsurface 

dilatational waves.  The two waves were propagated through a sample set of asphalt concrete specimens of 

different oxidative aging levels such that they interacted to produce a third scattered nonlinear shear wave, 

which was received by a third transducer positioned on the same side of the specimen.  Please refer to 

Figure 3, which shows the one-sided configuration.  The non-collinear wave mixing technique was thus 

employed in the same manner as the previous study in Reference [10].  As before, it was verified that the 

nonlinear wave originated from the wave mixing in the specimen and not the testing instrumentation by 

using selection criteria.  It was found that asphalt concrete exhibits nonlinear behavior which increases 

exponentially with the amount of aging.  The results from this study correlated well with the results from 

the previous study [10], demonstrating the effectiveness of this technique.   

 

Reference [11] demonstrated that wave-mixing of subsurface dilatational waves could successfully assess 

the aging level of the pavement; however, prior knowledge of the specimens’ linear acoustic properties 

(i.e., velocity and attenuation) was necessary in order to properly set the incident angle of the wedges.  

Reference [12] addresses the issue of appropriately setting the incident angle when the acoustic properties 

of the pavement are unknown via an iterative technique.  A “nonlinear-characterization curve” was also 

introduced, which allows for the amount of oxidative aging to be estimated.  The nonlinear-characterization 

curve is constructed by plotting the two measured nonlinear parameters, i.e., f2/f1 versus β/β0, obtained from 

the aged sample set in laboratory conditions.  See Figure 4.  Once this nonlinear-characterization curve is 

known for a particular mixture, it need not be generated again.  A library of these curves could be generated 

for various mixture-types, so that all the pavement engineer needs to know a priori, is the mixture-type of 

the pavement to be interrogated.  The parameters of the pavement (f2/f1, β/β0) can then be measured, 

superimposed on the nonlinear-characterization curve, and the age determined.  To verify the accuracy of 

the iterative angle technique, a blind study was performed, whereby the samples were tested assuming no 

prior knowledge about the material properties of the specimen.   

 

 

 
Figure 3.  Test samples Schematic diagram of the ultrasonic data collection system illustrating the angle of interaction of the two 

longitudinal waves and the location of the shear transducer to receive the generated scattered shear wave.   The blue and red regions 

denote the areas of signals k1 and k2, respectively, due to beam spread.  The region where they overlap is the volume of interaction.  
Note, the beam spread from k2 is slightly higher than k1 due to the difference in frequencies.  
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Figure 4. Generation of the reference curve, i.e., the frequency ratio vs. the normalized nonlinear parameter.  Please note 

that (a) and (b) are experimentally determined from specimens with increasing levels of controlled oxidative aging.  The 

data from (a) and (b) is used to create (c).  

 

Research Accomplishments since Receiving IAPA Scholarship 
 

Since receiving the IAPA scholarship, I have been able to expand upon the non-collinear wave-mixing 

method presented in my previous research.   Specifically, I have simplified the one-sided technique [12] to 

be more practical for field use.  I also have studied the ability of the technique presented in Reference [12] 

evaluate the efficacy of asphalt rejuvenators, which aim to restore the mechanical properties lost due to 

oxidative aging.  Because this approach is capable of assessing the level of oxidative aging, pavement 

engineers now have the proper tools to not only identify the proper time for maintenance, but they can also 

treat the pavement and assess the effectiveness of the treatment.  A more detailed discussion on this research 

will now be provided.  

 

In the previous research (see previous section), the non-collinear wave-mixing technique was demonstrated 

to be a reliable method for assessing the amount of oxidative aging present in AC.  Furthermore, the testing-

setup can be configured such that only access to one-side (i.e., the top) of the pavement is necessary.   An 

iterative angle technique was introduced to address the issue of the unknown linear acoustic properties, i.e., 

ultrasonic velocity and attenuation.  The iterative angle technique; however, can be tedious and time-
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consuming.  Thus, in Reference [13], the one-sided technique was modified such that it is quicker and 

simpler to implement in the field.  This was done by using a fixed angle technique.  In this technique, an 

angle is determined for the mixture-type that will be suitable across the desired range of age levels (e.g. 0 

to 36 hours).  For the mixture-type, age-range, and testing set-up used in this study, the suitable angle was 

determined to be 73º.  It was observed that the fixed angle technique introduces some error in the accuracy 

of the measurements when compared to the iterative angle technique; however, the error was not so great 

as to diminish the effectiveness of the test for assessing the age level.  To verify the accuracy of the fixed 

angle technique, a blind study was performed.  Please refer to Figure 5, which shows the results from this 

blind study test superimposed on the nonlinear-characterization curve.  This fixed angle technique has the 

advantage that eliminates the need for determining the incident angle via the tedious and relatively time-

consuming iterative angle method, because the test set-up is completely constant across the entire laboratory 

sample set.  This technique therefore has the potential to be developed into an instrument for pavement 

engineers to use to quickly evaluate the state of the pavement.      

 

 
Figure 5.  The frequency ratio f2/f1 at which interaction occurs vs. the efficiency of the interaction β/β0 for asphalt concrete 

specimens subjected to oven-aging.  The red x’s represent the average of the 10 independent measurements taken from 

the top surface using the fixed-angle technique, without any prior knowledge of the specimen aging (only the type of 

mixture was known).   

 

Receiving the Gallagher Family Memorial Scholarship has also allowed me to extend my research to 

explore the efficacy of rejuvenators on restoring the properties of aged asphalt concrete to the virgin state.  

In Reference [14], the effectiveness of rejuvenators, i.e., the effective amount of aging of the AC after 

rejuvenator application, was assessed via the non-collinear wave mixing technique as a function of the 

dwell time.  The data collected from the rejuvenator-coated specimens was compared to the known 

reference curve to determine the degree of restoration the rejuvenator had on the AC as a function of the 

dwell time.   

 

Oxidatively aged asphalt concrete specimens were coated with rejuvenator (10% by weight of the binder) 

and left to dwell for a specific amount of time: 3 to 6 days in 1 day increments, 1 to 8 weeks in 1 week 

increments, and 12 weeks.  Once the dwell time reached the desired amount, the specimen was wiped of 

any excess rejuvenator, to improve couplant conditions, and immediately ultrasonically tested.  The 

frequency ratio, f2/f1, at which the interaction took place and the normalized nonlinear wave generation 

parameter, β/β0, were recorded and compared against the nonlinear-characterization curve.  See Figure 6.  

This is the same plot that was created in Reference [11] using asphalt concrete samples (with no rejuvenator) 

subjected to various amounts of oxidative oven aging.  It was observed that the samples with a dwell time 

of 5 weeks and greater exhibited nonlinear characteristics similar to the reference virgin specimen.  From 
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1 to 4 weeks, the nonlinear parameters became closer to the virgin parameters with each successive week.  

This indicates that the rejuvenator takes time to chemically act on the aged binder.  It is difficult to know 

whether the observed changes in the specimens are due to a composite effect of the rejuvenator and asphalt 

concrete, or a result from the rejuvenator chemically acting on the aged binder.  The ability of the 

rejuvenator to fully penetrate and act on the binder was observed to be dependent on the porosity and 

aggregate structure, and thus varied for each specimen.  As a result, some portions of the binder were 

restored to a greater extent than others.  This non-uniform nature was captured via the nonlinear ultrasonic 

technique.               

  

 
Figure 6.  Damage evolution path for increasing levels of aging (solid line and solid dots), as well as the average of five 

measurements taken on specimens aged 36 hours exposed to rejuvenator for increasing amount of dwell times (crosses) 

using the iterative-angle technique.  

 

 
Figure 7.  Damage evolution path for increasing levels of aging (solid line and solid dots), as well as the average of five 

measurements taken on specimens aged 36 hours exposed to rejuvenator for increasing amount of dwell times (crosses) 

using the fixed-angle technique. Extracted from….  

 

Most recently, the utility of using the fixed angle technique from Reference [13] for testing the efficacy of 

rejuvenators was studied.  Figure 7 shows the results from this study.  The results obtained using the fixed-
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angle technique agree with the results obtained from the more accurate iterative-angle technique presented 

in Figure 6, thus, demonstrating the validity of this technique.     

 

Conclusions 
 

I developed a method to nondestructively assess the amount of oxidative aging present in a pavement when 

there is only access to one side (i.e., the top).  Receiving the Gallagher Family Memorial Scholarship has 

also allowed me to extend this method to be practical for field use by introducing a “fixed angle” technique.  

A blind study was performed on a sample set of aged asphalt concrete specimens to verify the validity of 

this method.  This research has the potential to lead to an instrument which would allow decision makers 

to quickly and accurately determine the proper time for rehabilitation/maintenance of pavements.  Also, 

this technique was used to evaluate the efficacy of asphalt rejuvenators, which aim to restore the mechanical 

properties lost due to oxidative aging.  Because this approach is capable of assessing the level of oxidative 

aging, pavement engineers now have the proper tools to not only identify the proper time for maintenance, 

but they can also treat the pavement and assess the effectiveness of the treatment.   
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CONCRETE TESTING

Asphalt concrete mixtures with different levels of oxidative 
ageing, prepared by oven-ageing the mixture at 135ºC for 
different amounts of time, were used to study the effects 
of oxidative ageing upon the ultrasonic velocity and 
attenuation measurements. The embrittlement temperatures, 
ie low-temperature cracking, of the mixtures with different 
amounts of oven-aged times were also evaluated by 
monitoring the acoustic emission response of the specimens 
when cooled from room temperature to –50ºC. It was 
observed that the embrittlement temperature increases (ie 
the onset of embrittlement occurs at a warmer temperature) 
as the amount of ageing increases. However, the rate-of-
change of the embrittlement temperatures with ageing time 
increases gradually until 24 h of ageing, after which the 
rate of change significantly increases. It was also observed 
that both the dilatational and shear velocities increase up to 
approximately 24 h of ageing, after which they significantly 
decrease with ageing. Also, both the dilatational and shear 
attenuation decrease with ageing up to around 24 h of 
ageing, after which both attenuations strongly increase. The 
results from both ultrasonic and acoustic emission tests are 
consistent with results obtained using the mechanical disc-
shaped compact tension (DC(T)) fracture tests.

Keywords:	Laboratory ageing, non-destructive tests, acoustic 
emission, ultrasonics, disc-shaped compact tension 
(DC(T)) test. 

Introduction
Low-temperature cracking in asphalt concrete pavements is a 
major cause of pavement deterioration. Cracks in asphalt concrete 
pavements are difficult to properly repair and they drastically 
affect the life span of pavements and their rideability, leading 
to millions of dollars worth of repair and maintenance annually. 
When left untreated, cracks deteriorate and widen over time, 
allowing moisture and oxygen to readily infiltrate the pavement 
system, which can lead to severe pavement damage. Oxidative 
ageing has long been recognised as an important contributing 
factor to cracking of asphalt pavements. As the asphalt concrete 
is subjected to environmental conditions, it continuously degrades 

due to oxidation at or near the surface. This leads to pavements with 
graded material properties, where the asphalt layers near the surface 
have warmer low-temperature cracking properties. To illustrate the 
effect of oxidative ageing, Figure 1 shows two pictures of the same 
pavement section: the one on the left was taken immediately after 
the construction and the one on the right was taken after nineteen 
months[1]. Comparing the two pavement conditions clearly reveals 
the difference in pavement surface, texture and colour, which are 
the result of ageing and climatic weathering. Aged pavements are 
stiffer, more brittle and relieve stresses at a much slower rate than 
unaged pavements. While aged pavements accumulate damage 
at a faster rate, their crack-healing ability is also lower when 
compared with unaged pavements. The amount of ageing with 
time varies significantly depending upon the chemical composition 
of the binder (for example crude source, refining techniques and 
additives), environmental factors and the characteristics of the 
mixture (for example asphalt content and air voids), as reported by 
Lau et al[2], Petersen et al[3], Thomas[4] and Baek et al[5].

Preventive maintenance of pavements is one important aspect 
of pavement preservation that is usually overlooked. Preservation 
entails repairing distresses in pavements at a very early stage, 
ie as they begin to occur. Preventive maintenance can entail the 
application of surface treatments, such as the application of 
rejuvenators, or a more substantial rehabilitation, such as pavement 
milling and resurfacing. One of the great challenges is determining 
when a pavement has become vulnerable to low-temperature 
cracking. Currently, pavement engineers lack practical tools to 
determine the proper time for preventive maintenance. The ability 
to rapidly and accurately evaluate the level of oxidative ageing in 
asphalt concrete mixtures, and its effects on pavement performance, 
would greatly benefit pavement engineers in determining the critical 
time for preventive maintenance measures to extend pavement life.

The primary goal of this study is to assess the effects of 
laboratory-induced oxidative ageing upon both the frequency-
dependent ultrasonic dilatational and shear velocities and 
corresponding attenuations, and upon the low-temperature 
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embrittlement properties, which are estimated using an acoustic 
emission approach. The obtained results are consistent with the 
disc-shaped compact tension (DC(T)) fracture test results reported 
by Braham et al[6,7]. 

Experimental procedures
Nine asphalt concrete specimens with the same mixture design 
were prepared following Superpave guidelines and using a gyratory 
compactor. A 19 mm nominal maximum aggregate size (NMAS) 
with a target asphalt content of 5.9% by weight of the total mixture 
was selected for this study. The PG 64-22 binder was utilised as 
the base binder. The aggregate blend consisted of aggregates from 
four different stockpiles: 65% of coarse aggregate (CM16), 23% of 
manufactured sand (FM20), 10.5% of manufactured sand (FM02) 
and 1.5% of mineral filler (MF).

Mixing of the asphalt concrete mixtures was conducted at 
155ºC using a standard bucket mixing procedure. Laboratory-
ageing of the uncompacted loose asphalt concrete mixtures was 
performed by placing the loose mixtures in an oven at 135ºC for 
0, 12, 24, 28, 32, 36, 48, 60 and 72 h. To ensure uniform ageing 
throughout the sample, the mixtures were hand-stirred every 
12 h. Once aged, the mixtures were compacted at 135ºC using a 
servo-controlled gyratory compactor (IPC Servopac) to construct 
cylindrical specimens 150 mm long and 150 mm in diameter. Each 
of the compacted gyratory specimens were then cut to obtain two 
40 × 70 × 135 mm3 rectangular specimens, which were used for 
ultrasonic velocity and attenuation measurements, and four half-
moon 60 mm-thick samples, which were used to evaluate the 
acoustic emission response during thermal cooling. Figure 2 shows 
the geometry and dimensions of the extracted test samples from 
each of the cylindrical compacted gyratory specimens. To avoid 
the end-effects induced during compaction and to obtain a smooth 
surface for sensor placement, a 5 mm layer was trimmed from each 
end of the cylindrical gyratory compacted specimens. The entire 
set of aged specimens, ie from virgin specimens to specimens aged 
up to 72 h, was tested using acoustic emission. However, ultrasonic 
velocity and attenuation measurements were only performed on 
specimens aged up to (and including) 36 h. The rough, cratered 
surfaces of specimens aged past 36 h caused coupling difficulties 
with the sensors, preventing ultrasonic testing. 

Acoustic emission response to thermal cooling
Over the past few decades, acoustic emission (AE) has been utilised 
extensively to evaluate the fitness-for-service of structures and 
to characterise microscopic damage in materials[8]. The acoustic 
emission phenomenon refers to the generation of transient elastic 
mechanical waves caused by local transient instabilities in the 
media. When a material is stressed (mechanically or thermally) to a 
point when inelastic deformation occurs, strain energy is suddenly 
released in the form of transient elastic mechanical waves. The 
inelastic deformation is due to local dynamic movements or 
momentary instabilities (for example microcracks develop). 
Emitted AE elastic waves propagate outward from the source 
and can be detected using piezoelectric sensors mounted on the 
surface of the test sample. Figure 3 schematically illustrates crack 
generation/propagation along with the corresponding AE wave 
generation, propagation and detection for a material test sample 

under increasing loading conditions. Acoustic emission has already 
been successfully used to estimate the embrittlement temperatures 
of virgin and aged asphalt binders, as reported by Apeagyei et 
al[9], Dave et al[10] and Behnia et al[11], where a review of acoustic 
emission to characterise asphalt concrete mixtures is provided. 
Here, the acoustic emission approach is used to estimate the low-
temperature embrittlement properties of asphalt concrete mixtures 
and their dependence upon ageing.

Each of the AE test samples was positioned inside a cooling 
chamber (Shuttle portable ULT-25 freezer), see Figure 4(a), and 
its acoustic emission activity was monitored while the sample was 
cooled from ambient temperature to –50°C. Figure 4(b) shows 
the typical temperature versus cooling time. As the temperature 
decreases, the difference in the thermal expansion coefficients 
between the asphalt mastic and aggregates in the mixture 
produces progressively higher thermal tensile stresses within the 
mastic. These thermal tensile stresses eventually result in thermal 
microcrack formation, which becomes the source of the acoustic 
emission events, ie acoustic emissions, in the form of transient 
elastic stress waves that are detected by the AE sensors. Wideband 

Figure 2. Preparation of asphalt concrete test samples and 
their dimensions for ultrasonic measurements and acoustic 
emission tests

Figure 3. Crack nucleation and propagation and detection of 
acoustic emission (AE) waves

Figure 4. (a) Cooling chamber and (b) typical plot of test sample 
temperature versus cooling time during acoustic emission 
testing



AE sensors (Digital Wave, Model B1025) with a nominal frequency 
range of 50 kHz to 1.5 MHz were coupled to the specimen surface 
via high-vacuum grease. The signals from the AE sensors were pre-
amplified by 20 dB using broadband pre-amplifiers. The fracture 
wave detector (FWD) signal conditioning unit was used to further 
amplify the signal by 21 dB (for a total amplification of 41 dB) and 
to filter the signal using a 20 kHz high-pass double-pole filter. A 
16-bit analogue-to-digital converter (ICS 645B-8) with a sampling 
frequency of 2 MHz was employed to digitise the AE signals. The 
digital data was then stored for later processing. The test temperature 
was monitored and recorded using a K-type thermocouple, which 
was positioned on the specimen top surface. 	

Figure 5(a) shows a typical time domain waveform associated 
with an AE event, while Figure 5(b) shows the corresponding power 
spectral density. Here, an AE event is defined as an individual 
waveform having a threshold voltage of 0.1 V and energy equal to 
or greater than 4 V2-μs. The event energy is defined by Equation 
(1), where EAE is the energy of an event with duration time t (μs) 
and a recorded voltage of V(t): 

                                   EAE = V 2 t( )
0

t

∫ dt ................................(1)

A typical plot of AE event counts versus temperature for the 
asphalt concrete samples is shown in Figure 6. There are three 
distinct regions in the plot: (1) pre-cracking; (2) transition; and (3) 
stable cracking regions. Using the current filtering, no AE activity 
is detected in the pre-cracking region. This period occurs prior to 
the onset of material fracture, during which thermal stresses build 
up inside the specimen due to differential thermal contraction 
between the asphalt mastic and aggregates. The ‘transition region’ 
begins when thermal microcracking reveals itself via relatively 
high-energy AE events, which occur immediately after the pre-
cracking period starts. Progressively higher thermal stresses in the 
specimen eventually cause thermal microcracks to develop in the 

asphalt mastic, as well as at the interface between asphalt mastic 
and aggregates. Microcracks result primarily from a combination 
of asphalt mastic brittleness (at lower temperatures) and from the 
action of thermally-induced tensile stresses within the material, 
perhaps enhanced by the stress concentrations at the interface 
between the mastic and the aggregates. 

The formation of microcracks manifests itself as a cluster of 
high-amplitude AE elastic waves during the test. The temperature 
corresponding to the first AE event with an energy level above 
4 V2-μs has been termed the ‘embrittlement temperature’, as  
illustrated in Figure 6. It is hypothesised that the embrittlement 
temperature, TEMB, represents a fundamental material state that 
is independent of material constraints, sample size (as long as a 
statistically representative volume or larger is used), as well as 
sample shape. The ‘transition region’ can be considered as the 
region where material behaviour gradually changes from quasi-
brittle to brittle state and where resistance to fracture is generally 
very low, allowing cracks to propagate readily. In Figure 6, the 
slope of the AE event counts versus temperature plot increases until 
the stable crack region starts, when the slope becomes steep and 
relatively constant. The ‘stable cracking region’ usually starts at a 
very low temperature when the material is brittle and generates a 
significant amount of AE activity. 

Figure 6 also shows the temperature corresponding to the 
event of maximum energy, ie TMAX. The variability of TMAX is much 
higher than the variability of the embrittlement temperature TEMB, 
and it appears to depend upon the microstructure of the mixture. 
Considering asphalt concrete as a material made of mortar and 
bricks of different geometry, ie mastic and aggregates, respectively, 
there exist pockets of mastic of various geometries and size within 
the material test sample[12]. The TEMB is detected when microcracks 
are formed, probably at the interface between the mastic and 
the aggregates, perhaps induced by stress concentrations at the 
interfaces. Because of the indeterminate nature of the material 
microstructure, the formation of these microcracks, while releasing 
some strain energy locally, does not prevent those pockets of mastic 
from continuing to accumulate thermally-induced tensile strain 
energy. This strain energy continues to increase as the temperature 
is reduced until it reaches TMAX. At TMAX the thermal stresses in the 
mastic equal the mastic fracture strength, which leads to the release 
of an AE event with relative high energy. 

Ultrasonic velocity and attenuation measurements
Pairs of dilatational and shear transducers (Panametrics, models 
V101 and V151, respectively), with a centre frequency of 500 kHz 
and a beam diameter of 25.4 mm, were used for the dilatational and 
shear velocity measurements. In each case, the sending transducer 

Figure 5. (a) Typical acoustic emission (AE) signal associated 
with an AE event and (b) corresponding power spectral density 
curve

Figure 6. Typical plot of AE event counts and AE event energy 
versus temperature for asphalt concrete samples
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was coupled to a rectangular-shaped delay line and the receiving 
transducer was coupled to the opposite side of the asphalt concrete 
specimen. A function generator (Krohn-Hite, model 5920) was used 
to generate a five-cycle sinewave toneburst, which swept between 
10 kHz and 500 kHz in 5 kHz increments. The generated signal was 
amplified by a gated amplifier (Ritec, GA-2500A) and used as the 
input for the sending transducer. The data was sampled at 17 MHz 
and averaged 25 times to mitigate noise and effects from scatter. 
Figure 7 shows a schematic diagram of the experimental set-up. 

Several methods to estimate velocity exist, including the 
threshold-crossing method[13], the cross-correlation method[14] 
and the overlap method[15], which require that the signal retain its 
shape as it propagates through the medium. However, in the case 
of asphalt concrete, the waveform does not retain its shape during 
propagation. As a result, the phase comparison method, credited to 
Sachse and Pao[16], was chosen because it is relatively insensitive to 
waveform distortion; however, this method can break down when 
there is a low signal-to-noise ratio and/or when multiple wave paths 
arrive at the same time. 

Wave propagation through asphalt concrete 
As the wave propagates through asphalt concrete, it becomes 
scattered and distorted. As the wave propagation distance 
increases, the effects of scatter (hence, the wave shape distortion) 
also increase. It was observed that across the height of the specimen 
(≈ 70 mm), the waveform becomes distorted and harder to analyse 
at higher frequencies. Across the width of the specimen (≈ 40 mm), 
the wavelength corresponding to lower frequencies is longer than 
the specimen dimensions, which can lead to erroneous calculations 
due to phase interference effects. However, when the wavelength is 
shorter than the specimen dimension and longer than the nominal 
maximum aggregate size (NMAS), the signal propagates through 
the medium with relatively small distortion. Here, this range is 
termed the ‘valid range’, as shown in Figure 8. 

The stochastic nature[17] of asphalt concrete with the two 
discrete phases, ie mastic and aggregates, where each phase has 
different acoustic properties, leads to energy scattering and mode 
conversion. This effect increases with the increase in frequency. 
The presence of multiple discrete scatterers makes it possible to 
have multiple mode conversions and multiple paths to the (primary 
and scattered) wave fields from the source to the observation point. 
As a result, at some distance from the source, the ultrasonic energy 
will be travelling in both dilatational and shear modes, regardless 
of the initial mode at the source. Because dilatational waves travel 
faster than shear waves, the dilatational energy always arrives first 
at the observation point. However, assuming a polarised shear 
wave at the source, it is possible that a fraction of its energy could 
travel some distance in the faster dilatational wave mode (due to 

mode conversion), and a smaller fraction of this dilatational energy 
could arrive at the observation point in the polarised shear wave 
mode (also due to mode conversion). Because interactions between 
the propagating wave and aggregates increase with frequency, the 
distance that the received shear energy may have travelled in the 
faster dilatational wave mode may also increase with frequency. 
This leads to an apparent increase in the measured shear velocity 
with an increase in frequency. 

As a result, to obtain the dilatational velocities, the dilatational 
portion of the received signal was isolated by partitioning in time 
(ie windowing) the beginning of the signal, because the dilatational 
wave mode is the fastest (hence first) arriving wave. However, 
during the estimation of the shear wave velocity, partitioning of the 
receiving signal was not performed because it does not isolate the 
shear portion of the signal. To mitigate this difficulty, the following 
was carried out: (1) a five-cycle pulse train was used; (2) the smaller 
dimensions in the specimen were used during the measurements; 
(3) multiple independent measurements (ten for each of the 
two similar specimens for a total of twenty measurements) and 
waveform averaging were performed; and (4) advantage was taken 
from the polarisation of the shear transducers to filter out, as much 
as possible, the wave energy arriving in undesirable modes. 

Delay line 
To overcome the difficulties that arise from the wavelength at lower 
frequencies being longer than the specimen dimension, a delay line 
was used. The delay line assures that the transmitted waveform 
will be fully formed before it propagates through the specimen. A 
block (72 × 57 × 116 mm3) made of ultra-high molecular weight 
polyethylene (UHMWPE) was chosen as the delay line because its 
acoustic impedance is close to the acoustic impedance of the virgin 
asphalt concrete samples. The dimensions of the delay line were 
chosen to avoid waveguide effects. 

Velocity
The angle of the fast Fourier transform (FFT) was computed from 
the signals to find the phase. The phase was then unwrapped to 
account for jumps equal to or greater than 180º. Following Sachse 
and Pao[16], the phase velocity was then obtained from the following 
equation:

                            v f( ) = 2π ⋅ f ⋅dA
φA f( ) −φU f( ) .............................(2)

Figure 7. Schematic diagram of experimental set-up for ultrasonic 
measurements. This set-up was used for measurements across 
both the width and height of the asphalt concrete specimens

Figure 8. The wavelength (obtained via the velocity) as a 
function of frequency for the virgin specimen. The ‘valid 
range’, ie NMAS < λ < specimen dimension, is the range at 
which ultrasonic measurements can be taken in a conventional 
through-transmission format (for example without the use of a 
delay line). NMAS stands for nominal maximum aggregate size



where φA denotes the phase for the signal passing through the delay 
line/asphalt set-up, φU denotes the phase of the signal obtained from 
using just the UHMWPE delay line, dA is the distance travelled 
through the asphalt specimen and f is the frequency. Only the linear 
portions of the phase spectrum are used to calculate velocity.

Attenuation
The transmitted waves propagate first through the delay line and 
then through the smallest dimension of the specimen, see Figure 
7. The attenuation coefficient can be calculated by comparing the 
fast Fourier transform (FFT) of the signal passing through the delay 
line/specimen set-up to a reference signal (for example using only 
the delay line). At both the delay line/specimen and transducer/
specimen interfaces, signal loss also occurs due to an impedance 
mismatch and imperfect couplant conditions. Neglecting this loss 
leads to an overestimation of the attenuation values. This loss can be 
accounted for by measuring the attenuation in the ‘valid range’ (see 
Figure 8) via the conventional through-transmission technique (ie 
using no delay line) and then translating the attenuation measured 
using the delay line set-up by the appropriate correction value. 

Figure 9 shows the four required set-ups and the corresponding 
amplitudes of the received signals that are required to account for 
the losses at the interfaces. First, the signal is recorded through the 
width dimension of the specimen coupled to the delay line, see 
Figure 9(a). A signal is then recorded through only the delay line, as 
shown in Figure 9(b). Next, signals are obtained through the width 
and height dimensions of the specimen without the delay line, see 
Figures 9(c) and 9(d), respectively. The uncorrected attenuation 
αuncorrected is determined across all frequencies based on the signals 
obtained for the set-up with the delay line. Note that this attenuation 
is an overestimate of the attenuation in the asphalt concrete because 
it contains the losses from the transducer/asphalt and delay line/
asphalt interfaces. Equation (3) shows this uncorrected attenuation, 
where AUA denotes the amplitude received through the delay line/
asphalt set-up, AU denotes the amplitude received through only the 
delay line and dh and dw denote the height and width of the asphalt 
concrete specimens, respectively:

                    αuncorrected f( ) = − 1
dw
ln

AUA f( )
AU f( )

⎛

⎝
⎜

⎞

⎠
⎟ ....................(3)

The true attenuation (denoted as α*), see Equation (4), is then 
calculated using signals obtained from the set-up without the delay 
line over the valid region, see Figure 8. Due to the manner in which 
α* is estimated, it is independent of the loss at the transducer/
asphalt concrete boundaries (assuming consistent couplant 
conditions). In Equation (4), AA,H and AA,W denote the amplitudes of 
the waveforms received across the height and the width of the test 
sample, respectively (without the delay line), see Figure 9:

                     α * f( ) = − 1
dh − dw

ln
AA,H f( )
AA,W f( )

⎛

⎝
⎜

⎞

⎠
⎟ ...................(4)

To find the amount that αuncorrected needs to be translated (ie 
corrected), a frequency f* should be chosen at which to evaluate 
α*. This frequency f* should be chosen from the ‘valid range’ (see 
Figure 8), such that the wavelength is shorter than the specimen 
dimension and longer than the nominal maximum aggregate size 
(40 mm > λ > NMAS = 19.0 mm). This allows the difference 
between αuncorrected and α* at the frequency f * to be calculated, 
which is termed as αtranslate. Figure 10(a) provides a graphical 
representation of this procedure:

                   α translate = αuncorrected f *( ) −α * f *( ) ...................(5)

As the last step, αuncorrected is translated down by αtranslate, ie the 
uncorrected attenuation values are translated down such that the 
resulting attenuation is lower in magnitude by the value αtranslate. 
Figure 10(b) provides a graphical representation of this procedure.

Equation (6) describes the culmination of the procedures 
outlined above. An example of the attenuation described by 
Equation (6) is shown as the solid black line in Figure 10(b): 

 

α f( ) = αuncorrected f( ) −α translate

= 1
dw
ln

AUA f *( )AU f( )
AU f *( )AUA f( )

⎛

⎝
⎜

⎞

⎠
⎟ −

1
dh − dw

ln
AA,H f *( )
AA,W f *( )

⎛

⎝
⎜

⎞

⎠
⎟

....(6)

Results and discussion
Acoustic emission testing was carried out for all asphalt concrete 
test samples at different ageing levels ranging from 0 to 72 h of 
oven-ageing. Velocities and the corresponding attenuations were 
only measured for specimens aged up to 36 h of oven-ageing.

Acoustic emission response to thermal cooling
The temperatures corresponding to the first major event (ie 
embrittlement temperature), as well as the total number of 
AE event counts, are presented in Table 1. The embrittlement 
temperatures of the asphalt mixtures versus ageing time are shown 
in Figure 11(a). The results reveal that embrittlement temperature 
increases with ageing time: the higher the ageing time, the warmer 
the embrittlement temperatures, ie the longer the ageing time, the 
warmer the temperatures at which the thermally-induced micro-
cracks in the asphalt concrete samples start to develop. This can be 
linked to the age-hardening effects that occur during oven-ageing, 
which makes asphalt mixtures more brittle and therefore less crack 
resistant. The rate-of-change of the embrittlement temperatures 
with respect to ageing time is shown in Figure 11(b). It is observed 
that initially the average rate of change of TEMB versus ageing time 
gradually increases from 0 to approximately 24 h, followed by a 
significant increase from 24 to 36 h. After approximately 36 h of 
ageing time, the average rate of change of TEMB versus ageing time 
drops drastically. At this ageing level, it appears that oxidative 
ageing reactions (ketone, carboxylic acid, quinolone formation, 
etc) have run their course and that the binder has reached a 
predominantly glassy state. This leads to a plateau in the TEMB 
versus ageing time plot for longer ageing times, which indicates 
that ageing beyond 36 h does not have a significant effect on the 

Figure 9. Method to find attenuation coefficients of asphalt 
concrete test specimens with correction for signal loss at the 
interface boundaries. Asent is the signal sent by transducer X, Y is 
the receiving transducer and subscripts A and U denote asphalt 
and delay line, respectively. TIJ and RIJ denote transmission and 
reflection coefficients, respectively, between medium I and 
medium J
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cracking resistance of asphalt mixtures. In other words, 36 h of 
oven-ageing appears to be a threshold up to which the majority of 
ageing occurs. Furthermore, the significant amount of ageing that 
occurs after 24 h of oven-ageing time suggests that the oxidative 
ageing level equivalent to 24 h of oven-ageing may represent a 
critical point beyond which deterioration of the pavement rapidly 
accelerates. 

Figure 12 illustrates the total number of AE event counts versus 
laboratory ageing time. Results show that the number of AE event 
counts increases until 12 h of laboratory oven-ageing and then 
decreases for longer ageing periods; this decrease is particularly 
significant after 24 h of ageing. Explaining the observed phenomenon 
requires an understanding of the ageing effects on the internal structure 
of asphalt concrete mixtures. As a heterogeneous material, the internal 
structure of the asphalt concrete is influenced by the quality of asphalt 
mastic inter-particle bonds, as well as the quality of bonds between 
the aggregates and asphalt mastic. Figure 13 schematically depicts the 
thermally-induced stresses between the mastic and the aggregates, as 
well as the adhesive bonds between the particle fines in the mastic.

The behaviour of the oven-aged asphalt concrete mixture includes 
two important phenomena, which counteract each other. These two 
phenomena are the increase in binder stiffness and the decrease in 

adhesion of the asphalt binder with increasing ageing, ie the ageing 
of asphalt mixtures increases the stiffness of the asphalt binder while 
reducing its adhesive properties. Initially, at early stages of ageing, 
the positive effects of the increase in binder stiffness due to ageing 
overcome the negative effects of the loss in binder adhesion, which 
leads to an overall increase in stiffness of the entire composite 
mixture. As a result, short-term aged compacted samples appear to 
have a ‘stronger’ internal structure when compared to virgin asphalt 
concrete samples. However, for longer ageing times, the deteriorating 
effects resulting from the reduction in binder adhesion overcome 
the advantageous effects of increased binder stiffness. This loss in 

Figure 11. (a) The embrittlement temperature versus oven-
ageing time plot; (b) the average rate-of-change of embrittlement 
temperature versus oven-ageing time plot

Figure 12. AE event counts versus oven-ageing time plot

Figure 10. Correction of the attenuation values obtained via the 
delay line technique in order to account for the losses at the 
interfaces: (a) choose f * from the valid range and determine 
the corresponding α*(f *) and αuncorrected(f *) to obtain αtranslate. The 
shaded grey regions denote the invalid regions for choosing  
f *. The solid black line is α*. The solid dark grey line is αuncorrected; 
(b) translate the αuncorrected by αtranslate. The attenuation α* is shown 
in a very light grey for comparison purposes



binder adhesion properties leads to weaker 
bonds between the mastic and the aggregates 
and to weaker bonds between the fines in 
the mastic, which lead to a weaker internal 
structure of the composite. This manifests 
itself as a significant reduction in the number 
of detectable AE events in the long-term aged 
asphalt concrete samples. 

Figure 12 shows that ageing initially 
improves the internal structural bonds in the 
asphalt concrete samples, as the 12 h aged 
samples exhibit higher AE activity than the 
virgin samples. When ageing time exceeds 24 h, 
a drastic drop in the AE event counts occurs, 
which indicates a weakening in the internal 
bond structure within the test samples. These 
observed AE test results are consistent with 
the fracture test results reported by Braham 
et al[6] using the disc-shaped compact tension 
(DC(T))[7]. In their study, the uncompacted 
samples were aged for 4, 6, 8, 12, 24, 36 and 
48 h at 135ºC. These uncompacted samples 
were then compacted and tested using the 
DC(T) test to evaluate the fracture cracking 
resistance of the mixtures. Figure 14, which 
is reproduced after Braham et al[6], shows 
the fracture energies of the asphalt concrete 
samples for different ageing levels. The 
DC(T) results are consistent with the trend 
observed using AE testing, ie the fracture 
energy of each asphalt mixture increases with 
increasing ageing until it reaches a peak, and 
then it decreases with increasing ageing. 

Ultrasonic velocity and attenuation 
measurements
Figure 15 shows the velocity and attenuation 
measurements for each specimen as a 
function of frequency. Figure 16 also 
shows the ultrasonic dilatational and shear 
measurements,  presented, however, as a 
function of both ageing time and frequency. 
Figure 17 shows the average of each 
ultrasonic parameter across frequency as a 
function of ageing. 

Referring to Figures 15(a) and 16(a), 
there is an increase in the dilatational 
velocity from 30 kHz to ≈100 kHz for all 
the specimens. After ≈100 kHz, the velocity 
starts to level out. For the specimens aged 
for 32 and 36 h, the velocity for frequencies 
above 250 kHz (ie point A in Figure 15) 
was difficult to calculate because of the low 
signal-to-noise ratio caused by increased 
attenuation. From 0 to 24 h, the velocity 
(across all frequencies) increases with 
increasing ageing; however, from 24 to 
36 h, the velocity (across all frequencies) 
decreases with increasing ageing, see Figures 
15(a) and 17. As the binder ages its stiffness 
increases, thus accounting for the increase 
in velocity. However, after 24 h of ageing, 
while the binder continues to increase its 
stiffness with ageing, the integrity of mastic-
to-particle adhesion appears to deteriorate. 
This phenomenon leads to the formation 
of a diffuse micro-flaw population, which 

Table 1. Acoustic emission test results showing the number of AE event counts and 
embrittlement temperatures

Ageing 
time (h)

Rep # Number of AE event  
counts

TEMB (°C)

NAE Average CoV % TEMB (°C) Average CoV %

0

#1 44,196

43,836 4.29%

–24.18

–25.18 6.99%
#2 41,593 –27.31

#3 43,424 –25.87

#4 46,129 –23.37

12

#1 134,550

116,287 11.76%

–25.41

–24.08 4.90%
#2 118,841 –23.01

#3 107,414 –24.72

#4 104,342 –23.16

24

#1 89,850

98,250 13.97%

–22.92

–23.36 7.33%
#2 106,400 –24.85

#3 113,000 –21.13

#4 83,750 –24.55

28

#1 99,820

82,120 15.38%

–23.12

–22.47 6.25%
#2 81,250 –22.07

#3 10,310 –23.98

#4 77,100 –20.72

32

#1 73,800

61,200 17.03%

–21.69

–20.28 10.33%
#2 57,100 –22.39

#3 49,400 –19.01

#4 64,500 –18.02

36

#1 20,002

25,393 22.16%

–15.46

–15.23 9.09%
#2 31,692 –14.23

#3 28,535 –17.09

#4 21,344 –14.12

48

#1 5381

5765 23.94%

–13.69

–14.19 4.06%
#2 7402 –14.79

#3 6162 –13.70

#4 4113 –14.57

60

#1 147

145 27.18%

–12.83

–13.89 10.48%
#2 200 –15.19

#3 118 –15.09

#4 115 –12.44

72

#1 138

98 34.32%

–11.12

–14.06 14.98%
#2 91 –15.96

#3 107 –14.07

#4 57 –15.09
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effectively decreases the overall (composite) elastic moduli for 
longer ageing times, ie after 24 h of ageing, which results in lower 
velocities. The shear velocities tend to increase with increasing 

Figure 13. (a) Schematic representation of asphalt concrete as 
a heterogeneous material composed of aggregates and asphalt 
mastic; (b) thermally-induced tensile and shear stresses inside 
mastic at the interface of asphalt mastic and aggregate; and 
(c) asphalt mastic showing inter-particle adhesive interactions

Figure 14. Oven-ageing effects on fracture energy of asphalt 
concrete samples. Data reproduced from Braham et al[12]

Figure 15. Top row: (a) Dilatational velocities and (b) 
corresponding attenuations for asphalt concrete samples 
aged from 0 to 36 h. Bottom row: (c) Shear velocities and (d) 
corresponding attenuations for asphalt concrete aged from 0 
to 36 h. For samples aged 32 and 36 h, the dilatational velocity 
for frequencies above 250 kHz, ie point A, were difficult to 
calculate because of the low signal-to-noise ratio caused by the 
increased attenuation. For similar reasons, the shear velocity 
for the specimen aged 36 h was only calculated up to 200 kHz 
and the shear attenuation of the specimen aged up to 24 h was 
determined only up to 300 kHz

Figure 16. Top row: (a) Dilatational velocity and (b) 
corresponding attenuation of asphalt concrete mixtures as a 
function of frequency and oven-ageing hours. Bottom row: (c) 
Shear velocity and (d) corresponding attenuation of asphalt 
concrete mixtures as a function of frequency and oven-ageing 
hours. The surface was fitted using cubic spline interpolation 

Figure 17. (a) Average across frequency of velocities and (b) 
corresponding attenuations for asphalt concrete samples aged 
0 to 36 h. The average velocity (for both dilatational and shear) 
increases from 0 to 24 h and decreases from 24 to 36 h. The 
average attenuation (for both dilatational and shear) decreases 
from 0 to 24 h and increases from 24 to 36 h



frequency, see Figures 15(c) and 16(c). As a function of ageing, the 
shear velocities exhibit a similar trend to the dilatational velocities: 
they increase from 0 to 24 h and decrease from 24 to 36 h, see 
Figures 15(a) and 15(c) and Figure 17(a). 

 Figures 15(b) and 16(b) show the magnitude of the dilatational 
attenuation coefficients as a function of frequency for different 
specimens. It is observed that as the frequency increases, the 
attenuation also increases. For all the specimens, the slope of the 
attenuation changes around 175 kHz, after which the attenuation 
drastically increases. For the specimens aged 32 and 36 h, the 
attenuation above 250 kHz was difficult to calculate because of the 
low signal-to-noise ratio. The magnitude of the shear attenuation 
coefficients also increases with frequency, see Figure 15(d) and 
16(d). Figure 17 shows the dilatational and shear attenuations as 
a function of ageing, where a decrease in the attenuation from 0 to  
24 h and an increase from 24 to 36 h is observed. 

Conclusions
The main objective of this study was to explore the effects 
of oxidative ageing on ultrasonic velocity and attenuation 
measurements in asphalt concrete mixtures, as well as on their 
embrittlement temperatures. Nine asphalt concrete specimens with 
the same mixture design were prepared at different ageing levels 
ranging from 0 to 72 h. The acoustic emission response to thermal 
cooling was used to investigate the age-related changes in asphalt 
concrete embrittlement temperatures for all specimens. Ultrasonic 
velocity and attenuation measurements were only performed on 
specimens aged up to 36 h due to sensor coupling difficulties. 

It was observed that the dilatational velocity increases with 
frequency up to 100 kHz, after which it appears to plateau. Because 
of the stochastic nature of asphalt concrete, the shear velocity also 
increases with frequency for all specimens. It was also observed 
that at each frequency the dilatational and shear velocities follow 
the same trend with respect to the amount of oven-ageing: both 
the dilatational and shear velocities increase from 0 to 24 h and 
decrease from 24 to 36 h of oven-ageing. Dilatational and shear 
attenuation values increase with increasing frequency for all 
specimens. As a function of ageing, the attenuations decrease from 
0 to 24 h and increase from 24 to 36 h of oven-ageing. 

 This study also shows that the AE-based embrittlement 
temperatures (TEMB) of asphalt concrete mixtures progressively 
get warmer with increasing ageing time. This can be attributed to 
age-hardening effects, which makes asphalt mixtures more brittle 
and more prone to cracking. It was also observed that the average 
rate-of-change of the embrittlement temperature with respect to 
ageing time is not constant. There is a significant increase in TEMB 
when the ageing time exceeds 24 h. Based on the limited laboratory 
testing results, 24 h of laboratory ageing appears to be the critical 
point beyond which deterioration of the asphalt mixture rapidly 
accelerates. As a result, the field-ageing time equivalent to 24 h 
of intense laboratory oven-ageing appears to be a proper time to 
apply preventive pavement maintenance. It was also observed 
that, unlike the general idea that oven-ageing always weakens 
the internal structure of the mixture, this study has shown that 
oxidative ageing initially improves the internal structure of asphalt 
mixtures to a point beyond which the mixture structure begins to 
rapidly deteriorate. The same trend was observed in mechanical 
DC(T) fracture energy testing[6,7] of aged asphalt mixtures.
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CONCRETE TESTING

The estimation of the dynamic Young’s (uniaxial) and shear 
complex moduli based upon ultrasonic measurements are 
presented. Phase velocities were used instead of group 
velocities because of the highly attenuative nature of asphalt 
concrete. It was observed that the dynamic moduli increase 
from 0 to 24 h and decrease from 24 to 36 h of oven-ageing. 
The modulus obtained using ultrasonic measurements 
is also compared with the modulus obtained using the 
AASHTO recommended mechanical testing procedure. The 
differences are due to scattering effects, which are present 
in ultrasonic testing and absent in mechanical testing. It 
was also observed that, to avoid the uncertainty associated 
with assuming a suitable value for the Poisson’s ratio, both 
the dilatational and shear velocities and corresponding 
attenuation measurements must be carried out. Furthermore, 
to eliminate the need for traditional mechanical testing 
during the estimation of complex moduli, frequency-
dependent ultrasonic measurements must also be carried 
out. Results indicate that complex moduli are sensitive to the 
level of ageing in asphalt concrete mixtures. 

Keywords:	Asphalt concrete, complex modulus, dynamic modulus, 
oven-ageing, ultrasonic velocity, attenuation.

Introduction
Asphalt concrete is one of the most heavily used materials in 
pavement infrastructure[1]. When exposed to the environment, its 
material properties are altered as it undergoes oxidative ageing 
at, or near, the top surface, which leads to pavements with graded 
material properties across the pavement thickness. Oxidative 
ageing leads to stiffening and embrittlement of the asphalt binders, 
which reduces the healing capacity and increases the rate of 
microcrack propagation. This leads pavement systems to become 
more prone to coalesced macrocrack formation and they may begin 
to develop surface-initiated fatigue cracking. In addition, the brittle 
pavement surface will be prone to channelling cracks, such as 
thermal and block cracks. Fatigue, thermal and block cracking lead 
to an exponential decline in pavement serviceability and a resulting 
exponential increase in maintenance costs to restore the pavement 
condition. In a recent study by Islam and Buttlar[2], a rough 
pavement network was found to add an additional user cost of over 
$300 per vehicle per 12,000 miles driven. The encouraging news 

from the study was that properly timed maintenance treatments, 
resulting in a moderately smooth pavement over its life, yields an 
approximate 50-to-1 return on investment[2].

Pavement engineers face the difficult task of predicting the long-
term behaviour of asphalt concrete subjected to field conditions 
in order to schedule preventive maintenance procedures aimed at 
ensuring proper pavement performance. Typically, rheology-based 
testing provides the foundation to understanding asphalt concrete 
behaviour under various conditions (for example loading, oxidative 
ageing, etc). These methods for evaluating existing conditions of 
asphalt concrete pavements are very time consuming, costly and, 
by themselves, may cause additional damage. As a result, decisions 
are often based upon visual inspection of deteriorated pavements. 
Furthermore, ignoring ageing- and temperature-induced property 
gradients in asphalt concrete pavements may yield significant 
errors. Complex moduli have the potential to characterise asphalt 
concrete subjected to field conditions. However, conventional 
mechanical techniques for the determination of complex moduli 
in asphalt concrete are also costly and time consuming. As a result, 
there exists the need for a quick, repeatable and less costly method 
for the determination of the complex moduli in asphalt concrete.

Previous studies by Velsor et al[3], Mounier et al[4] and 
Norambuena-Contreras et al[5] have correlated the complex modulus 
results obtained from ultrasonic tests to results from conventional 
mechanical tests; however, either the shear velocity was assumed 
to be constant across frequencies or the unknown Poisson’s 
ratio was assumed. In this study, none of these assumptions are 
made. Furthermore, the lack of frequency-dependent ultrasonic 
measurements leads to uncertainties in the construction of the 
master curve. When velocities are taken at multiple temperatures, 
they must be shifted using the time-temperature superposition 
as discussed by Kim[1] and Christensen[6]. If the velocity is not 
considered to be frequency dependent (ie only a single reported 
value at each temperature), the amount by which it should be 
shifted (ie the shift factor) is unknown. When the shift factor is 
unknown, comparisons must be made between the ultrasonic data 
and the data obtained via mechanical testing. Consequently, the 
need for traditional mechanical testing is not eliminated. 

In Part 1 of this study, ultrasonic dilatational and shear velocities 
and corresponding attenuation measurements were obtained for six 
different asphalt concrete specimens subjected to different amounts 
of oven-ageing (ie 0, 12, 24, 28, 32 and 36 h of ageing). In Part 2 
of this paper, using these ultrasonic measurements, the dynamic 
uniaxial longitudinal and shear complex moduli for a frequency 
range of 30 to 350 kHz are estimated, and their dependence upon 
oxidative ageing is discussed.

Complex moduli – basic theory and 
measurement techniques
Asphalt concrete is a viscoelastic material, as its material properties 
are dependent on both time and temperature. Accordingly, its 
moduli are complex. The complex Young’s (uniaxial) modulus is 
given by Christensen[6] as: 
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                                   E* = ′E + i ′′E ....................................(1)
where: 

                                   
′E = E* cosϕ

′′E = E* sinϕ
....................................(2)

and:

                        E* = ′E( )2 + ′′E( )2 = σ 0

ε0
..........................(3)

where σ0 and ε0 are the longitudinal stress and strain, respectively. 
The magnitude of the complex Young’s modulus E* is commonly 
referred to as the dynamic modulus, where the storage modulus is 
denoted by E´, the loss modulus is denoted by E˝ and φ is the phase 
angle, which can be found as:

                        ϕ = tan−1
Im E*⎡⎣ ⎤⎦
Re E*⎡⎣ ⎤⎦

= tan−1 ′′E
′E

.......................(4)

Figure 1 shows a graphical representation of the complex 
moduli. The complex shear modulus is analogous to the uniaxial 
modulus by simply substituting the uniaxial moduli parameters for 
the shear moduli parameters G*, G´, G˝ and G* in the above 
equations.

Mechanical complex modulus test
Conventional techniques for measuring the dynamic modulus of 
asphalt concrete involve mechanical tests such as the compressive 
dynamic modulus test and the indirect tension test, as described 
by Kim[1]. Here, the focus will be on the compressive dynamic 
modulus test. The American Association of State Highway and 
Transportation Officials (AASHTO) standard[7] AASHTO T 
342-11 details the compressive dynamic modulus test procedures 
for determining the dynamic modulus and phase angle of asphalt 
concrete over a range of frequencies and temperatures. The set-up 
consists of a servo-hydraulic loading frame with the capability 
of applying a sinusoidal compressive loading at a specified 
frequency (for the range of 0.1 to 25 Hz). The system contains an 
environmental chamber, which is used to control the temperature 
of the asphalt concrete specimen during testing. The specimen 
consists of a core extracted from a cylindrical gyratory compacted 
specimen (150 mm tall, 102 ±2 mm diameter). Four linear variable 
differential transformers (LVDT) are placed at four locations around 
the circumference of the asphalt concrete specimen (90º apart) to 
measure the average axial deformation. A load cell measures the 
applied load. The master curve is constructed by performing tests at 
temperatures of –10, 4.4, 21.1, 37.8 and 54ºC for sinusoidal loading 
at frequencies of 0.1, 0.5, 1.0, 5, 10 and 25 Hz for each temperature. 

Ultrasonic parameters and the complex moduli
The complex moduli can be related to the ultrasonic parameters 
via the dilatational and shear phase velocities and corresponding 
attenuations. The group velocities and attenuations can also be used 
to calculate the complex moduli; however, the group velocity loses 

its meaning when there is high attenuation as the 'wave packet' 
does not maintain its shape. The Poisson’s ratio is a function of 
the shear to dilatational complex velocity ratio. Thus, to obtain the 
complex moduli, it is necessary to have the dilatational ultrasonic 
parameters (ie dilatational velocity and attenuation measurements) 
and either the Poisson’s ratio or the shear ultrasonic parameters (ie 
shear velocity and attenuation measurements).

The elastic viscoelastic correspondence principle, as discussed 
by Christensen[6], makes it possible to use complex material 
properties in the solution of the elastic wave equation, see Kinsler 
et al[8]. Following Christensen[6] and Kinsler et al[8], the one-
dimensional complex wave equation is written as:

                               d
2u
dx2

= 1

c* iω( )2
d 2u
dt2

................................(5)

where c*(iω) is the complex phase velocity, ω is the circular 
frequency, t is time, x is the propagation direction and u(x, t) is the 
particle motion. The solution to the equation (in terms of real and 
imaginary components) is: 

                   u x,t( ) =U0e
i ωt−k*x( ) =U0e

′′k xei ωt− ′k x( ) ....................(6)

The second exponential term in the above equation is the familiar 
term describing the wave propagation in the x-direction, while the 
first exponential term is a decay term. The real and imaginary 
components of the complex wave number[8] are as follows:

                             
′k = Re k*( ) = ω

c ω( )
′′k = Im k*( ) = −α ω( )

.............................(7)

The complex phase velocity is related to the complex wave 
number as: 

                   
c* ω( ) = ω

′k + i ′′k
= 1

1
c ω( ) − i

α ω( )
ω

....................(8)

where c(ω) is the real phase velocity and α(ω) is the real attenuation. 
Both of these quantities can be measured via conventional ultrasonic 
techniques. If the attenuation coefficient approaches zero, then the 
complex phase velocity is simply the real portion (measured) of the 
phase velocity. In other words, the phase velocity is only complex 
in the presence of attenuation. 

The complex Young’s modulus E* can be related to the complex 
velocities[9] as follows:

                      E* = ρ cS
∗( )2 3 cL

*( )2 − 4 cS*( )2
cL
*( )2 − cS*( )2

...........................(9)

where ρ is the material density. The complex shear modulus G* can 
be written as follows:

                                    G* = ρ cS
∗( )2 ....................................(10)

and the complex Poisson’s ratio is given by:

                                v* =
1− 2

cS
*

cL
*

⎛

⎝⎜
⎞

⎠⎟

2

2 1−
cS
*

cL
*

⎛

⎝⎜
⎞

⎠⎟

2⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

.............................. (11)

Experimental results
The real components of the ultrasonic dilatational and shear phase 
velocities and their corresponding attenuations were measured 
experimentally and presented in Part 1 of this study. In this study, 

Figure 1. Graphical representation of complex Young’s modulus. 
The naming conventions are as follows: |E*| ≡ dynamic 
modulus, E* ≡ complex modulus, E′ ≡ storage modulus, E″ ≡ 
loss modulus and φ ≡ phase angle
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these ultrasonic velocities and attenuation measurements are used 
to determine the complex moduli. Furthermore, comparisons 
are also made between the complex moduli obtained via the 
ultrasonic technique and the conventional mechanical approach as 
recommended by the American Association of State Highway and 
Transportation Officials[7] (AASHTO). 

Using the ultrasonic velocity and attenuation data obtained in 
Part 1 of this study, Figure 2 shows the dynamic uniaxial modulus 
E* and the dynamic shear modulus G* as a function of 
frequency for different amounts of ageing of the asphalt concrete 
test samples. From this point forward, the dynamic modulus will 
be called E*specimen, where the subscript denotes the specimen 
according to the amount of ageing to which it was subjected. As 
the frequency increases, E* increases for all specimens. For 
example, for the frequency range of 30 to 350 kHz, E*virgin 
increases from ≈5 to ≈28 GPa. This increase in E*virgin is greater 
than what would be obtained from a corresponding mechanical 
test. This discrepancy can be attributed to scattering energy losses, 
which are absent in the AASHTO recommended mechanical test 
procedure. 

As expected, E* follows the same trend as the velocities with 
respect to the amount of ageing: E* increases from 0 to 24 h and 

decreases from 24 to 36 h of oven-ageing time. Although the binder 
becomes stiffer as it ages, it also loses adhesion properties, which 
leads to a decrease in bonding between the mastic and aggregates, 
and to weaker bonds between the fines and the binder in the mastic. 
After 24 h of ageing, this phenomenon results in a decrease of 
the overall composite (asphalt concrete mixture) stiffness. The 
complex shear modulus G* follows similar trends to E*. 

The phase angle decreases with increasing frequency for all 
specimens, see Figure 3. Typically, the same trend is also observed 
in mechanical testing; however, discrepancies still exist. In 
mechanical testing, the phase angle is larger at lower frequencies 
and approaches zero with increasing frequencies. Via ultrasonic 
testing, the phase angle decreases with increasing frequencies; 
however, it seems to reach an asymptote at approximately 14º. This 
asymptote is likely to be caused by the scattering energy losses at 
higher frequencies. There is no discernible trend with respect to 
ageing. 

Figure 4 contains the complex Poisson’s ratio as a function of 
frequency. The real component of the Poisson’s ratio decreases 
with increasing frequency. The imaginary component decreases 
with increasing frequency from 30 to 190 kHz; above 190 kHz it 
increases with increasing frequency. 

Comparison with mechanical tests 
Figure 5(a) shows the dynamic modulus E* obtained using both 
the conventional mechanical testing method and the ultrasonic 
method. In Figure 5(a), only the raw ultrasonic data was used 
during the estimation of the dynamic modulus using the ultrasonic 
approach. Figure 5(a) shows that the complex modulus obtained via 
the ultrasonic approach does not fully coincide with the modulus 
obtained using the conventional mechanical tests. The observed 
differences are mainly a consequence of the ultrasonic velocities and 
attenuation measurements being affected by ultrasonic scattering at 
relatively higher frequencies, while scattering does not affect the 
results when conventional mechanical tests are used to evaluate 
E*. The presence of wave scattering causes some differences 
because of the following two reasons: (1) scattering increases 
the measured attenuation with frequency; and (2) the measured 
shear velocity is dependent upon frequency, which corresponds 
to a change in the Poisson’s ratio. If scattering effects were not 
present during ultrasonic wave propagation, the attenuation would 
be lower and the shear velocity would not be frequency dependent, 
which would lead to a nearly constant Poisson’s ratio. As a result, 
lowering the attenuation and forcing the Poisson’s ratio to be 
constant (ie forcing the shear velocity to be constant) should allow 

Figure 2. (a) Dynamic Young’s modulus |E*| and (b) dynamic 
shear modulus |G*| as a function of frequency for specimens 
subjected to various amounts of ageing (0 to 36 h) computed 
using ultrasonic dilatational and shear velocity and attenuation 
measurements. For 32 and 36 h of ageing, attenuation for 
frequencies above 200 kHz, for example point A, were difficult 
to calculate because of the low signal-to-noise ratio caused by 
the increased attenuation

Figure 3. Phase angle (degrees) as a function of frequency for 
specimens subjected to various amounts of oven-ageing (0 to 
36 h)



for the two methods to coincide. 
Figure 5(b) is included to illustrate some of the traditional (and 

possibly unwarranted) assumptions encountered in the literature. 
Figure 5(b) shows the mechanical data along with the ultrasonic 
data, with the following major assumptions: (1) the attenuation 
is arbitrarily decreased by 20 Np/m; and (2) the shear velocity is 
forced to remain constant. Based on scattering effects, it might 
be possible to characterise how much the attenuation should be 
shifted. It is observed that attenuation does not play a significant 
role in the determination of these curves because the complex 
velocity is a function of the attenuation normalised by the angular

frequency α ω( )
ω

 (see Equation 8). Thus, for high frequencies

(ie the ultrasonic range), this ratio is a small number. However, 
the uncertainty with the second assumption arises in choosing a 
proper value for the shear velocity, which, empirically, varies with 
frequency. Since the dilatational velocities are nearly constant, 
the second assumption corresponds to a constant Poisson’s ratio. 
Figure 6 shows the relationship between the Poisson’s ratio and 
shear velocity for a constant dilatational velocity (mean of higher 
frequencies), ie selecting a constant shear velocity is equivalent to 
selecting a constant Poison’s ratio. Figure 5(b) shows the ultrasonic 
results with an arbitrary reduction in attenuation of 20 Np/m for 
multiple assumptions of the shear velocity (within the measured 
range), see Figure 6. 

The phase angle measured via the ultrasonic approach is higher 

Figure 4. Real component (top) and imaginary component 
(bottom) of Poisson’s ratio as a function of frequency for 
specimens subjected to various amounts of oven-ageing (0 to 
36 h) Figure 5. The dynamic modulus |E*| (GPa) obtained via 

conventional mechanical testing (grey dashed line) compared 
with the |E*| obtained via the ultrasonic method based on: (a) no 
assumptions made; and (b) the Poisson’s ratio, ν, is assumed to 
be constant and an arbitrary decrease in attenuation of 20 Np/m 
is assumed for both the dilatational and shear waves

Figure 6. The mean Poisson’s ratio as a function of shear 
velocity in unaged specimen for frequencies above 100 kHz 
(where the dilatational velocity is relatively independent from 
frequency)
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than the phase angle obtained using the traditional mechanical 
testing, mainly because of the ultrasonic wave scattering. For the 
same reasons, the Poisson’s ratio, which is a function of the complex 
dilatational and shear velocities, exhibits similar discrepancies due 
to scattering.

Construction of the master curve 
Previous studies, Velsor[3], Mounier et al[4] and Norambuena-
Contreras et al[5], have measured the group velocity at different 
temperatures without considering frequency dependency; thus, 
the velocity at each temperature was a discrete value. When 
constructing the master curve, it is necessary to shift the data using 
the time-temperature superposition[1,6]. Shifting the data, however, 
requires that the shift factor be known. If velocity measurements 
are not taken with respect to frequency, then the only way to obtain 
the shift factor is by comparing it to a known master curve, ie to a 
model fitted to data obtained via conventional mechanical testing. 
Consequently, the need for mechanical testing is not eliminated. To 
construct the master curve based solely upon ultrasonic data, both 
velocities and the corresponding attenuations must be known with 
respect to a range of frequencies. 

Correlation with other tests
In a comparison of the results of all the tests presented, it is 
observed that all the test results reach a peak (or trough) at some 
level of oven-ageing time. Until it reaches this critical ageing time, 
the structural response (for example stiffness) typically increases 
with ageing, after which it decreases. The amount of ageing at 
which these peaks (or troughs) occur varies slightly between tests. 
Based on the results from the ultrasonic and acoustic emission 
tests, this threshold appears to be around 24 h of oven-ageing 
for this mixture. For example, as the amount of ageing increases, 
both the ultrasonic dilatational and shear velocities increase until 
24 h of ageing, after which they decrease with increasing ageing. 
The magnitude of the ultrasonic attenuation follows a comparable 
trend, where it decreases from 0 to 24 h, after which it increases 
with increasing ageing. The rate of change of the embrittlement 
temperatures (obtained using AE), with respect to ageing time, 
increases relatively slowly until 24 h of ageing, after which it 
rapidly increases; see Part 1 of this study. This response of asphalt 
concrete with ageing is also supported by the results using the 
disc-shaped compact tension (DC(T)) fracture tests. Published 
data using the DC(T) tests also indicates that the fracture energy 
increases up to a critical ageing time (~10 h of oven-ageing), after 
which it decreases; see Figure 14 in Part 1 of this study.

Conclusions
Complex moduli were calculated for asphalt concrete specimens 
subjected to various amounts of oven-ageing time (0, 12, 24, 28, 32 
and 36 h) using the ultrasonic velocity and attenuation measurements 
presented in Part 1 of this study. The complex moduli calculated via 
ultrasonic testing are compared with the complex moduli obtained 
via conventional mechanical testing. The discrepancies observed 
between the two methods are due to the scattering effects, which 
exist in ultrasonic wave propagation and are absent in mechanical 
testing. It is observed that to avoid the uncertainty of ‘assuming’ 
the value of the Poisson’s ratio, both ultrasonic dilatational and 
shear velocities and the corresponding attenuation measurements 
need to be obtained as a function of frequency. It is also noted 
that frequency-dependent ultrasonic measurements must be made 
to calculate frequency-dependent complex moduli, otherwise 
the need for the conventional mechanical testing to estimate the 

complex moduli is not eliminated.
The correlation between the complex moduli and the amount 

of ageing suggests that this non-destructive method can be 
successfully employed to evaluate the effects of oxidative ageing 
in asphalt concrete. It was observed that, across all frequencies, the 
dynamic modulus increases from 0 to 24 h and decreases from 24 to 
36 h of oven-ageing. From this trend, it can be concluded that after  
24 h, the binder’s increase in stiffness with ageing and its decrease in 
adhesive properties, which leads to debonding between the mastic 
and the aggregates and to bond deterioration among the fines in the 
mastic, results in an overall decrease in the dynamic modulus of 
the overall mixture. Results from the ultrasonic complex moduli 
are consistent with results obtained using DC(T) fracture energy 
tests and with AE-based embrittlement temperatures obtained 
during cooling from room temperature to –50ºC. Therefore, an 
acoustic-based approach has the potential to be used as a pavement 
field inspection/monitoring tool. First, evaluation/characterisation 
of asphalt concrete properties and their gradation through the 
pavement thickness could be made using extracted field cores. In 
the end, embedded wireless sensor nodes could be used to monitor 
the pavement response to the environment without core extraction.
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A study to assess oxidative ageing of asphalt concrete 
using non-collinear wave mixing of two dilatational 
waves is presented. Criteria were used to assure that the 
detected scattered wave originated via wave interaction 
in the asphalt concrete and not from non-linearities in the 
testing equipment. These criteria included the frequency 
and propagating direction of the resultant scattered wave 
and the time-of-flight separation between the two primary 
waves and the resulting scattered wave. It was observed 
that asphalt concrete exhibits non-linear behaviour. It was 
also observed that the non-linear response decreases with 
increased ageing until approximately 24 h of ageing, after 
which the non-linear response exponentially increases. This 
observation is consistent with previous studies, including 
the acoustic emission response to thermal loading, and with 
changes in the dynamic modulus and fracture energy with 
increasing ageing.

Introduction
Although possessing remarkable toughness in its original state, 
asphalt concrete (AC) becomes brittle and prone to damage with 
time, in the form of costly pavement cracking. The time required 
to reach an unacceptable level of embrittlement depends upon a 
number of factors and varies widely from pavement to pavement, 
even within a given region and mixture type. Given the annual costs 
associated with repair of pavement damage caused by mechanical 
and thermal loads, considerable interest exists in testing methods 
to estimate damage in AC mixtures. Current methods to evaluate 
the existing conditions of AC pavement surfaces for sustainability-
based pavement asset management are based upon the binder’s 
rheological properties and are time consuming, costly and, by 
themselves, may cause additional damage. 

Oxidative ageing is a key contributor to the deterioration 
of asphalt concrete pavements[1,2]. Exposure to environmental 
conditions causes gradual oxidative ageing of the asphalt concrete, 
where the highest aged material is located at the surface, while the 
material at the bottom of the pavement is significantly less aged. 
Over time, increasing ageing at the surface leads to a pavement with 
graded material properties through its thickness, where the material 
near the surface has warmer embrittlement temperatures and higher 

stiffness compared to the bottom of the pavement. Increasing 
ageing also results in significant loss of adhesion between the 
binder, aggregates and fines, which contributes to an increase in the 
micro-flaw population in the mastic and at the interfaces between 
the mastic and the aggregates[3]. As the pavement is subjected to 
thermal loads (for example cold climates and temperature cycling) 
and mechanical loads (for example traffic loads), microcracks 
develop and coalesce to form larger cracks. Repeated loading and 
exposure to environmental conditions eventually leads to significant 
deterioration of asphalt concrete pavements. Although surveys are 
conducted to monitor the condition of pavements and to determine 
when preventative or corrective maintenance is necessary, accurate 
assessment of the amount of pavement deterioration has remained a 
challenge. Clearly, there is a need for a rapid in-situ non-destructive 
evaluation technique capable of assessing the level of oxidative 
ageing in the top layers of asphalt concrete pavements. 

Conventional acoustic and ultrasonic structural health 
monitoring methods, including traditional guided wave studies, 
are based upon principles that are valid under the assumption of 
linear elasticity. These include the effects of reflection, scattering, 
transmission and loss of energy by material absorption and by 
leakage to adjacent systems, as in the case of guided wave systems. 
Under these assumptions, the presence of defects leads to phase 
or amplitude variation of the ultrasonic wave (signal), keeping the 
frequency of the receiving wave the same as the frequency of the 
wave emitted by the sending transducer. In non-linear ultrasonics, 
the frequency of the received wave differs from the frequency of the 
emitted wave (ie from the frequency of the wave generated by the 
sending transducer), implying that a non-linear transformation of 
ultrasonic wave energy by the media has occurred, as in harmonic 
generation[4-7]. 

In linear elastic wave propagation, superposition holds: two 
or more waves can cross paths and their resultant (in the region 
where they cross paths) is the addition (ie superposition) of those 
waves. However, superposition does not hold when the media is 
non-linear. Because of the presence of higher-order terms in the 
non-linear equations of motion, when two waves cross paths, ie 
intersect, a third wave, ie a scattered wave, may arise. However, 
in order for a strong scattered wave to occur, resonance and 
polarisation conditions must be met[8-20]. 

Using equilibrium conditions and virtual work, the third-order 
non-linear equations of motion were developed by Murnaghan[8] in 
1951. He proposed a set of third-order elastic constants (TOECs), 
which are commonly referred to as l, m and n. In 1954, Landau 
and Lifshitz[9] suggested using the relationship between the stress 
tensor and the elastic energy function as the basis for deriving the 
non-linear equations of motion and proposed a different set of 
TOECs, referred to as A, B and C; the derivation was carried out by 
Goldberg[10] in 1961. The two sets of TOECs are linear combinations 
of each other. In 1963, Jones and Kobett[11] solved the third-order 
non-linear elastic equations of motion and developed criteria for the 
occurrence of a scattered wave. Experimentally, elastic non-linear 
behaviour has been observed for a variety of materials using the 
non-collinear wave mixing approach for a broad range of ultrasonic 
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frequencies[12-23]. Non-collinear wave mixing has proved useful in 
a variety of practical applications, which include the determination 
of higher-order elastic constants[14], and in the inspection and 
detection of material degradation, such as plastic deformation and 
fatigue damage accumulation in metals[19] or ageing in polymers[17]. 
Johnson and Shankland[12,13] also reported scattered waves as a 
result of the non-linear interaction of two intersecting waves of 
different frequencies in crystalline rock and developed criteria 
to assure that the scattered wave is due to non-linearities in the 
material response and not caused by non-linearities inherent in the 
instrumentation used. 

Distributed damage, such as damage induced by fatigue, 
typically consists of phenomena initially affecting the material 
at many locations in the form of local variations in the material 
microstructure. In metals such as aluminium, these local variations 
in microstructure consist of fatigue-induced entanglement of 
dislocation substructures, such as the sidebands. These sidebands, 
which accumulate at the grain boundaries, produce strain 
localisation, which eventually leads to microcrack initiation with 
an increased number of fatigue cycles. While these local changes 
in microstructure do not change macroscopic elastic moduli or 
produce variations in linear acoustic parameters, such as acoustic 
velocity and attenuation, the stress field in the dislocation(s) creates 
a local non-linear stress-strain response in the localised volume of 
the dislocation(s). These local variations in the microstructure on 
the scale of single grains develop before the initiation of a visible 
crack. This degradation of the material significantly reduces 
the material’s resistance to crack growth when microcracking 
coalescence occurs at a later time. The ultimate strength of most 
structural materials is limited by the presence of these microscopic 
microstructural variations, ie defects, which can be produced by 
mechanical or thermal loading and subsequently serve as nuclei 
of the fracture process. Because these nuclei (local variations) are 
significantly shorter than the acoustic wavelength at the frequencies 
normally used in ultrasonic non-destructive evaluation, linear 
acoustic parameters (ie attenuation, velocities, etc) are usually not 
sensitive enough to detect this kind of microscopic degradation of 
the material structural integrity. 

In addition to the non-linear behaviour of the individual 
constituents of asphalt concrete, ie binder, crushed stone and fines, 
the presence of micro-flaws in the composite structure causes a non-
linear distortion in the propagating wave. As the asphalt concrete 
is subjected to oxidative ageing, two counter-acting effects take 
place within the mastic (binder + fine material). The stiffness of 
the mastic increases with ageing, while the adhesive properties of 
the mastic decrease. Until a critical amount of ageing, the positive 
effects of the increased stiffness overcome the negative effects of 
the reduction in adhesion. Beyond this critical point, the adhesion 
loss becomes the dominating effect. The loss in adhesion leads to 
weaker bonds between the mastic and the aggregates and between 
the fines in the binder, which leads to a weaker internal structure 
of the composite. This degradation of the material significantly 
reduces the material’s resistance to crack growth later when 
microcracking coalescence occurs. The ultimate strength is limited 
by the presence of these micro-flaw populations, which will then 
serve as nuclei of the fracture process. As in metals, the presence of 
these micro-flaw populations causes a non-linear distortion in the 
propagating wave. Therefore, as the oxidative ageing of the asphalt 
increases, the material displays increasingly non-linear behaviour. 
Air voids, which are also present in the material based on standard 
design mixture guidelines, may also have a similar effect on the 
propagating wave. 

Using linear ultrasonics, McGovern et al[24,25] studied the effects 
of oxidative ageing of asphalt concrete mixtures upon the acoustic 
emission response during thermal cooling and upon both ultrasonic 
longitudinal and shear velocities and corresponding attenuations. 
In this study, the non-linear behaviour of asphalt concrete as a 

function of laboratory-induced oxidative ageing is investigated by a 
non-collinear wave mixing approach, using two dilatational waves 
similar to the methodology used by Johnson and Shankland[12,13]. 
For the purpose of comparison, the asphalt concrete mixtures 
and the different levels of oxidative ageing are the same in both 
studies[24,25]. 

Asphalt concrete and its non-linear 
mesoscopic nature
Asphalt concrete belongs to a class of materials that have non-
linear mesoscopic elasticity (NME). For example, rocks, soils 
and powdered aluminium have non-linear mesoscopic elasticity  
(NME)[26,27]. This class of materials typically has a bricks-and-
mortar character. In these materials, the bricks (quartz grains in 
the case of rocks and crystallites, such as quarts, feldspar and clay 
particles, in the case of soils) interface with one another across a 
distinctive, elastic phase, which behaves as the mortar (a system 
of asperities in the case of rocks and a system of fluid layers and 
fillets in the case of wet soil). For these materials, the typical elastic 
modulus is an order of magnitude smaller than the corresponding 
modulus of the bricks. Having ten times as much displacement and 
about 10% of the volume means that the mortar, while only a minor 
phase in terms of volume concentration, is responsible for much 
of the compliance in the composite and may carry strains as high 
as two orders of magnitude greater than the strains in the bricks or 
rigid particle phase. 

This behaviour has also been observed in asphalt concrete 
mixtures, where the bricks are the aggregates (ie crushed stone) 
and the mortar is the asphalt binder, which is approximately 5% 
by volume. Asphalt binders exhibit both linear and non-linear 
viscoelastic behaviour and the level of non-linearity increases 
with stress or strain levels[28-35]. Masad et al[33-35] found the average 
binder strain range to be 9 to 12 times the mixture strain, and that 
the binder maximum strain can be as high as 90 times that of the 
mixture strain; this induces non-linear behaviour in the binder and 
consequently in the mixture as well. Masad et al[35] also studied the 
viscoelastic response of un-aged and aged binders. The non-linear 
response of binders and mixtures was also studied by Delgadillo[36], 
and a comprehensive investigation on low-temperature cracking 
in asphalt pavements was carried out by Marasteanu et al[37]. 
Clearly, in addition to thermal cracking induced by the thermal 
stresses during cooling, the high level of stresses and strains in the 
binder will increase the non-linear response of the asphalt concrete 
mixture.

Specimen preparation and linear 
characterisation
Six gyratory compacted asphalt concrete specimens were prepared 
using PG 64-22 binder with a target asphalt content of 5.9% by 
weight of the total mixture. The aggregate structure had a nominal 
maximum aggregate size (NMAS) of 9.5 mm and it consisted 
of aggregates from four different stockpiles: 65% of coarse 
aggregate (CM16), 23% of manufactured sand (FM20), 10.5% of 
manufactured sand (FM02) and 1.5% of mineral filler (MF). This 
mixture design followed Superpave guidelines. 

The asphalt concrete mixtures were mixed using a standard 
bucket mixing procedure at a temperature of 155ºC. The mixtures 
were oxidatively aged by placing the uncompacted mixtures in 
an oven at 135ºC. Each of the six specimens was subjected to a 
different amount of ageing, namely 0, 12, 24, 28, 32 and 36 h. 
Ageing beyond 36 h was not carried out because the rough, cratered 
surfaces of specimens aged past 36 h caused coupling difficulties 
with the sensors, preventing ultrasonic testing. To ensure uniformity 
of the ageing process (ie uniform exposure to oxygen), the mixtures 
were hand-stirred every 12 h. 
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Cylindrical specimens (150 mm in height and with  
150 mm diameters) were created by compacting the aged mixtures 
with a servo-controlled gyratory compactor (IPC Servopac) at a 
temperature of 135ºC. Each of the cylinders was cut to obtain a  
5 cm-thick cylinder, see Figure 1. Appropriate angles were then cut 
into the cylinders so that the transducers could be mounted directly 
onto the flat faces of the specimen. Figure 1 shows the geometry 
and dimensions of the extracted test samples from each of the 
cylindrical compacted gyratory specimens. 

In a previous study[24,25], ultrasonic phase velocity and 
attenuation measurements for dilatational and shear waves were 
taken on six specimens constructed with the same mixture design 
and oxidatively aged using the same process as described above 
(see Figure 2). These ultrasonic results are presented as a function 
of frequency and ageing amount. It can be seen that the velocity 
(over all frequencies) increases with increased ageing until 24 h 
of ageing; after 24 h, the velocity decreases with increased ageing. 
Similarly, the attenuation (over all frequencies) decreases with 
increased ageing until 24 h of ageing, after which it increases with 
increased ageing. Please refer to McGovern et al[24,25] for a more 
detailed discussion on these results. 

Using a non-collinear wave mixing approach
Jones and Kobett[11] considered the scattered wave that may result 
from the interaction of two primary monochromatic waves. The 
two waves travelling in directions k1 and k2, with frequencies f1 and 
f2, respectively, may be dilatational and/or shear (polarised either 
in or out of the k1-k2 plane) and may interact to produce a scattered 
dilatational or shear wave with a sum (f1 + f2) or difference (f1 – f2) 
frequency, which propagates in the k3 direction. 

The polarisation of the scattered shear wave depends on the type 
and polarisation of the two primary waves. In addition to resonance 
conditions, polarisation conditions must also be met in order for 
interaction to be possible for a given set of primary waves. As a 
result, there are only a finite set of possible interaction cases; out of 
fifty-four potential non-linear scattered waves (resulting from nine 
possible interaction cases of different bulk primary waves), only 
nine potential non-linear scattered waves satisfy both the resonance 
and polarisation conditions. In this study, only the non-collinear 
interaction of two dilatational waves is considered, where two 
dilatational waves (k1, f1 and k2, f2) are forced to interact to produce 
a scattered shear wave (k3 = k1 – k2, f3 = f1 – f2). For resonance and 
polarisation conditions to be met, the following equations need to 
be satisfied:
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In Equations (1) and (2), f1 and f2 denote the frequencies of 
the two primary dilatational waves travelling in directions k1 
and k2, respectively, cl and ct denote the dilatational and shear 
velocities, respectively, φ is the angle between k1 and k2, and γ is 
the angle between k1 and k3. For the case described by the above 
two equations, the non-linear scattered wave is polarised in the 
k1-k2 plane. To assure that the scattered wave originates from the 
non-linear interaction in the material and not from non-linearities 
inherent to the testing instrumentation, Johnson and Shankland[11,12] 
proposed three criteria: (1) frequency – the frequency of the 
observed scattered wave must match the frequency predicted by 
theory; (2) amplitude – the amplitude of the scattered wave must be 
proportional to the product of the amplitudes of the primary waves; 
and (3) directionality – the propagating direction of the scattered 
wave must match the direction predicted by theory (Equations (1) 
and (2)). In this study, the experimentally-observed time-of-arrival 
of the scattered wave is also considered, which should closely 
‘match’ the time-of-arrival predicted using ray-path analysis.

Experimental set-up 
Prior to cutting the asphalt concrete specimens, the appropriate 
angles must be chosen such that wave interaction occurs and the 
resulting scattered wave is received. The reader is referred to 
Equations (1) and (2). The frequency ratio f2 / f1, interaction angle 
φ and scattered wave angle γ are all interdependent quantities. In 
other words, once one parameter is chosen (for example φ), the 
other two (for example γ and f2 / f1) are set. Typically, this task is 
relatively simple: for a known set of ultrasonic material properties 
(ie dilatational and shear velocities/attenuations), one parameter 
can be chosen, in consequence setting the other two. Then, the 
specimen dimensions can be selected and appropriate angles cut 
into the specimen. 

In this study, the goal is to use the non-collinear wave mixing 
approach to estimate the ageing level of asphalt concrete. It follows 
that the testing set-up should be the same for all specimens. 
The ultrasonic velocities vary with the level of ageing, which 
complicates the matter of choosing the appropriate testing 

Figure 1. Geometry of test specimens: (a) gyratory compacted 
specimen; and (b) extracted test specimens with different levels 
of oven ageing at 135ºC. The angles at which these specimens 
were cut were such that the sending and receiving transducers 
were positioned at the appropriate angles to satisfy resonance 
and polarisation conditions, see Figure 3

Figure 2. Velocities and corresponding attenuations. Top row: 
(a) dilatational velocities and (b) corresponding attenuations 
for asphalt concrete samples aged from 0 to 36 h. Bottom row: 
(c) shear velocities and (d) corresponding attenuations for 
asphalt concrete aged from 0 to 36 h. For samples aged 32 and 
36 h, the dilatational velocity for frequencies above 250 kHz, ie 
point A, were difficult to calculate because of the low signal-
to-noise ratio caused by the increased attenuation. For similar 
reasons, the shear velocity for the specimen aged 36 h was 
only calculated up to 200 kHz and the shear attenuation of the 
specimen aged up to 24 h was determined only up to 300 kHz. 
Reprinted with permission from McGovern et al[24]



set-up (ie specimen dimensions, interaction/scattered angles and 
frequencies) that will work across all aged specimens. To assess 
the specimen ageing, a testing set-up will be chosen based on the 
virgin specimen parameters. Determining a final testing set-up is 
an iterative process, where the goal is to find one testing set-up that 
meets the conditions, which will now be outlined. 

Interaction angle, φ
The interaction angle will be chosen such that all six specimens 
(0 to 36 h of ageing) will interact at the same angle, resulting in 
different f2 / f1 and γ for specimens having different ageing levels. 
The interaction angle will be chosen based solely on its effects on 
the scattered wave angle and frequency ratio. 

Primary and scattered wave frequencies
The primary wave frequencies should be chosen such that the 
waves propagate with minimal distortion (due to scattering and 
attenuation) and generate a non-linear scattered wave with the 
same characteristics. To achieve this, the wavelength of the 
propagating wave should be larger than the aggregate size. The 
nominal maximum aggregate size for this mix is 9.5 mm. The upper 
frequency bound for shear waves is 110 kHz, which corresponds 
to a shear wave wavelength (≈ 9.5 mm) through the 36 h-aged 
specimen. The dilatational waves have wavelengths greater than 
9.5 mm for all ages for the measured frequency range (≤350 kHz). 
Furthermore, the two primary wave frequencies should be chosen 
such that their resulting velocities are similar, to be consistent with 
the theory presented in Equations (1) and (2). 

Above 100 kHz, the dilatational wave velocities all tend to 
plateau (see Figure 2). Thus, the frequencies of the primary waves 
should be chosen to be greater than 100 kHz, because Equations 
(1) and (2) were derived with the assumption that k1 (f1) and k2 (f2) 
have the same velocity. Above 200 kHz, the attenuation increases 
dramatically. In fact, for specimens aged 36 h, a signal could not 
be detected through the thickness of 30 mm above 250/200 kHz for 
dilatational/shear waves. Therefore, the primary wave frequency 
should be restricted to 200 kHz or below. It is difficult to detect 
shear waves below 50 kHz with the transducers employed in the 
set-up; as a result, the scattered shear wave should have a frequency 
above 50 kHz. 

Therefore, the primary waves should be chosen within a 
frequency range of 100 to 200 kHz, and the resulting scattered 
shear wave should be within a frequency range of 50 to 110 kHz. 
Also, the scattered wave frequency (f3) should have a sufficient 
separation from the primary wave frequencies (f1 and f2), so that 
they can be easily separated in the frequency domain. Of course, 
the choice of frequencies should also consider the effects it has on 
the interaction and scattered wave angles. 

Scattered wave angle, γ
All specimens will be cut according to the conditions specified 
using the virgin parameters. The amount of deviation between 
the angle for which the specimens are cut and the actual scattered 
angles will affect how well the scattered wave is received. For 
this reason, a case should be found that minimises the difference 
in scattered wave angles between the virgin specimen and the 
other aged specimens, so that even if the receiving transducer is 
not oriented in the ideal location it can still receive the non-linear 
scattered wave. 

Specimen dimensions
Asphalt concrete is highly attenuative (see Figure 2), which will 
greatly diminish the amplitudes of the primary and scattered waves 
as they propagate through the specimen. This attenuation loss 
should be minimised by minimising the distance through which the 
wave propagates to ensure that the scattered non-linear wave can 
be detected by the receiver. The propagation distances should be at 

least one wavelength long, such that the waves are stabilised by the 
time they interact. For simplicity, k1 and k2 can be chosen to have 
the same propagation distances. 

The non-linear wave generation parameter, β
To characterise the non-linearities in the asphalt concrete with 
respect to ageing, a non-linear wave generation parameter is 
introduced. The amplitude of the scattered wave is proportional 
to the product of the primary wave amplitudes at the time of 
interaction[14,15]. The primary waves suffer attenuation as they 
propagate through the specimen before they interact, and the 
scattered wave is further attenuated as it travels to the receiver. 
Accounting for the attenuation, the received amplitude of the 
scattered wave can be described by the following expression 
(assuming perfect coupling conditions):

Aage
k3( ) = !ageAsent

k1( )Asent
k2( ) exp ! ! k1( ) +! k2( )( )Dk1k2

"
#

$
%exp !! k3( )Dk3

"# $%

where:
! ! conversion efficiency

Asent
kn( ) ! Transmitted amplitude of kn (volts)

" kn( ) ! Attenuation coefficient of kn
Np
m

"
#$

%
&'

Dkn ! Propagation distance of kn (m)

The conversion efficiency parameter β is a dimensionless 
parameter, which accounts for the fraction of the interacting 
waves that is converted to the scattered wave. The propagation 
distances are approximated via a straight ray-path assumption. The 
attenuation coefficients were measured empirically. 

Normalising the amplitude by the attenuation, and denoting it 
by:

Aage
! k3( ) =

Aage
k3( )

exp " ! k1( ) +! k2( )( )Dk1k2
#
$

%
&exp "! k3( )Dk3

#$ %&

then:
Aage

! k3( ) = !ageAsent
k1( )Asent

k2( )

Assuming that variations in the coupling conditions between 
testing set-ups can be neglected, the transmitted amplitudes of 
the primary waves Asent

k1( )  and Asent
k2( )  will be the same for all tests 

performed. As a result, the conversion efficiency parameter for the 
aged mixture, βage, can be normalised by the conversion efficiency 
parameter for the virgin, ie unaged, mixture, β0, to characterise 
increasing levels of ageing: 

!age

!0
=
Aage

! k3( )

A0
! k3( )

By way of the above formulation, the non-linear wave 
generation parameter is independent of the attenuation, so that it 
represents the conversion efficiency of the energy transferred from 
the primary waves interacting to produce the scattered non-linear 
wave. Thus, this parameter is a good indicator of the material’s 
inherent non-linear behaviour. 

Experimental description
Using the considerations outlined in the previous section, the 
specimens were cut so that two longitudinal transducers could be 
mounted on the faces of the specimens and generate two longitudinal 
primary waves (k1 and k2) that interact at 31º to produce a non-linear 
scattered shear wave, which is received at –42º with respect to k1. 
These angles were chosen based on virgin specimen properties and 
used for all six specimens. Table 1 contains the theoretical values 
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for all aged specimens. The velocities used to calculate the velocity 
ratio were computed using the mean velocities across 140-200 kHz 
(see Figures 1 and 3). This set-up avoids complications that arise 
with the implementation of wedges (for example refracted angle, 
generation of multiple refracted modes, etc). The specimen 
dimensions were cut such that k1 and k2 will propagate a distance of 
5 cm and k3 will propagate a distance of 4 cm. A plastic template was 
created using a 3D printer to ensure reproducibility of transducer 
placement between tests. The plastic template supported the asphalt 
concrete specimens using three screws to minimise the contact area 
between the test specimens and the supporting structure surface. 

A pulser-reciever (Ritec RPR 4000) was used to generate and 
amplify a 15-cycle sinusoidal signal at f1 = 200 kHz. This signal 
(k1) was sent to a dilatational wave transducer (Panametrics V413, 
centre frequency 500 kHz). A function generator (Krohn-Hite 
Model 5920) was used to generate an 8-cycle sinusoidal wave, 
which swept from f2 = 110 kHz to 180 kHz in 1 kHz increments. 
This signal (k2) was amplified using a gated amplifier (Ritec 
GA-2500A) and sent to another dilatational wave transducer 
(Panametrics V413, centre frequency 500 kHz). The number of 
cycles in the tonebursts was chosen to ensure the intersection of the 
primary dilatational waves within the specimen, see Figure 3 for 
transducer placement. The scattered shear wave (k3) was received 
by a shear transducer (Panametrics V1548, centre frequency  
100 kHz), filtered/amplified by a 4-pole Butterworth filter (Krohn-
Hite model 3945) and then sent to the computer for data acquisition. 

Data acquisition consisted of three steps: (1) operating the two 
sending transducers simultaneously; (2) individually operating 
only the first sending transducer; and (3) individually operating 
only the second sending transducer. To obtain the non-linear 

scattered wave, ie the difference signal, the signals obtained from 
operating the sending transducers individually, ie one at a time, 
were subtracted from the signal obtained when operating the two 
sending transducers simultaneously. The remaining signal will now 
be referred to as the difference signal. The difference signal, ie the 
scattered shear wave, resulting from the non-linear interaction of 
the two intercepting waves, is very low in amplitude due to: (1) 
the low conversion efficiency of the interaction between the two 
primary dilatational waves; (2) the inherent dispersion in the asphalt 
concrete (especially at high frequencies); and (3) the presence of 
the dominating, ie large amplitude, primary waves in the imperfect 
subtraction (a portion of the signal energy is lost in the conversion 
to the non-linear scattered wave; this leads to the signal resulting 
from the addition of the signals obtained when the dilatational 
transducers are operated individually being larger than the signal 
obtained when the two longitudinal transducers are operated 
simultaneously). To circumvent the low amplitude and maximise 
the ability to detect the scattered wave, the following steps were 
taken: (1) a high sample rate (50 MHz) was used in order to avoid 
trigger jitter, as suggested by Johnson and Shankland[13]; and (2) to 
mitigate the scattering effects, an average of 500 waveforms were 
collected. For each ageing level, 10 independent measurements 
were taken, which required removal of the three sensors, removal 
of the used couplant and subsequent application of new couplant 
and repositioning of the three sensors. 

Experimental results
To ensure that the received wave is a scattered wave resulting 
from non-linear interaction between the primary waves within the 
specimen, the following selection criteria (proposed by Johnson and 
Shankland[12,13]) were used, ie amplitude, directionality, frequency, 
and time-of-arrival criteria. 

Amplitude criterion
The amplitude of the non-linear signal must be proportional to 
the product of the amplitude of the primary dilatational waves. 
An experiment was conducted where it was observed that, as the 
voltage of the primary waves was increased, the amplitude of the 
non-linear signal also increased in a manner proportional to the 
amplitudes of the primary waves. 

Directionality criterion
The propagating direction of the scattered wave must match the 
propagating direction predicted by theory. The geometry of the 
samples was selected using the virgin parameters shown in Table 
1, which were calculated using Equations (1) and (2). As a result, 

Figure 3. Schematic diagram of the ultrasonic data collection 
system illustrating the angle of interaction of the two 
longitudinal waves and the location of the shear transducer 
to receive the generated scattered shear wave. The blue and 
red regions denote the areas of signals k1 and k2, respectively, 
caused by the beam spread. The overlap region is the volume of 
interaction. Note that the beam spread from k2 is slightly higher 
than from k1 due to the difference in frequencies 

Table 1. Average dilatational and shear velocities (between 140-200 kHz), corresponding frequency ratio f2 / f1 and scattered wave 
angle γ for an interaction angle φ of 31º. For time-of-flight calculations, the shear velocity at the scattered wave frequency f3 is also 
presented 

Amount 
aged
 (h)

Dilatational 
velocity mean 
(140-200 kHz)

cL

(m/s)

Shear velocity 
mean (140-
200 kHz)

cS

(m/s)

Velocity ratio
cS/cL

Interaction 
angle
φ

(°)

Frequency 
ratio
f2 / f1

Angle of 
scattered wave

γ
(°)

Scattered 
wave 

frequency
f3 = f1 – f2

(kHz)

Shear velocity 
at f3

cS

(m/s)

0 3559 1992 0.560

31*

0.700 –42* 60 1384

12 3785 2066 0.546 0.710 –43 58 1334

24 4005 2088 0.521 0.724 –44 55.2 1343

28 3285 1629 0.496 0.738 –46 52.4 1013

32 2780 1313 0.472 0.751 –47 49.8 904

36 2868 1273 0.444 0.764 –49 47.2 648

*Note: The specimens (for all ages) were all cut to the angles determined for the virgin specimen. Care was taken to find a case where the difference in 
the scattered wave angle was minimal (ie γ36h – γVirgin = 7°) so that the receiving transducer could detect the scattered wave for all specimens. Keeping the 
angles constant causes the frequency ratio at which the non-linear wave interaction occurs to shift.



since the scattered non-linear wave was received, the directionality 
criterion was satisfied. Care was taken to ensure that even though 
the scattered wave angle γ for the aged specimens deviated from 
the virgin scattered wave angle, it still hit the transducer face. 

Frequency criterion
The frequency of the non-linear scattered wave must closely match 
the frequency predicted by theory (ie f3 = f1 – f2 at the appropriate 
value of f2 / f1). The experimental set-up is based on virgin specimen 
properties; therefore, for each aged specimen, the frequency ratio 
at which interaction takes place will vary. To verify that the non-
linear interaction took place at the predicted frequency ratio, the 
amplitude of the non-linear scattered wave was monitored as f2 
was swept and f1 was held constant. The maximum amplitude of 
the non-linear scattered wave should occur when f2 reaches the 
frequency where f2 / f1 matches the ratio predicted by the theory 
(Figure 4). 

The amplitude of the scattered wave may be measured by 
taking the fast Fourier transform (FFT) of the difference signal and 
recording the amplitude at the appropriate frequency (f3) as f2 was 
swept. Because the frequency of the non-linear scattered wave, 
ie f3, changes with the amount of ageing of the specimen, instead 
of monitoring the f3 amplitude via taking the FFT, a 4th-order 
Butterworth bandpass filter (30-90 kHz) was used. These filter 
limits ensured that the primary waves were filtered out as well as 
any other very low frequencies. Recording the difference wave 
amplitude over a finite band of frequencies (instead of a discrete 
point as it is done with the FFT method) ensured that even when f3 
changed (with ageing), the k3 amplitude could still be monitored. It 
was verified that filtering with such a broadband filter and taking 
the FFT yielded nearly the same results for the amplitudes. For the 
different specimens, the non-linear frequencies were theoretically 
predicted to be: (f3)0 = 60 kHz; (f3)12 = 58 kHz; (f3)24 = 55 kHz;  
(f3)28 = 55.4 kHz; (f3)32 = 49.8 kHz; and (f3)36 = 47.2 kHz. 
Accordingly, for the chosen angle of interaction, the non-linear 
scattered wave should reach a maximum amplitude in the different 
specimens when: (f2 / f1)0 = 0.700; (f2 / f1)12 = 0.710; (f2 / f1)24 = 0.724; 
(f2 / f1)28 = 0.738; (f2 / f1)32 = 0.751; and (f2 / f1)36 = 0.764. 

Data collected from the specimen aged 12 h is shown in 
Figure 4 as a representative example of the measured amplitude 
of the filtered difference signal (ie the non-linear scattered wave 
amplitude). As f2 is swept, the non-linear wave amplitude reaches 
a maximum at f2 / f1 = 0.68 (f2 = 136 kHz). This is close (≈ 4% 
difference) to the predicted value of f2 / f1 = 0.71 (f2 = 142 kHz). 
Theoretically, the amplitude of the received shear wave should 
have vanished when f2 deviates from 136 kHz. The width of 
the amplitude curve shown in Figure 4 is probably due to wave 
scattering induced by the presence of the stochastic nature of the 
aggregate structure, which leads to different propagation paths of 
the wave energy and to the large interaction volume. The relatively 
large interaction volume and the stochastic nature of the asphalt 
concrete structure, ie aggregate-binder matrix, may have the effect 
of smearing the theoretical frequency ratio over a range of values 
centred about the theoretically-predicted value[21,22]. The theory 
assumes the test sample material to be isotropic and homogeneous 
and the two interacting longitudinal waves to be monochromatic. 

The frequency ratios at which the maximum non-linear wave 
amplitudes occurred were recorded from all the measured data 
and plotted as a function of specimen ageing, as shown in Figure 
5. The theoretical prediction was calculated using the mean of 
the measured velocities across 140 to 200 kHz and is denoted by 
the dashed line. The measured amplitudes of the scattered waves, 
corresponding to specimens with different ageing levels, reach a 
maximum close to the theoretical predictions (Table 2). The largest 
deviation from the theoretical prediction is for the case with 24 h of 
ageing (8.65% difference). Even though the 36 h had a low percent 
difference (1.18%), it had the highest standard deviation amongst 
the measurements. Although there is a statistically significant 
observable trend for the experimentally-observed frequency ratio 
as a function of ageing, it is not very sensitive, as the errors are high 
relative to the change with ageing.

Table 2. Experimentally-obtained and theoretically-predicted 
frequency ratios corresponding to the maximum amplitude of 
the scattered wave

Amount 
aged (h)

Experimentally 
recorded mean 

f2 / f1

Standard deviation of 
experimental results

(kHz)

Theoretical 
f2 / f1

% 
difference

0 0.67 0.0200 0.70 4.61

12 0.68 0.0199 0.71 4.25

24 0.66 0.0080 0.724 8.65

28 0.73 0.0209 0.738 1.81

32 0.74 0.0275 0.751 1.01

36 0.75 0.0282 0.764 1.18

Figure 4. Experimentally-obtained amplitude of scattered shear 
wave, ie difference signal (f3 = f1 – f2) as f2 is swept from 110 kHz  
to 180 kHz (f2 / f1 = 0.55 to 0.90), while f1 is held constant at  
200 kHz. This analysis was performed for all specimens to 
obtain the data shown in Figure 5. The plot shown above is from 
the specimen oven-aged for 12 h and shown as a representative 
case. The dashed blue line represents the experimentally 
observed maximum and the dashed red line represents the 
theoretically predicted maximum, which was obtained using the 
experimentally-determined velocity data 

Figure 5. Experimentally-observed frequency ratio at which the 
maximum non-linear scattered wave amplitude occurs. The 
theoretical amplitude was predicted (see Equations (1) and 
(2)) using the experimentally-obtained dilatational and shear 
velocities
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Time-of-arrival
Finally, the results were also viewed in the time domain to see 
whether a time separation existed. If the non-linear signal originated 
from the equipment, for example the function generator, amplifiers, 
transducers, etc, a separation in time between the primary waves 
and the difference signal should not exist. In other words, the non-
linear signal inherent to instrumentation should arrive at the same 
time as the primary waves. However, when the difference signal 
is due to non-linear wave mixing within the asphalt concrete, a 
time separation should exist. The theoretical time of arrival of the 
difference signal, ie scattered wave, can be calculated assuming 
mean velocities, see Table 1, and a straight ray-path analysis. 

As a representative example, Figure 6 shows a set of time domain 
records obtained from the asphalt concrete specimen aged for 36 h:  
(a) when both sending transducers are operating simultaneously; 
(b) when the sending transducers are operated individually, one 
at a time; and (c) the resulting scattered wave, ie the difference 
signal. The theoretical arrival time for the difference signal is 
found to be 81.5 μs, which matches closely (≈ 8.8% difference) 
with the observed arrival time of 74.9 μs. The stochastic nature 
of the asphalt concrete also causes disparities in the independent 
measurements, as even a slight variation in the placement of the 
transducers can alter the paths of the travelling waves. 

The non-linear wave generation parameter, β
The non-linear scattered wave generation parameter, β, is an indicator 
of the conversion efficiency of the energy transferred from the primary 
waves, due to the non-collinear interaction, to produce the scattered 
non-linear wave. Figure 7 shows β normalised by β0 (corresponding 
to the virgin mixture). The normalised parameter decreases with an 
increased amount of ageing until 24 h, when it begins to exponentially 
increase with increasing ageing. Similar trends have been observed 
in other experiments, such as fracture energy obtained via DC(T) 
tests, acoustic emission responses and dynamic modulus estimates 
via ultrasonic tests, in which the behaviour of asphalt concrete as a 
function of ageing has been studied[24-25]. 

Due to the nature of the experimental set-up (parameters 
were based upon the material properties of the virgin specimen), 
the scattered wave will not always hit the received transducer in 
the best possible manner (ie normal incidence at the transducer 
centre), and the experimentally-measured beta parameter will be 
affected by this deviation. However, since the scattered wave hits 
the receiving transducer increasingly off-centre and at an angle as 
ageing increases, the measured values of β may increasingly be 
an underestimate of its true value as ageing increases. Figure 2 
shows that the attenuation increases drastically with ageing. Should 
attenuation not be taken into account, the observable trend of the 
non-linear wave amplitude with respect to ageing shown in Figure 
7 will be less pronounced. However, accounting for attenuation 
reveals that the asphalt concrete exhibits increasingly strong non-
linear behaviour with ageing. 

Conclusions
Asphalt concrete test samples were manufactured with various 
amounts of laboratory-induced oven ageing and assessed using a 
non-linear ultrasonic approach involving the mixing of two non-
collinear dilatational waves. A non-linear scattered wave was 
observed as a result of the interaction of two intersecting waves in 
the asphalt concrete specimens, even though the material is highly 
attenuative and dispersive. Criteria were used to confirm that the 
detected scattered wave originated as a result of wave interaction 
in the asphalt concrete and not from non-linearities in the testing 
instrumentation. A non-linear wave generation parameter was 
defined to describe the conversion efficiency of energy from the 
primary waves into the non-linear scattered wave. By monitoring 
the non-linear wave generation parameter, it was observed that 
the non-linearities exhibited by the asphalt concrete decrease 
until about 24 h of ageing, after which the non-linear response 
increases exponentially with increasing ageing. The observed non-
linear response has the potential of being used for the assessment 
of oxidative ageing of asphalt concrete, including durability and 
damage accumulation due to thermal and mechanical loading and 
other environmental conditions. 
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Estimation of oxidative ageing in asphalt concrete 
pavements using non-collinear wave mixing of 

critically-refracted longitudinal waves

A study using non-collinear ultrasonic wave mixing of subsurface longitudinal waves for the assessment of oxidative 
ageing in asphalt concrete samples with increasing levels of oven ageing is presented.  The use of subsurface waves 

allows for non-destructive interrogation of bituminous structures when only one side of the test specimen is available 
for testing, such as asphalt concrete pavements.  The following criteria were used to verify that the non-linear wave 

originated within the test specimen due to the non-collinear wave mixing, and not from non-linearities inherent to the 
testing instrumentation: (1) frequency; (2) amplitude; (3) propagation direction; and (4) time-of-flight separation.  It 
was observed that the non-linear response of the asphalt concrete mixtures decreases with ageing until about 24 h 

of oven ageing, after which it increases exponentially with ageing.  These results correlated well with the results from 
previous studies, demonstrating the effectiveness of this technique.  Potential applications of the technique for the health 

monitoring of asphalt pavement surfaces are presented.

M E McGovern, W G Buttlar and H Reis

1.	 Introduction
Asphalt concrete (ie asphalt) pavements are continuously subjected 
to environmental and loading conditions, which can seriously 
degrade their structural integrity. Oxidative ageing plays a major 
role in the degradation[1,2] and it occurs in a non-uniform manner, 
ie the top exposed portion of the pavement is significantly more 
degraded than the bottom, which is protected by the upper layers of 
the pavement. As a result, the pavement becomes a graded structure 
through its thickness, where the top layer is the most oxidised. 
There exists the need for a non-destructive technique to assess 
the level of oxidative ageing that the pavement has undergone. In 
a previous study[3], a technique involving the use of non-collinear 
wave mixing of bulk ultrasonic waves was presented as a means to 
non-destructively evaluate the oxidative ageing in asphalt concrete. 
It was demonstrated that the technique can be used successfully to 
estimate the amount of oxidative ageing by means of a non-linear 
wave generation parameter. However, the technique requires that 
the test be performed on specimens cut to a geometry dictated 
by the ideal sensor placement (ie normal incidence) for through-
transmission wave propagation. For use in the field, this would 
require removal of a portion of the pavement for testing. To be 
truly non-destructive, the method should be such that it can be 
performed on the pavement requiring access to only one side, ie 
the pavement surface. Since most of the damage is located at the 
top layer, a non-destructive technique to evaluate the surface 
and subsurface (ie directly below the surface in the bulk of the 
medium) of pavements would prove useful in assessing the level of 
oxidative damage and may aid the decision making process for the 
maintenance and rehabilitation of pavements.

The non-linear behaviour of a material (for example non-linear 
constitutive relationship, micro-cracks, etc) leads to non-linear 
distortion of the ultrasonic waves as they propagate through the 
medium due to the presence of higher-order terms in the non-linear 
acoustic wave equation[4-21]. In the case of multiple overlapping waves, 
interaction between the waves may take place. The non-collinear 
ultrasonic wave-mixing technique[11-21] involves transmitting two 

monochromatic waves into a medium simultaneously so that they 
intersect. These two intersecting waves are termed the primary 
waves and may be longitudinal or shear waves. If the material 
exhibits non-linear behaviour, when these two primary waves cross 
paths at particular angles they can interact to produce a third wave, 
termed a ‘scattered non-linear wave’. For a strong scattered wave to 
occur, resonance and polarisation conditions must also be met. The 
resultant scattered non-linear wave may be of a different type (ie 
longitudinal or shear), propagate in a different direction and have 
a different frequency than the two primary waves. This interaction 
does not take place in linear materials, where the resulting wave 
field is simply the linear superposition of the two waves. McGovern 
et al[3] provide a brief literature review on the use of non-collinear 
wave mixing. 

Asphalt concrete has been shown in a previous study[3] to 
exhibit non-linear behaviour at room temperature. The non-linear 
behaviour can arise from a multitude of sources, including its 
brick-and-mortar structure (asphalt concrete belongs to a class of 
materials that have non-linear mesoscopic elasticity[22,23]) and the 
presence of micro-cracks and air voids. Furthermore, the two basic 
constituents of asphalt concrete, crushed stone and asphalt binder 
(ie bitumen), also behave non-linearly[24-34]. In the case of asphalt 
binder (ie bitumen), which is a naturally-occurring, refined and 
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processed material, non-linear viscoelastic behaviour arises due to 
its complex chemical morphology. This includes varying proportions 
of asphaltenes (rigid, brittle, elastic component), resins (viscous 
component, contributing to temperature- and stress-dependency) 
and oils (fluid, possibly volatile, low-viscosity component)[1]. As 
asphalt concrete is subjected to oxidative ageing, the non-linearities 
in the material change with the amount of ageing. For instance, the 
lower molecular weight or volatile components present in freshly 
placed asphalt can dissipate with time, or ‘volatilise’, rendering 
the material stiffer and changing its degree of non-linearity. It 
has already been shown[3] that the non-linear behaviour (defined 
by a non-linear wave generation parameter, which represents 
the amount of primary wave energy converted to the non-linear 
scattered wave) decreases as the material is aged, until it reaches 
a critical amount of ageing, after which the non-linear behaviour 
increases exponentially. In summary, as the asphalt concrete is 
subjected to oxidative ageing, the stiffness of the binder increases 
with the volatilisation of low molecular weight fractions, and at 
progressively higher levels of ageing the adhesion between the 
aggregates, fines and binder decreases, yielding an increase in the 
micro-flaw population in the mastic and at the mastic-aggregate 
interfaces[35]. It appears that the evolution of ageing in asphalt 
concrete first leads to an increase in linearity (volatilisation of oils 
and resins, lowering stress dependency of response), followed by 
a progression towards non-linearity (an increase in micro-flaw 
population through over-stiffening and subsequent volumetric 
contraction of the binder around rigid aggregates and reduced 
adhesion).

Critically-refracted longitudinal (or subsurface longitudinal) 
waves are longitudinal bulk waves that travel nearly parallel to 
the free surface of a bulk medium[36]. Subsurface waves have the 
advantage that they propagate in the bulk of the medium (ie right 
below the surface) and can still be detected at the surface. These 
waves can be generated by employing angle wedge transducers 
set to an angle close to or equal to the critically-refracted angle 
governed by Snell’s Law[37]. Prior to 1979, others[38-40] had observed 
what at times was termed the ‘fast surface wave’, which travelled at 
the speed of a bulk wave and arose when the incident angle was 
set above the critical angle. The first theoretical studies on the 
beam pattern of longitudinal subsurface waves were performed 
by Basatskaya and Ermolov[41] in 1979. They also studied the 
resulting beam pattern when the incident angle was set slightly 
above and below the first critical angle and made recommendations 
on how to utilise these waves to best inspect defects in materials. 
In 1988, Pilarski and Rose[42] demonstrated the feasibility of 
using subsurface longitudinal waves to characterise materials. 
Langenberg et al[43] were the first to perform a numerical study 
of the wave field of subsurface longitudinal waves in 1990. In 
1991, Junghans and Bray[44] experimentally characterised the 
subsurface longitudinal wave beam profile generated by high-angle 
longitudinal wave probes. From 1996 to 2001, a number of studies 
utilising subsurface waves to measure residual stresses in various 
mechanical components and materials were also performed by 
Bray and others[45-47] using acoustoelastic theory. Most recently, in 
2013, Chaki and Demouveau[48] experimentally and numerically 
characterised the beam profile of the longitudinal subsurface 
wave. The results from their study revealed that the displacement 
amplitude of the critically-refracted longitudinal wave reaches 
a maximum at an incident angle slightly larger than the critical  
angle. 

 In this study, the non-linear behaviour of asphalt concrete as 
a function of laboratory-induced oxidative ageing is investigated 

using a non-collinear wave mixing of two critically-refracted 
longitudinal waves, and employing a methodology used by Johnson 
and Shankland[12,13]. Results are also compared with those from a 
previous study[3] to demonstrate the feasibility of using the non-
collinear wave mixing method in conjunction with critically-
refracted longitudinal waves to characterise the oxidative ageing of 
bituminous infrastructure when there is only access to one side of 
the test specimen, for example the pavement surface. 

2.	 Specimen preparation and linear 
characterisation

Six asphalt concrete (ie asphalt) specimens were prepared with the 
same mixture of 9.5 mm nominal maximum aggregate size and a 
target asphalt binder (ie bitumen) content of 5.9% by weight of the 
total mixture. The binder used was PG 64-22 and the aggregates 
were from four different stockpiles, including: 65% coarse aggregate 
(CM16); 23% manufactured sand (FM20); 10.5% natural sand 
(FM02); and 1.5% mineral filler (MF). Mixing was carried out using 
a standard bucket mixing procedure at a temperature of 155ºC. The 
mixtures were then subjected to oxidative ageing by placing them 
in an oven at 135ºC. Each mixture was aged a different amount of 
time: 0, 12, 24, 28, 32 and 36 h. Beyond 36 h of oven ageing using 
this protocol, the surfaces of the specimens become very rough 
and irregular, preventing ultrasonic testing due to poor coupling 
conditions between the sensor and specimen. Thus, no specimens 
were aged past 36 h. This is believed to be a reasonable upper limit 
on lab conditioning, as 36 h of oven ageing at 135ºC was found 
to represent a very severe ageing condition in a study where the 
fracture properties of lab-aged specimens were compared to  
field-aged specimens[49]. In addition, an oven ageing level of  
24 h at 135ºC was found to represent the field ageing threshold  
where surface cracking begins to occur and rapidly increases with 
age.

The laboratory-prepared mixtures used in this study were hand-
stirred every 12 h to create a more uniform exposure of the mixture 
to oxygen (ie a more uniform ageing process). Six cylindrical 
specimens (180 mm height and 150 mm diameter) were created 
by compacting the aged mixtures with a servo-controlled gyratory 
compactor (IPC Servopac) at a temperature of 135ºC. Each cylinder 
was cut to obtain a rectangular prism with dimensions 155 × 175 
× 50 mm. Figure 1 shows the geometry and dimensions of the 
extracted test samples from each of the cylindrical compacted 
gyratory specimens. 

Six asphalt specimens constructed using the same mixture 
design and levels of oxidative ageing via the process described above 
were characterised using linear ultrasonics in a previous study[50,51]. 
In that study, the ultrasonic phase velocities and attenuations for 

Figure 1. Test specimens: (a) gyratory compacted and (b) test 
specimens with different levels of oven ageing. See Figure 3 
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longitudinal and shear waves were determined as a function of 
frequency. For more details on the linear characterisation, please 
refer to McGovern et al[50,51]. 

3.	 Critically-refracted longitudinal 
(subsurface) wave

Critically-refracted longitudinal waves are often referred to as 
subsurface longitudinal waves. These two names will be used 
interchangeably in this paper. Longitudinal subsurface waves have 
the properties of a bulk longitudinal wave, while still being able to 
be detected at the surface. In contrast to surface waves, subsurface 
longitudinal waves have the advantage that they are insensitive to 
surface defects and exist well into the bulk of the material[36]. Thus, 
subsurface waves can be employed to characterise material properties 
right below the surface where the most ageing in the asphalt concrete 
pavement is present. Critically-refracted longitudinal waves are 
generated at the first critical angle, governed by Snell’s Law[37]:

                                            sin!inc
ci

= sin!L

cL
..................................... (1)

where cL and ci are the longitudinal velocities of the asphalt medium 
and incident wedge material, respectively, θinc is the incident angle 
and θL = 90º (ie sin θL = 1) for the case of critical refraction, refer 
to Figure 2. 

The beam pattern of longitudinal subsurface waves was 
theoretically studied by Basatskaya and Ermolov[41]. They found that 
the beam pattern of the subsurface wave is comprised of many lobes. 
At the critically-refracted angle, most of the energy in the main lobe 
is contained at the surface, but the maximum displacement occurs 
at an angle below the surface (for example ≈18º below the surface 
for steel). Note that the portion of the wave on the free surface is 
not purely longitudinal due to the stress-free boundary conditions 
at the surface. When the incident angle is slightly larger than the 
critical angle, the main lobe becomes narrower and the maximum 
displacement moves closer to the surface. As the angle is further 
increased beyond the critical angle, the side lobes start to dominate 
in amplitude over the main lobe. For incident angles slightly smaller 
than the critical angle, the main lobe moves away from the surface. 
Chaki et al[48] verified these results via a numerical study and found 
that the energy of the subsurface wave is maximum at the surface 
for an incident angle of about 1° greater than the first critical  
angle. 

4.	 Assessment of oxidative ageing 
using non-collinear wave mixing

Consider two monochromatic, plane, elastic waves travelling in 
directions k1 and k2 with frequencies f1 and f2, respectively. These 
two waves, termed the primary waves, can be longitudinal or 
shear polarised in or out of the k1-k2 plane. In the presence of non-
linearities (for example non-linear elastic medium, cracks, etc), 
these two primary waves can interact to produce a third wave, ie 
a scattered wave, travelling in the direction k3 with frequency f3. 
The polarisation of the resultant scattered wave (often referred to 
as the non-linear wave) will depend on the polarisations of the 
two primary waves. The conditions for which the two primary 
waves interact to produce a strong scattered wave were derived by 
Jones and Kobett[11]. A non-linear scattered wave results from the 
interaction of the two primary waves if resonance and polarisation 
conditions are met[11]. There are nine possible interaction cases of 
bulk waves for which these conditions are met. In this study, the 
case where two longitudinal waves interact to produce a scattered 
shear wave is utilised. The resonance and polarisation conditions 
for this case are met when the following two equations are satisfied:

                  cos ![ ]= cl
ct

!
"#

$
%&

2

1' 1
2
f1
f2
1' ct

2

cl
2

!
"#

$
%&

f2
2

f1
2 +1

!
"#

$
%&

(

)
*

+

,
- .............. (2)

                                 tan ![ ] = ! f2 sin "[ ]
f1 ! f2 cos "[ ] ................................. (3)

where cl and ct denote the longitudinal and shear wave velocities 
of the medium, respectively, f1 and f2 are the frequencies of the two 
primary waves, φ is the interaction angle between k1 and k2 , and γ 
is the angle between k1 and k3. The resulting scattered shear wave is 
polarised in the k1-k2 plane. The frequency ratio f2 / f1, interaction 
angle φ and scattered wave angle γ are all interdependent quantities. 
In other words, once one parameter is chosen (for example φ), the 
other two (for example γ and f2 / f1) are set. 

Selection criteria, as proposed by Johnson and Shankland[12,13], 
can be used to ensure that the measured non-linearities occur as a 
result of the interaction between the two primary waves and not as 
a result of possible non-linearities of the testing equipment. These 
criteria are: (1) frequency – the frequency of the observed scattered 
wave must match the frequency predicted by theory; (2) amplitude 
– the amplitude of the scattered wave must be proportional to the 
product of the amplitudes of the two interacting primary waves; 
and (3) directionality – the propagation direction of the scattered 
wave must match that predicted by the theory. In addition, the 
time-of-arrival of the scattered wave should agree with its predicted 
theoretical arrival time. 

4.1	 Choosing the experimental set-up 
For the placement of the transducers/wedges, appropriate 
angles must be chosen (using Equations (2) and (3)) such that 
wave interaction occurs resulting in a scattered wave. For many 
materials, this task is relatively straightforward: once the linear 
ultrasonic material properties (ie longitudinal and shear velocities/
attenuations) have been characterised, one parameter can be chosen 
(for example φ), subsequently fixing the other two (for example 
γ and f2 / f1). Then, the specimen dimensions can be selected and 
the sensors positioned appropriately. For this study, the linear 
ultrasonic properties of the asphalt specimens vary as a function of 
the oxidative ageing level. If the ultimate goal of this technique is to 
be used as a means to characterise the level of oxidative ageing, then 

Figure 2. Schematic diagram of transmitted signals through angle 
wedges with an incident angle equal to the first critical angle 
to generate the critically-refracted longitudinal (subsurface) 
waves. The main lobe has a maximum energy at the surface and 
maximum pressure amplitude (ie displacement) along the ray 10º 
to 20º below the surface 



NDT IN CIVIL ENGINEERING

the testing set-up should be one which will work across all aged 
specimens. Here, to assess the specimen ageing, a testing set-up is 
chosen based on the virgin specimen parameters. Determining a 
final testing set-up is an iterative process, where the goal is to find 
one testing set-up that meets the conditions outlined below. 

Incident angle, θinc 
The incident angle of the angle wedges should be chosen such that 
the two subsurface longitudinal waves, which propagate nearly 
parallel to the free surface, are generated in the specimen. Based 
on the literature[41,48], the best incident angle to achieve a strong 
longitudinal subsurface wave is at about 1º greater than the first 
critically-refracted angle. Table 1 lists the first critical angle for each 
aged specimen, which were found using Equation (1). 

Interaction angle, φ
The interaction angle should be the same for all six specimens (0 
to 36 h of ageing). This will result in different f2 / f1 and γ for each 
level of ageing; therefore, the interaction angle should be chosen 
based on its effects on the scattered wave angle and frequency ratio. 
Furthermore, the size of the angle wedges (40 × 45 mm) limits how 
small the interaction angle can be while still maintaining a minimal 
propagation distance of the two primary waves (to limit attenuation 
effects). This should be taken into consideration when choosing the 
interaction angle. 

Primary and scattered wave frequencies
The frequencies should be chosen such that the primary waves 
propagate with minimal distortion (due to scattering and 
attenuation) and generate a non-linear scattered wave with the same 
characteristics. Scattering effects can be mitigated by choosing the 
frequencies such that the wavelength is larger than the maximum 
aggregate size (9.5 mm). Attenuation effects can be lessened by 
choosing frequencies below which the attenuation becomes too 
high to receive a discernible signal. The frequencies should also 
be chosen such that the resulting scattered wave frequency (f3) is 
sufficiently separated from the two primary wave frequencies (f1 and 
f2), so that they can be easily separated in the frequency domain. 

Furthermore, f1 and f2 should be chosen such that their velocities 
are similar, to match with the theory presented in Equations (1) and 
(2) (which assumes that k1 (f1) and k2 (f2) have the same velocity). 
Based on these considerations, the primary waves should be chosen 
within a frequency range of 100 kHz to 200 kHz, and the resulting 
scattered shear wave should be within a frequency range of 50 kHz 
to 110 kHz. McGovern et al[3] provide a more detailed discussion on 
the process used to establish the frequencies used for this particular 
set of aged asphalt concrete samples. 

Scattered wave angle, γ 
The transducer/wedge placement is the same for all specimens  
and is chosen based on the parameters of the virgin material, ie 
unaged specimen. The amount of deviation between the angle for 
which the receiving transducer is placed and the actual scattered 
angles will affect how well the non-linear scattered wave is  
received. For this reason, a case should be found that minimises 
the difference in scattered wave angles between the virgin specimen  
and the other aged specimens, so that even if the receiving 
transducer is not oriented in the ideal location it can still receive 
the non-linear scattered wave. The face of the receiving transducer 
used in this study is quite large (diameter ≈ 44 mm), which allows 
for the scattered wave angle for the aged specimens to deviate  
from the virgin scattered wave angle and still strike the transducer 
face.

Propagation distances and specimen dimensions
Asphalt concrete is a highly attenuative material, which greatly 
diminishes the amplitudes of the primary and scattered waves  
as they propagate through the specimen. This attenuation loss 
should be minimised by minimising the distance through  
which the wave propagates to ensure that the scattered non-linear 
wave can be detected by the receiver. The propagation distances 
should be at least one wavelength long, such that the waves are 
stabilised by the time they interact. For simplicity, k1 and k2 can 
be chosen to have the same propagation distances. The specimens’ 
dimensions satisfied the constraints imposed by these propagation 
distances. 

Table 1. Average dilatational and shear velocities (between 120-200 kHz), corresponding frequency ratio f2 / f1 and scattered wave angle γ for 
an interaction angle φ of 47º. For time-of-flight calculations, the shear velocity at the scattered wave frequency f3 is also presented 

Amount 
aged  
(h)
 

Average 
dilatational 

velocity 
(120 - 200 kHz)  

cL 
(m/s)

Average shear 
velocity 

(120 - 200 kHz) 

cS 
(m/s)

First critical 
incident angle* 

θcr = θinc – 1º 

(º)

Velocity 
ratio 

cS / cL

Interaction 
angle 

φ 

(°)

Frequency 
ratio 

f2 / f1

Angle of 
scattered wave 

γ 

(º)

Scattered wave 
frequency 

f3 = f1 – f2 

(kHz)

Shear 
velocity at f3 

cS 

(m/s)

0 3554 1943 50 0.547

47***

0.600 –37*** 80.0 1510

12 3792 2007 46 0.529 0.613 –38 77.4 1467

24 4007 2030 43 0.507 0.630 –39 74.0 1482

28 3284 1576 56 0.480 0.650 –40 70.0 1108

32 2780 1282 78** 0.461 0.664 –42 67.2 969

36 2861 1240 72 0.433 0.685 –43 63.0 786

* The wedges were set to have an incident angle 1º greater than the critically-refracted angle based on the work carried out by Chaki et al[48].

** An incident angle of 79º was too large an angle to be achieved with the angle wedges, so an incident angle of 76º was used instead. 
    Note: this angle is within error of the angle predicted by velocity measurements. 

*** For all aged specimens, the sensors were positioned to the angles determined for the virgin specimen. Care was taken to find a case where the 
difference in the scattered wave angle was minimal (ie γ36h – γVirgin = 6°) so that the receiving transducer could detect the scattered wave for all 
specimens. Keeping the angles constant causes the frequency ratio at which the non-linear wave interaction occurs to shift.
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4.2	 The non-linear wave generation 
parameter, β

A normalised non-linear generation parameter 
!age

!0
 was previously 

introduced[3] to characterise the non-linearities in the asphalt 
concrete with respect to ageing. The formulation of the non-linear 
wave generation parameter is such that material attenuation is 
taken into consideration. Thus, it reflects a measure of the material’s 
inherent non-linear behaviour as it represents the conversion 
efficiency of the energy transferred from the two primary waves 
interacting to produce the scattered non-linear wave. 

The amplitude of the scattered wave is proportional to the 
product of the amplitudes of the two primary waves at the time 
of interaction[14,15]. Assuming perfect couplant conditions and 
accounting for the attenuation suffered by the primary and scattered 
waves, the received amplitude of the scattered non-linear wave is 
described by the following equation: 

Aage
k3( ) = !ageAsent

k1( )Asent
k2( ) exp ! ! age

k1( ) +! age
k2( )( )Dk1k2

"
#

$
%exp !! age

k3( )Dk3
"# $% .... (4)

where: 
βage	 ≡ Conversion efficiency 

Asent
kn( ) 	≡ Transmitted amplitude of kn (Volts) 

! age
kn( ) 	≡ Attenuation coefficient of kn 

Np
m

!
"#

$
%&

 

Dkn	 ≡ Propagation distance of kn (m). 

The conversion efficiency βage is a dimensionless parameter that 
accounts for the fraction of the interacting waves that is converted 
to the scattered wave for a particular ageing level. Straight ray paths 
can be assumed for the propagation distances. The attenuation 
coefficients for asphalt concrete were measured and presented 
in McGovern et al[50,51] for each ageing level. It was shown[50] that 
the attenuation coefficient increases drastically with the amount 
of ageing. Accounting for the attenuation in a highly attenuative 
material (for example asphalt concrete) is very important. If 
attenuation is not accounted for, it affects the observable trend of 
the non-linear wave amplitude with respect to ageing. Of course, 
in doing so, one must be certain that a non-linear scattered wave 
is indeed detected by using the selection criteria, which will be 
outlined in a subsequent section. Thus, the amplitude can then be 
normalised by the attenuation and denoted by: 

Aage
! k3( ) =

Aage
k3( )

exp ! ! k1( ) +! k2( )( )Dk1k2
!
"

#
$exp %! k3( )Dk3

!" #$
= !ageAsent

k1( )Asent
k2( ) ..... (5)

The transmitted amplitudes of the primary waves ( Asent
k1( )  and 

Asent
k2( ) ) will be the same for all tests performed if the changes in 

the couplant conditions between testing set-ups are negligible. 
Thus, using Equations (4) and (5), βage can be normalised by the 
conversion efficiency parameter for the virgin material, β0, to 
characterise ageing: 
                                               !age

!0
=
Aage

! k3( )

A0
! k3( )

........................................ (6)

The parameter !age

!0
 in Equation (6) is the normalised non-

linear wave generation parameter and it characterises the amount of 
ageing with respect to the virgin (unaged) sample. 

5.	 Experimental description
Figure 3 shows a schematic representation of the experimental 
set-up. Two longitudinal transducers (Panametrics V413, centre 

frequency 500 kHz) were mounted on plastic variable angle wedges. 
The wedges were set at an angle such that the incident angle was 
1º greater than the critically-refracted angle for each specimen in 
order to generate subsurface longitudinal waves. The angle was 
measured using a digital protractor with an accuracy of 1º. Table 
1 shows the appropriate incident angles for each specimen. The 
wedges were positioned such that the interaction angle between the 
two primary waves was φ = 47º and both k1 and k2 propagated a 
distance of 8.2 cm (from the centre of each angle wedge to the centre 
of the volume of interaction) before interacting. The scattered non-
linear wave propagated a distance of 4 cm (from the centre of the 
volume of interaction to the centre of the receiving transducer face) 
and was received by a third longitudinal transducer (Panametrics 
V1011, centre frequency 100 kHz), which was mounted using 
normal incidence on the surface in the path of k3 (γ = –37º with 
respect to k1). The placement of the sending/receiving transducers 
was based on the angles (φ and γ) calculated for the virgin specimen 
properties. The same transducer placement was used for all six 
specimens. Table 1 contains the theoretical values for all aged 
specimens. The velocities used to calculate the velocity ratio were 
computed using the mean velocities across 120-200 kHz. A plastic 
template was created using a 3D printer to ensure reproducibility of 
the transducer placement between tests. 

A 15-cycle sinusoidal signal with a frequency of f1 = 200 kHz was 
generated and amplified with a pulser-receiver (Ritec RPR 4000) and 
sent to one of the angle wedge mounted longitudinal transducers. 
An 8-cycle sinusoidal wave was generated by a function generator 
(Krohn-Hite Model 5920) and amplified by a gated amplifier (Ritec 
GA-2500A). This signal was swept from f2 = 100 kHz to 180 kHz 
in 1 kHz increments and sent to the other angle wedge mounted 
longitudinal transducer. The number of cycles in the tonebursts was 
chosen to ensure the intersection of the primary longitudinal waves 
in the specimen. The received scattered shear wave was filtered by a 
4-pole Butterworth filter (Krohn-Hite model 3945), amplified and 
sent to the computer for data acquisition. 

The generated scattered non-linear wave is very small in 
amplitude due to the low conversion efficiency of the primary 
wave energy used to generate the scattered wave[14,15] and the high 
attenuation due to scattering in the asphalt concrete. Furthermore, 
the time-of-flight is such that much of the scattered non-linear 
wave is superimposed with the primary waves. To extract the 

Figure 3. Schematic diagram of the ultrasonic data collection 
system illustrating the angle of interaction of the two primary 
longitudinal waves and the location of the receiving longitudinal 
transducer to receive the generated scattered shear wave. The blue 
and red regions denote the areas of signals k1 and k2, respectively, 
due to beam spread. The region where they overlap is the volume 
of interaction. Note that the beam spread from k2 is slightly higher 
than k1 due to the difference in frequencies
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non-linear scattered wave, the following steps were taken during 
data acquisition: (1) data was collected while the two transducers 
were operated simultaneously; (2) data was collected while one 
transducer was individually operated; and (3) data was collected 
while the other transducer was individually operated. The non-
linear signal was obtained by subtracting the signals from steps (2) 
and (3) from the signal obtained in step (1). The remaining signal 
(ie the difference signal) should be the non-linear scattered wave; 
however, the subtraction is imperfect, mainly because a portion of 
the energy from the primary waves is used to create the scattered 
non-linear wave. Therefore, the signal obtained from simultaneous 
operation of the two sending transducers has an amplitude slightly 
lower than the sum of the signals obtained when the transducers 
were operated individually. As a result of the imperfect subtraction, 
a portion of the primary waves is in the subtracted signal. This was 
addressed by applying a filter to the difference signal to filter out 
much of the primary wave contribution. 

To maximise the ability to detect the scattered wave and to 
mitigate scattering effects, an average of 500 waveforms was taken. 
To avoid trigger jitter, a high sample rate (50 MHz) was used[12,13]. 
Ten independent measurements were taken for each specimen. 
Each independent measurement consisted of removing the sensors/
wedges and couplant, applying new couplant and placing the 
sensors/wedge back into position. 

6.	 Experimental results
The selection criteria proposed by Johnson and Shankland[12,13] were 
used to verify that the non-linear wave was generated as a result of 
the interaction between the two primary waves and not from the 
testing apparatus. The collected data was only used after it satisfied 
these selection criteria, as described below. 

To verify that the amplitude of the non-linear scattered wave was 
proportional to the product of the amplitudes of the two primary 
waves, a small experiment was conducted. It was observed that as 
the voltage of the primary waves was increased, the amplitude of 
the non-linear signal also increased in a manner proportional to 
the amplitudes of the primary waves. The propagation direction 
of the scattered wave (ie γ) must match the propagation direction 
predicted by the theory. The placement of the sensors was selected 
using the virgin parameters shown in Table 1 (using Equations (2) 
and (3)), but care was taken to minimise the difference between 
the virgin scattered angle γ and the scattered angle for the other 
ageing levels to ensure that the receiving transducer was in the path 
of the non-linear scattered wave for all the specimens. As a result, 
since the scattered non-linear wave was received, the directionality 
criterion was satisfied. 

To ensure that the frequency of the scattered wave matches 
that predicted by the theory (ie f3 = f1 – f2 at the appropriate f2 / f1), 
the amplitude of the non-linear scattered wave was monitored as 
f2 was swept and f1 was held constant. The maximum amplitude 
of the non-linear scattered wave should occur when f2 reaches the 
frequency where f2 / f1 matches the ratio predicted by the theory. The 
amplitude was measured by passing the difference signal through a 
bandpass (30-90 kHz) filter as f2 was swept. The selected bandpass 
frequency range ensured that the primary waves were filtered out 
as well as any very low frequencies. Alternatively, the amplitude 
of the scattered wave could have been measured by taking the fast 
Fourier transform (FFT) of the difference signal and recording the 
amplitude at the appropriate frequency (f3) as f2 was swept; however, 
this would require f3 to be the same across all aged specimens. 
Since the experimental set-up was such that the interaction angle 

was held constant (ie based on virgin specimen properties), the 
predicted frequency ratio at which interaction occurred varied. 
Recording the difference wave amplitude over a finite band of 
frequencies (instead of a discrete point as is the case with the FFT 
method) ensured that even when f3 changed (with ageing), the k3 
amplitude could still be monitored. It was verified that filtering 
with such a broadband filter and taking the FFT yielded nearly the 
same results for the amplitudes. For the experimental set-up, the  
non-linear frequencies for all six specimens were theoretically 
predicted to be: (f3)0 = 80 kHz, (f3)12 = 77.4 kHz, (f3)24 = 74.0 kHz, 
(f3)28 = 70.0 kHz, (f3)32 = 67.2 kHz and (f3)36 = 63.0 kHz. Accordingly, 
the non-linear scattered wave was predicted to reach a maximum 
amplitude when: (f2 / f1)0 = 0.600, (f2 / f1)12 = 0.613, (f2 / f1)24 = 0.630, 
(f2 / f1)28 = 0.650, (f2 / f1)32 = 0.664 and (f2 / f1)36 = 0.685. 

Figure 4 shows a representative example of the recorded  
non-linear scattered wave amplitude as f2 was swept. The example 
shown is from the virgin specimen. The amplitude was predicted 
to reach a maximum when f2 / f1 = 0.6 (ie f2 = 120 kHz). The 
experimental data shows that the amplitude actually reached a peak 
at f2 / f1 = 0.575 (ie f2 = 115 kHz). The theoretical and experimental 
values are quite close with only a 4.1% difference (ie 5 kHz). 
Theoretically, the non-linear amplitude should only occur for a 
particular (ie theoretically predicted) frequency ratio. In reality, the 
non-linear amplitude plotted as a function of the frequency ratio has 
a finite width. This width can be attributed to the large interaction 
volume (due to beam spread) and to wave scattering caused by the 
stochastic nature of the aggregate structure, which leads to different 
propagation paths of the wave energy. The theory assumes that the 
two interacting longitudinal waves are monochromatic and that the 
test sample material is isotropic and homogeneous. The deviation of 
the real testing conditions from theory has the effect that the non-
linear wave amplitude is spread over a range of values centred about 
the theoretically-predicted frequency ratio. Frequency ratios at 
which the maximum amplitudes of the non-linear signal occurred 
are plotted as a function of ageing in Figure 5. The predicted values 

Figure 4. Experimentally-obtained amplitude of scattered shear 
wave, ie difference signal, (f3 = f1 – f2) as f2 is swept from 100 kHz to 
180 kHz (f2 / f1 = 0.50 to 0.90) while f1 is held constant at 200 kHz. 
This analysis was performed for all specimens to obtain the 
data shown in Figures 5 and 7. The plot shown above is from 
the specimen oven aged for 12 h and shown as a representative 
case. The dashed blue line represents the experimentally-
observed maximum and the dashed red line represents the 
theoretically-predicted maximum, which was obtained using the 
experimentally-determined velocity data
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were calculated using the mean velocities (120 kHz to 200 kHz) and 
are denoted in Figure 5 by the dashed line. The experimentally-
observed frequency ratios closely match the theoretical predictions, 
as shown in Table 2. The largest deviation from the theoretical 
prediction is for 24 h (≈12% error). This larger deviation is most 
likely to be caused by the ageing process. The mixtures were oven 
aged before compaction. The specimen mixtures were hand-stirred 
every 12 h to create a more uniform ageing process. The 12 h-aged 
specimen did not benefit from being hand stirred. It is possible 
that the mixture used for this specimen was not as homogeneous 
in terms of ageing; without the benefits of being hand stirred, the 
oxidised layers at the surface of the mixture material protected the 
remaining material from being oxidised. 

To further validate that the non-linear scattered wave is a result 
of non-linear wave-mixing inside the sample and not a result of the 
testing apparatus, the time domain records were also examined. 
Non-linearities generated by the testing equipment will have the 
same arrival time as the primary waves, whereas non-linearities 
arriving from wave-mixing in the specimen will have an arrival time 
corresponding to the paths dictated by the transducer placement 
and scattered wave angle γ (Equation (3)). Thus, a time separation 
between the primary waves and the non-linear scattered wave 
should exist, and the experimental time-of-arrival of the scattered 
wave should match its theoretical time-of-arrival. The theoretical 
time-of-arrival of the difference signal, ie scattered wave, can be 
calculated assuming mean velocities, see Table 1, and a straight ray-
path analysis. 

Figure 6 shows the time domain records for the specimen aged  
36 h as a representative example. The time domain records shown are 
for the cases when: (a) the transducers were operated simultaneously; 
(b) the transducers were operated individually and their time domain 

records were summed; and (c) the difference between the records 
obtained in (a) and (b). The theoretical time-of-flight of the non-
linear scattered wave was calculated assuming straight ray paths. 
The primary velocities were calculated using the mean longitudinal 
velocity between 120 kHz to 200 kHz. The shear wave velocity (at 
the appropriate frequency) was used for the non-linear scattered 
wave velocity. The predicted arrival time (0.0982 ms) of the non-
linear scattered wave matched closely (≈4.7% difference) with the 
experimentally-observed arrival time (0.1028 ms). 

The non-linear wave generation parameter, β
Once it is determined that the difference signal has satisfied the 
selection criteria, the non-linear wave generation parameter β can 
be computed. Figure 7 shows β for all aged specimens normalised 
by the average of β0, corresponding to the virgin mixture. This 
normalised parameter, β/β0, indicates the conversion efficiency 

of the energy transferred from the primary 
waves interacting to produce the scattered 
non-linear wave (see Equation (6)). Please 
note that the stochastic nature of the asphalt 
concrete causes disparities in the independent 
measurements, as even a slight variation in 
the placement of the transducers can alter 
the travel paths of the travelling waves. It is 
observed that β/β0 decreases from 0 to 24 h 
of ageing and increases exponentially from 
24 to 36 h of ageing. This trend has been 
repeatedly observed in other studies[50,51], in 
which the behaviour of asphalt concrete as a 
function of ageing has also been studied. It is 

Figure 5. Experimentally-observed frequency ratio at which 
the maximum non-linear scattered wave amplitude occurs. The 
theoretical values were predicted (see Equations (2) and (3)) using 
the experimentally-obtained dilatational and shear velocities 

Figure 6. Time domain records required to obtain the non-
linear scattered shear wave: (a) time record obtained when both 
sending transducers were operated simultaneously; (b) time 
record obtained when sending transducers were operated one 
at a time and the received waveforms added; and (c) non-linear 
scattered wave, ie the difference signal, obtained from subtracting 
the signals obtained from operating the sending transducers 
individually from the signal obtained when operating the two 
sending transducers simultaneously. The theoretically-predicted 
time of arrival (0.0982 ms) for the difference signal matches 
closely (~4.7% difference) with the experimentally-observed 
time of arrival (0.1028 ms). The records are all normalised by the 
maximum amplitude of the record in (b). The difference signal was 
scaled up 6 times

Table 2. Experimentally-obtained and theoretically-predicted frequency ratios 
corresponding to the maximum amplitude of the scattered wave

Amount 
aged 
(h)

Experimentally-
recorded mean 

f2 / f1

Standard deviation of 
experimental results 

(kHz)

Theoretical 
f2 / f1

% difference

0 0.572 0.0125 0.600 4.75

12 0.558 0.0212 0.613 8.97

24 0.556 0.0223 0.630 11.82

28 0.679 0.0274 0.650 5.38

32 0.671 0.0288 0.664 0.99

36 0.676 0.0190 0.685 1.17
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quite interesting to note that the 24-h laboratory ageing level (at 
135ºC) corresponds to the threshold identified by Braham et al[49], 
at which the lab specimens behave similarly to long-term aged field 
specimens, which exhibit thermal cracking behaviour in the field. 
This corresponds to a field age level of approximately seven years. 

Furthermore, recalling that the experimental set-up was based 
on virgin parameters, the non-linear scattered wave will not always 
strike the receiving transducer’s face incidentally and in the centre, 
because the scattered wave angle changes (ie increases) with 
the amount aged. With an increased amount of ageing, the non-
linear scattered wave will strike the transducer’s face increasingly 
off-centre, which may lead to an increasing underestimate of β/β0 
with ageing. The β/β0 parameter reveals that the asphalt concrete 
exhibits increasingly strong non-linear behaviour with increasing 
levels of ageing. This is further evidenced by the fact that the non-
linear scattered wave can still be detected, even with such a strong 
counteracting effect of attenuation. 

A comparison of the results from this study with the results of a 
previous study[3] using test samples of the same material (ie the same 
binder, gradation and levels of oven ageing), but having different 
geometry, are worth discussing at this point, as they demonstrate the 
validity of using subsurface waves in the non-collinear wave mixing 
technique. In the previous study[3], the longitudinal transducers 
were coupled to the test specimens using normal incidence to 
launch longitudinal bulk waves by choosing the appropriate 
geometry for the test specimens. In the current study, the selected 
interaction angle of the primary ultrasonic beams and the angle 
for the scattered wave (ϕ = 47º and γ = −37º, respectively) changed 
slightly from the corresponding angles used in the previous study[3]  
(ϕ = 31º and γ = −42º), mainly to accommodate positioning of 
the angle wedge transducers because of the finite width of the test 
specimens. In doing so, it is noted that the frequency ratios changed 
according to theory. However, the non-linear wave generation 
parameter remained nearly the same, as shown in Figure 7. Figure 

7 shows the normalised non-linear parameter for increasing levels 
of oven ageing, where the solid line represents the results obtained 
in this study and the dashed line represents previously obtained 
results[3]. Considering: (1) the stochastic nature of aggregates 
(regarding their shape, size and geometric location/distribution); 
(2) two sets of specimens with different geometry were used; (3) 
the potential variability of oven ageing levels (for example potential 
variability of temperature within the oven and difference in levels 
of hand stirring the mixtures); and (4) the potential variability in 
coupling conditions, the agreement between the two studies is very 
good. This observation lends credence to the claim that the non-
linear wave generation parameter is an inherent material property 
and not a function of the testing set-up. The agreement of the 
results from these two studies also indicates that subsurface waves 
can be used successfully to characterise oxidative ageing in asphalt 
concrete using the non-collinear wave mixing technique. 

Further discussion and potential applications
As previously mentioned, it is quite interesting to note that the 24-h 
laboratory ageing level (at 135ºC) corresponds to the threshold 
identified by Braham et al[49], at which the lab specimens behave 
similarly to long-term aged field specimens[52]. The long-term 
field-aged specimens in Braham’s study exhibited thermal cracking 
behaviour in the field, as observed at the Minnesota Road Research 
Programme. It is therefore hypothesised that the current test and 
obtained non-linear wave generation parameter could be used 
for health monitoring of asphalt pavement surfaces. Since asphalt 
ageing and non-linearity depends on a number of factors (asphalt 
source(s) and refining technique(s) used, climate/geographical 
location, air void level, maintenance history, deicing history, traffic 
history, etc), this technique could potentially be used to accurately 
assess the surface condition of asphalt pavements, which in turn 
could be used to identify the most appropriate maintenance or 
repair technique. For instance, the technique could be used to 
assess the current ageing state of the asphalt by evaluating the 
β/β0 parameter, with reference to the typical evolution of this 
parameter as depicted in Figure 7. Depending on the level of ageing 
as assessed by this parameter, different preventive or rehabilitative 
maintenance strategies could be identified. For example, pavements 
with β/β0 parameters on the left-hand side of the vertex shown 
in Figure 7, ie non-severely aged, could be recommended for 
preventive maintenance treatments, such as rejuvenators or thin 
surface treatments. On the other hand, pavements with measured 
β/β0 values determined to be on the right-hand side of the vertex, 
ie more severely aged, could be recommended for rehabilitation. 
Depending on the severity of ageing as identified by the β/β0 
parameter, various rehabilitation options, such as surface milling 
and/or thicker surface treatments, bonded overlays and/or 
traditional overlays, could be strategically identified, based on data-
driven decision making with a rapid, non-destructive and relatively 
inexpensive test.

7.	 Conclusions
Asphalt concrete specimens subjected to various amounts of 
laboratory-induced oven ageing were examined using the non-
collinear wave mixing technique. Subsurface longitudinal waves 
were mixed to produce a scattered subsurface shear wave. The 
non-linear scattered waves were measured for each aged specimen 
and used to characterise the inherent non-linearities of the asphalt 
material as a function of ageing using the non-linear wave generation 
parameter. Selection criteria were used to verify that the non-linear 

Figure 7. Normalised non-linear parameter, β, versus different 
levels of oven ageing. The parameter β is normalised with the 
parameter β0, which corresponds to the virgin, ie unaged, mixture. 
For each ageing level, each of the ten independent measurements 
required removal of the three sensors, removal of the used 
couplant, and subsequent application of new couplant, and 
reposition of the three sensors. The solid line represents currently 
obtained results and the dashed line represents results obtained 
in a previous study using incidentally mounted transducers[3]
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scattered waves were generated via the non-collinear wave mixing 
in the test specimen and not from the testing equipment. It was 
observed that asphalt concrete behaves increasingly non-linearly 
with a increasing amount of ageing and that the frequency ratio 
at which the strongest interaction occurs shifts as a function of 
ageing. These observations correlate well with results from previous 
studies. The results from this study suggests the feasibility of mixing 
subsurface longitudinal waves to interrogate asphalt concrete 
and assess its amount of oxidative ageing, including durability 
and damage accumulation due to loading and environmental 
conditions, for structures where there is only access to one side 
(for example pavements). Data also suggests that this technique 
may have the potential to accurately assess the surface condition of 
asphalt pavements, which in turn could be used to identify the most 
appropriate maintenance or repair technique.
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Field estimation of oxidative ageing in asphalt 
concrete pavements using non-collinear wave 

mixing

To facilitate the estimation of the state of oxidative ageing of the top material layer of asphalt concrete pavements, a 
two-dimensional ‘oxidative-ageing non-linear characterisation curve’, which uniquely illustrates the non-linear response 

of asphalt concrete mixtures with increasing levels of oxidative ageing, is presented. Because longitudinal and shear 
velocities and the corresponding attenuation values in asphalt concrete are dependent upon its level of oxidative ageing, 

and because these properties are needed for non-collinear wave mixing measurements, a methodology is presented to 
estimate these properties from the pavement surface only. Results from a blind study are also presented, which indicate 
that the proposed approach can successfully estimate the level of oxidative ageing from measurements taken from the 

pavement surface.

Keywords: asphalt concrete pavements, oxidative ageing, field testing of pavements, longitudinal subsurface waves,  
non-collinear wave mixing.

M E McGovern, W G Buttlar and H Reis

1.	 Introduction
Asphalt concrete (AC) pavements are exposed to a number of harsh 
damaging elements during service, such as extreme environments 
in hot and cold regions, oxidative ageing and severe traffic loadings. 
Oxidative ageing is one of the main contributors to pavement 
degradation. High levels of oxidative ageing can significantly 
reduce the performance of the pavement, consequently shortening 
its service life[1,2]. As a result, AC pavements must be monitored and 
decisions must be made regarding potential surface treatments, such 
as the use of rejuvenators and/or overlays[3,4]. Currently, there are 
no non-destructive evaluation techniques capable of quantitatively 
assessing the level of oxidative ageing of AC pavements in the field. 

The dependence of longitudinal and shear velocities, and the 
corresponding attenuations, upon levels of oxidative ageing have 
been investigated by the authors[5]. Based upon these results, 
the complex moduli were also estimated as a function of ageing 
levels[6]. As asphalt concrete ages via oxidation, it also displays 
changes in its non-linear behaviour. This non-linear behaviour can 
be characterised using an ultrasonic non-collinear wave mixing 
technique. In this wave mixing approach, two ultrasonic bulk waves 
are propagated through the medium in a manner such that they 
cross paths at a certain angle and set of frequencies. For a material 
that displays non-linear behaviour, these two bulk waves may 
interact to produce a third non-linear scattered wave. 

The longitudinal and shear phase velocities and corresponding 
attenuation results presented in reference[5] allowed for the 
estimation of artificially-induced oxidative ageing in asphalt 
concrete specimens using a non-collinear wave mixing approach[7,8]. 
In both studies[7,8], the material mixture of the test samples and 
their increasing levels of laboratory-induced oxidative ageing 
was the same, only the geometry of the specimens was different. 
In reference[7], the laboratory asphalt concrete specimens had a 
special geometry to allow the primary waves to be injected into 
the specimens using longitudinal sensors mounted in normal 
incidence and the resultant scattered shear wave to be received with 

a shear transducer, also mounted in normal incidence. However, 
in reference[8] the two primary waves were critically-refracted 
longitudinal waves sent at the surface of the test specimens via 
variable-angle shear wedges and the resultant shear wave was 
received via a dilatational transducer mounted onto the surface in 
normal incidence. Within the margin of experimental error, the 
results presented in reference[7] were duplicated in reference[8]. 

Subsurface longitudinal waves are bulk dilatational waves that 
travel nearly parallel to and along the surface of a solid medium. 
They can be generated using dilatational transducers mounted on 
variable-angle shear wedges set to an angle close to the first critical 
angle[9,10]. From the literature review[11-14], it has been shown that 
the ideal incident angle to generate these waves is approximately 
1º greater than the first critical angle, which can be found using 
Snell’s Law. This angle can be varied about the critical angle for a 
number of degrees and a longitudinal subsurface wave will still 
be generated, albeit the path along which it propagates and the 
resulting beam pattern will change slightly (for example the ray of 
maximum displacement starts to deviate from being parallel to the 
free surface). 

The significant advantage of having the two sending transducers 
and the receiving transducer mounted on the same surface is 
that access to only one side of the AC test specimen is necessary, 
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making it useful for non-destructive evaluation of asphalt concrete 
pavements. However, in both references[7,8], prior knowledge of 
the longitudinal and shear phase velocities and corresponding 
attenuations were also known before the test and obtained under 
ideal laboratory conditions[5]. 

During application of this technique in the field for in-situ 
pavement evaluation, there is no prior knowledge of the oxidative 
ageing level of the asphalt concrete, rendering the appropriate 
incident angle unknown, as well as the longitudinal and shear 
phase velocities and corresponding attenuations. The purpose 
of this study is to present a systematic approach to address the 
issue of the unknown incident critical angle, phase velocities and 
corresponding attenuations when there is access to only one side of 
the asphalt concrete pavement. The method allows the technique to 
be employed by practitioners in the field for pavement evaluation, 
where the only preexisting knowledge of the pavement is its mixture 
type.

2.	 Fundamentals of the non-collinear 
wave mixing technique using 
subsurface longitudinal waves

When two monochromatic waves, k1 and k2 , with frequencies f1 and 
f2, respectively, are propagated in a medium with non-linear elastic 
constants, such that they intersect at an angle φ, they can generate a 
scattered wave, k3 , with a sum or difference frequency (f3 = f1 ± f2). 
The scattered wave propagates at an angle γ with respect to k1. 
This scattered wave arises due to the higher-order terms present in 
the non-linear acoustic wave equation. The type and polarisation 
of the scattered wave depends on the type and polarisation of the 
two primary waves. Jones and Kobett[15] found that for interaction 
to be possible, resonance and polarisation conditions must be 
met. Consequently, out of 54 potential interaction cases, there 
are only nine interaction cases that satisfy both the resonance 
and polarisation conditions. For the case considered in this study, 
where two dilatational waves interact to produce a shear wave, the 
resonance and polarisation conditions are met when the following 
two equations are satisfied:
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where cL and ct are the dilatational and shear velocities, respectively.

Note that the three parameters,  
f2
f1

, φ and γ, are interdependent in

the above equations; once one is chosen (for example φ), the other

two are fixed (for example  
f2
f1

  and γ). The frequencies are defined such

that f2 < f1 and the resultant shear wave, ie k3, has a frequency  
f3 = f1 – f2 and is polarised in the plane parallel to the plane in which 
the longitudinal waves propagate, ie the plane defined by k1 and k2. 
For a more detailed discussion regarding the non-collinear wave 
mixing technique, and the non-linearities of asphalt concrete with 
respect to the amount of oxidative ageing, the reader is referred to 
references[7,8,15-28].

In a previous study[8], it was shown that subsurface longitudinal 
waves can be used in the non-collinear wave mixing method. 
Subsurface longitudinal waves can be generated using dilatational 

transducers mounted on angle wedges set to an angle close to the 
first critical angle, which is governed by Snell’s Law as follows[9,10]:
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where cwedge is the dilatational velocity of the angle wedge, cL is the 
dilatational velocity in the bulk of the specimen material, [θinc]critical is 
the incident angle of the wedge at the first critical angle and θR is the 
refracted angle in the specimen (= 90º for critical refraction). Here, 
both angles are with respect to the vertical, see Figure 1. Employing 
subsurface waves in the non-collinear wave mixing method has the 
advantage that the material can be interrogated with access to only 
one side. 

Selection criteria (established by Johnson and Shankland[20,21]) 
must be used to verify that the non-linearities are a result of 
ultrasonic wave mixing between the two primary waves within the 
medium and not from the testing apparatus. The three selection 
criteria are: (1) the frequency of the non-linear scattered wave must 
match the frequency predicted by theory; (2) the amplitude of the 
non-linear scattered wave must be proportional to the product of 
the amplitude of the two primary waves; and (3) the propagation 
direction of the scattered wave must match the direction predicted 
by theory. Additionally, a time-of-flight (TOF) criterion can be 
used, where the TOF of the non-linear scattered wave should match 
that predicted using a straight ray path analysis[7,8]. 

3.	 Sample preparation and the  
‘non-linear characterisation curve’

Two important metrics in the assessment of the non-linearities 
of a material via the non-collinear wave mixing technique are 
the normalised non-linear wave generation parameter, β/β0 , 
and the frequency ratio, f2/f1 , of the two primary waves from 
which the non-linear scattered wave is generated. The non-linear 
wave generation parameter represents the conversion efficiency 
of the energy transferred from the primary waves interacting to 
produce the scattered non-linear wave. Thus, the β/β0 parameter 
is a good indicator of the material’s inherent non-linear behaviour. 
These parameters, β/β0 and f2/f1 , are discussed in more detail in 
previous studies[7,8], where they are presented with respect to a 
set of AC specimens subjected to various amounts of oxidative 
ageing. Neither of these metrics is alone sufficient to uniquely 
assess the level of oxidative ageing due to a lack of separation at 
particular ageing levels[7,8]; however, when combined, they provide 

Figure 1. Set-up employing the use of variable angle wedge 
transducers mounted on the top of the specimen to generate 
and receive subsurface waves. A subsurface longitudinal wave 
is generated when θinc is set close to the first critically-refracted 
angle. Only one wedge is shown
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a unique characterisation of the oxidative ageing level. Note that 
for a prescribed angle of interaction of the two primary waves, f2/f1 
depends only upon the dilatational-to-shear phase velocities’ ratio, 
see Equation (1), ie it depends only upon linear measurements. The 
‘non-linear characterisation curve’ is a combination of these two 
metrics, where f2/f1 is plotted as a function of β/β0 , and it represents 
a trajectory of ageing for a particular mixture in a two-dimensional 
space defined by f2/f1 and β/β0 parameters.

Ideally, to minimise experimental error, the non-linear 
characterisation curve should be generated in laboratory conditions 
using the longitudinal subsurface wave mixing technique, as in 
McGovern et al[7,8], across a sufficient sample size of oxidatively-
aged AC specimens. To also minimise the experimental error, the 
dilatational and shear velocities and corresponding attenuations 
should be obtained in the laboratory for the entire sample set 
using incidentally-mounted transducers configured in a through-
transmission set-up[5]. The dilatational velocities are used to obtain 
the appropriate incident angles of the wedges (ie 1º above the first 
critical angle). The attenuations are used in conjunction with the 
received non-linear scattered wave amplitude to determine the 
value of β/β0. 

Each non-linear characterisation curve only needs to be 
generated once for a particular mixture type in the laboratory. A 
library of non-linear characterisation curves can be generated for 
different mixture designs (for example different binders, aggregate 
gradations, aggregate types, etc). Thus, for use in the field, all that 
needs to be known a priori is the type of mixture. It is important 
that the laboratory testing set-up used to generate the non-linear 
characterisation curve is kept consistent with that used in the 
field (ie the same testing apparatus, filtering, signal gains, etc) for 
comparison purposes, since all the data obtained is normalised by 
the data received from the virgin specimen. Any inconsistencies in 
the testing apparatus, procedure or data post-processing will render 
subsequent comparisons with the virgin data invalid. 

In a previous study[8], a non-linear characterisation curve 
was generated for a set of six gyratory-compacted AC specimens 
with laboratory-induced oxidative oven-ageing levels of 0 h, 12 h,  
24 h, 28 h, 32 h and 36 h at 135ºC. The samples were all prepared 
with the same mixture, which had a target asphalt binder content 
of 5.9% by weight of the total mixture and 9.5 mm nominal 
maximum aggregate size. Gyratory-compacted cylinders 17.5 cm 
tall were prepared, which resulted in 150 × 175 × 50 mm slab 
specimens after being cut. For the current study, in addition to the 
six samples characterised in the previous study, three new samples 
were prepared at the following oven-ageing levels: 18 h, 26 h and  
30 h at 135ºC. These samples were prepared with the same mix 
design. As before, 17.5 cm tall gyratory-compacted cylinders 
were prepared and cut to produce slab specimens with the same 
dimensions, ie 150 × 175 × 50 mm.

4.	 Estimation of the incident angle, 
velocities and attenuations

In the field, because no information regarding the level of pavement 
oxidative ageing is available, the critically-refracted angle is also 
unknown as well as the velocities and corresponding attenuations. 
In this section, methods are proposed to estimate the appropriate 
incident angle to generate subsurface dilatational waves, as well 
as to estimate the necessary linear parameters (ie velocities and 
corresponding attenuations) with access to only one side, ie the 
pavement surface. Once the critical refracted angle and linear 

parameters are found, the subsurface non-collinear wave mixing 
technique can be employed as usual[7,8]. 

4.1	 Estimation of the critical refracted angle
The determination of the first critical angle (the incident angle 
at which the subsurface wave travels parallel to the surface) is an 
iterative process. Two transducers mounted on variable angle wedges 
are set-up in a through-transmission configuration so that one sends 
a square wave at the appropriate frequency (ie in the range of f2 to 
f1) and the other receives the signal. Both wedges are set to the same 
angle. The distance between the wedges should be chosen to be 
sufficiently small to try to avoid any interference with bulk waves, 
which may be generated via mode conversion from the wedges and 
reflected back from discontinuities or large inhomogeneities in the 
bulk of the medium, see Figure 1. The wedge angle is varied and the 
amplitude is recorded at each angle. When changing the angle, care 
should be taken to not disturb the couplant conditions, which will 
affect the amplitude measurement. The wedges used in the study 
were limited to an incident angle of 75º. To avoid any interference 
with waves other than the subsurface wave, the amplitude should 
be taken from the beginning portion of the signal, as most of the 
energy in the first arriving signal should correspond to the fastest 
(ie dilatational) wave that travels the shortest path (ie closest 
to the surface). A parabola can then be fitted to the amplitude 
measurements, which are plotted with respect to the incident angle. 
The maximum of the parabola corresponds to the ideal incident 
angle to use in the testing set-up. This angle subtracted by 1º 
corresponds to the first critical angle (based on a previous study[14], 
the maximum amplitude will correspond to an incident angle that 
is 1º greater than the first critically-refracted angle). 

4.2	 Estimation of velocities and 
corresponding attenuations

Once the ideal incident angle is found, the mixture velocities and 
corresponding attenuation can be found. The dilatational velocity 
can be found using either Snell’s Law (assuming critical refraction) 
or by measuring the time-of-flight of the subsurface waves via a 
through-transmission set-up with the angle wedges set to the ideal 
incident angle. The dilatational attenuation can be found using 
through-transmission subsurface waves over a range of frequencies. 
Similar to the testing set-up described in the previous section, the 
distance between the wedges should be chosen to be sufficiently 
small and the beginning portion of the signal should be windowed to 
ensure that the velocity and attenuation measurements correspond 
to the first-arriving subsurface dilatational wave.

To measure the shear wave attenuation, subsurface shear waves 
are not used due to uncertainty in how the stress-free surface 
boundary condition affects the propagation and detection of the 
shear wave. Instead, an empirical relationship between the shear 
attenuation and the longitudinal velocities for oxidatively-aged AC 
specimens was found using data obtained from a previous study[5]. 
As the ageing of the specimen increases, the stiffness of the binder 
increases and the adhesion between the binder and the aggregates 
and fine particles decreases. For the specimens aged 0 h to 24 h, 
the increase in stiffness of the binder dominates the composite 
behaviour (ie increases the stiffness of the composite) and thus the 
velocity increases from 0 h to 24 h. After 24 h, the loss in adhesion 
is the dominating effect and the composite stiffness decreases with 
increasing ageing. Thus, the stiffness can be directly related to the 
micro-flaw population. As the micro-flaw population increases, the 
velocity decreases[5,6]. Furthermore, the shear and longitudinal wave 
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attenuations are directly related to the micro-flaw population. As 
the micro-flaw population increases, the attenuation also increases. 
Based on this reasoning, a relationship between the shear wave 
attenuation and the longitudinal velocity was empirically found 
using the attenuations and velocities from McGovern et al[5], see 
Figure 2. This relationship was found to be:

            α S 60 kHz ≤  f ≤  90 kHz( ) ≈ −0.031cL +152.991........ (4)

The longitudinal velocity is denoted by cL and is the mean 
longitudinal velocity from 120 kHz to 200 kHz. Above 120 kHz, 
the longitudinal velocity is non-dispersive[5]. This empirical 
relationship is only valid for the AC mixture-type of the sample set 
used in this study, for αs in a frequency range of 60 kHz to 90 kHz 
(which corresponds to the range of the non-linear wave frequencies 
in this study), and for the longitudinal velocity above the frequency 
at which it becomes non-dispersive (ie frequency independent). 
There is very little variation between 60 kHz and 90 kHz for αs. The 
longitudinal velocity was related to the shear attenuation instead of 
the longitudinal attenuation because, although αL is proportional 
to αs, the proportionality constant is not the same across the entire 
sample set of aged specimens. 

4.3	 Estimation of shear attenuation using 
Rayleigh wave measurements

An alternative method to estimate the shear wave attenuation is 
through the use of surface waves, otherwise known as Rayleigh 
waves. A Rayleigh wave is a combination of dilatational and shear 
waves. Consequently, the attenuation coefficient of a Rayleigh 
wave can be written in terms of the dilatational and shear wave 
attenuation coefficients[29] as: 

                              α RλR = Cα LλL + 1−C( )α SλS .......................... (5)

where:

                            C =
16ξ 2 1−η2( )

η2 3η4 −16η2 −16ξ 2 + 24( ) .......................(5a) 

                                    η =
kS
kR

≈ 0.87 +1.12ν
1+ν

............................... (5b)

                                                  ξ =
kL
kS

.............................................(5c)

where the subscripts R, L and S denote Rayleigh, longitudinal and 
shear waves, respectively, k denotes the wave number, λ denotes 

the wavelength, ν is the Poisson’s ratio and α is the attenuation 
coefficient, which has units of Nepers per unit length. Given that 
the dilatational attenuation coefficient is already estimated via 
the use of subsurface waves, the shear attenuation can be readily 
estimated. For the frequency range used in this study (f3 < 100 kHz), 
the Poisson’s ratio varies from 0.4 to 0.5 as a function of ageing[5,6]. 
At this range, the (1 – C) term in Equation (5) dominates over the C 
term and the following approximation can be made: 

                                       α RλR ≈ 1−C( )α SλS .................................. (6)

Thus:

                                           α S ≈
α RλR
1−C( )λS ...................................... (7)

The Rayleigh wavelength can be found by recording the velocity 
and dividing it by the frequency of the transmitted wave. The

shear wavelength can be estimated via the velocity λ = c
f

⎛
⎝⎜

⎞
⎠⎟

 by

considering that for a Poisson’s ratio between 0.4 to 0.5 the Rayleigh 
velocity varies from 0.94cS to 0.95cS; thus, an estimate can be made 
for the shear wavelength by considering the shear velocity to be
cR
0.945

, so that Equation (7) simplifies to: 

                                            α S ≈
0.945α R

1−C( ) ....................................... (8)

Viktorov[29] provides an excellent and detailed discussion on 
Rayleigh waves and the above equations. 

 Rayleigh waves can be generated most efficiently by employing 
angle wedges set to an incident angle at the third critically-refracted 
angle. This angle can be found in a manner similar to the iterative 
method described in Section 3. However, in order to generate the 
Rayleigh wave via wedges in AC, the ultrasonic velocity in the 
wedges must be slower than the velocity in AC. The ultrasonic 
velocity of the more aged specimens is very low[5], so wedges should 
be made of a material with a sufficiently lower longitudinal velocity 
than the most expected aged pavements. Rayleigh waves can also be 
generated by other means, which have the advantage that there is 
no ambiguity in choosing an incident angle; however, the efficiency 
is much lower[10,29]. 

5.	 Non-collinear wave mixing and 
the oxidative-ageing non-linear 
characterisation curve

Once the incident angle, velocities and corresponding attenuations 
have been estimated, the non-collinear wave mixing technique 
can be performed as usual[8]. For every measurement, it is crucial 
to verify that the selection criteria[18,19] are satisfied to ensure that 
the non-linear interaction has taken place within the bulk of the 
material. As per the frequency criterion, the interaction should only 
take place at a particular set of primary wave frequencies (f1 and f2) 
for a chosen interaction angle, φ. This frequency ratio (f2/f1) will 
change with respect to the amount of ageing of the material, and 
can be found by identifying the point at which the non-linear wave 
amplitude reaches a maximum as f2 is swept. The amplitude of the 
non-linear scattered wave can be described as:

   Aage
k3( ) = βageAsent

k1( )Asent
k2( ) exp − α k1( ) +α k2( )( )D⎡

⎣⎢
⎤
⎦⎥
exp −α k3( )Dk3

⎡
⎣

⎤
⎦ .... (9)

In the above Equation (9), α denotes the attenuation coefficient 
for the wave denoted in the superscript, A denotes the amplitude 
of the transmitted wave denoted in the superscript and β is a 

Figure 2. Empirically-derived relationship between the 
longitudinal velocity and the shear attenuation coefficient. This 
relationship is only valid for the specific asphalt concrete mixture 
and aggregate gradation used in this study
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parameter that describes the conversion efficiency of generating 
the non-linear scattered wave from the interaction between the 
two primary waves. The f2/f1 peak is known once measurements 
are taken; therefore, the attenuations at the appropriate frequencies  
(f1 and f2) should be used. Note that the propagation distance of the 
two primary waves is the same, ie D = Dk1 = Dk2. The normalised 
non-linear wave generation parameter can be found using the 
estimated attenuations and non-linear scattered wave amplitude, as 
follows: 

Aage
∗ k3( ) =

Aage
k3( )

exp − α k1( ) +α k2( )( )D⎡
⎣⎢

⎤
⎦⎥
exp −α k3( )Dk3

⎡
⎣

⎤
⎦

= βageAsent
k1( )Asent

k2( ) .... (10)

so that: 

                                            
βage
β0

=
Aage

∗ k3( )

A0
∗ k3( ) ........................................ (11)

Prior to taking field measurements, the non-linear wave 
generation parameter, β0 , of the unaged material should be known, 
whether it is obtained via laboratory measurements on a mixture of 
the same type or via measurements taken using a specimen extracted 
from the bottom protected layer of an extracted field core. Then, the 
β measured in the pavement can be normalised by β0 and the point 
(f2/f1, β/β0) can be plotted on the non-linear characterisation curve 
to evaluate the level of oxidative ageing. 

5.1	 Advantages and disadvantages
The biggest advantage to using this technique to characterise the 
non-linearity of the asphalt concrete is that the normalised non-
linear wave generation parameter β/β0 can be found with some 
accuracy. Since the optimal angle (ie 1º above the first critical 
refracted angle) is used to generate the subsurface wave, normalising 
the amplitude to obtain β/β0 can be readily done by using the 
estimated attenuations. This technique also offers the advantage 
that the dilatational velocity can be obtained with relatively good 
accuracy. Thus, in addition to the f2/f1 and β/β0 parameters, the 
velocity can also be used as an additional metric to increase the 
robustness of the technique[5]. 

One of the disadvantages of this method is that it can be time 
consuming, since determining the incident angle is an iterative 
process. Also, although β/β0 can be calculated using the estimated 
attenuations, these attenuation estimates are not exact due to beam 
spread, the fact that the wave is not perfectly parallel to the surface 
and because of variation in the couplant conditions. 

To address the tedious nature of determining the best angle, 
a phased array approach could be implemented to steer the 
beam and the process could be automated to find the best angle 
(ie maximum received amplitude). However, it is difficult to say 
whether or not phased array transducers would function properly 
in a heterogeneous material such as asphalt concrete, since phased 
array transducers rely on constructive and destructive interference 
in the beam patterns to create a steered beam profile. 

6.	 Experimental set-up
In a previous study[8], an ‘ideal’ testing set-up was found. This testing 
set-up was based on the unaged parameters for this particular mixture 
type and was held constant over all aged specimens. It was ensured 
that, regardless of the ageing of the specimen (within 0 h to 36 h), the 
scattered wave propagating direction path did not deviate so far as to 
not encounter the receiving transducer. See McGovern et al[7,8] for a 
more detailed discussion on choosing a suitable testing set-up for a 
sample set with AC specimens of various oxidative ageing. 

Figure 3 shows a schematic diagram of the data acquisition 
system. A pulser-receiver (Ritec RPR-4000) was used to generate a 
15-cycle sinusoidal toneburst at f1 = 200 kHz, which was sent to a 
dilatational transducer (Panametrics V413, with a centre frequency 
of 500 kHz) mounted on a variable angle wedge (Plexiglas, with a 
dilatational velocity of 2720 m/s). A function generator (Krohn-Hite 
Model 5920) was used to generate an 8-cycle sinusoidal toneburst, 
which swept from f2 =100 kHz to 180 kHz in 1 kHz increments. A 
gated amplifier (Ritec GA-2500 A) was used to amplify the signal 
and send it to another dilatational transducer (Panametrics V413, 
with a centre frequency of 500 kHz), also mounted on a Plexiglas 
variable angle wedge. The variable angle wedges were set to an 
incident angle dictated by the experimentally-recorded optimal 
angle (see Section 4). The two wedges were oriented such that the 
primary waves (k1 and k2) travelled for a distance of 8.2 cm (from 
the centre of the wedge to the centre of the volume of interaction) 
and they interacted at an angle of φ = 47º. 

Asphalt concrete consists of crushed stone, ie aggregates, of 
different sizes and shapes randomly distributed and held together 
by thin films of a bituminous binder. As a result of travelling 
through a highly heterogeneous media, the resulting shear wave 
goes through a significant level of mode conversion and scattering. 
This scattering and mode conversion leads to a spatially-incoherent 
normal particle displacement at the surface. When this random 
normal displacement distribution is averaged over the large aperture 
of the receiving longitudinal transducer (Panametrics V1011 with 
a centre frequency of 100 kHz), it leads to a temporally-coherent 
but spatially-incoherent output signal. The peak amplitude or total 
power of this signal can be measured to assess the strength of the 
resulting shear wave. Maradudin[30,31] and Maugin[32,33] provide an 
excellent discussion/review of shear horizontal surface acoustic 
waves in solids. 

The receiving transducer was placed on the same surface as the 
sending transducers and oriented at γ = –37º (with respect to k1) 
so that it intercepted the non-linear scattered shear wave k3, which 
propagated a distance of 4 cm (from the centre of the volume of 
interaction to the centre of the receiving transducer face). The 
received signal was amplified and filtered using a second-order 
Butterworth filter (Krohn-Hite Model 3945). An average of 300 
signals were taken to mitigate the effects from scatter. 

Figure 3. Schematic diagram of the ultrasonic data collection system 
illustrating the angle of interaction of the two longitudinal waves (ie 
k1 and k2) and the location of the shear transducer to receive the 
generated scattered shear wave, ie k3. The blue and red regions 
denote the areas of signals k1 and k2, respectively, due to beam 
spread. The region where they overlap is the volume of interaction. 
Note that the beam spread from k2 is slightly larger than k1 due 
to the difference in frequencies. Note the 5 cm-thick slab-shaped 
specimen extracted from the gyratory compacted cylinder 
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The following steps were taken for the data collection: (1) 
the signal is obtained while both transducers are operated 
simultaneously; (2) the signal is obtained while only one transducer 
is operated; and (3) the signal is obtained while only the other 
transducer is operated. The signals obtained from (2) and (3) were 
then subtracted from the signal obtained in (1) to obtain the non-
linear scattered wave. 

To ensure that the frequency of the scattered wave matched that 
predicted by the theory (ie f3 = f1 – f2 at the appropriate f1/f2), the 
amplitude of the non-linear scattered wave was monitored as f2 was 
swept and f1 was held constant. The maximum amplitude of the non-
linear scattered wave should occur when f2 reaches the frequency 
where f2/f1 matches the ratio predicted by theory[8]. Figure 4 shows 
a representative example of the recorded non-linear scattered 
wave amplitude as f2 was swept. For the example shown (virgin 
specimen), the amplitude was predicted to reach a maximum when 
f2/f1 = 0.6 (ie f2 = 120 kHz), which differs from the experimentally-
obtained value by only 4.1%. Note that the non-linear amplitude 
should only occur for the theoretically-predicted frequency ratio. In 
reality, the non-linear amplitude plotted as a function of frequency 
ratio has a finite width, mainly because many of the assumptions 
used in the theory are not fully satisfied. For additional discussion 
on data collection, the reader is referred to McGovern et al[8].

Figure 5 shows the time domain records for the specimen  
oven-aged for 36 h as a representative sample. The records shown 
are: (a) when both transducers were operated simultaneously;  
(b) when the transducers were operated individually and their  
time domain records summed; and (c) the difference between the 
records obtained in (a) and (b). The time-of-flight was calculated 
assuming a straight ray path. Assuming the shear velocity 
corresponding to f3 for the path corresponding to the difference 
signal, the theoretically-predicted time-of-arrival (0.0982 ms) 
matches closely (~4.7 difference) with the experimentally-observed 
time-of-arrival. 

Prior to taking the blind study measurements, the non-
linear characterisation curve was generated. In practice, to 
minimise experimental errors, this oxidative-ageing non-linear 
characterisation curve can be constructed experimentally in 
laboratory conditions using either: (a) normally-mounted 
longitudinal and shear transducers, provided the appropriate 
geometry of the test specimens is taken into consideration[7]; or (b) 
critically-refracted subsurface longitudinal waves, which requires 
only access to one surface of the test specimen[8]. While both 
approaches should provide the same results, in practice approach 
(a) should provide more accurate results because the uncertainty 
regarding the generation of subsurface waves is removed.

Once this non-linear characterisation curve is generated, it need 
not be generated again as long as the testing set-up and mixture 
type remain the same. In summary, the following steps should 
then be taken to assess a pavement of unknown ageing level: (1) 
Identify the mixture type for the asphalt concrete to be assessed; 
(2) Determine the optimal incident angle (critical angle +1º) 
using the iterative technique as described in Section 4; (3) Obtain 
the dilatational attenuations (across a range of frequencies) and 
velocity using subsurface waves generated by setting the angle 
wedge transducers to the incident angle found in Step 2 (see Section 
4); (4) Use Equation (4) and the dilatational velocity found in Step 
3 to obtain an estimate of the shear attenuation; (5) Perform the 
non-collinear wave mixing technique[7,8] using the testing set-up 
described above and the incident angle from Step 2; (6) Determine 
the f2/f1 at which the maximum non-linear wave amplitude occurs; 
(7) Correct the non-linear wave amplitude for the attenuation at 
the appropriate frequencies using Equations (9) to (11) and the 
attenuation estimates obtained in Steps 3 and 4 to obtain β/β0. 
The β0 is known, as it should be previously obtained from a virgin 

Figure 4. Experimentally-obtained amplitude of scattered shear 
wave, ie difference signal, (f3 = f1 – f2) as f2 is swept from 100 kHz 
to 180 kHz (f2/f1 = 0.50 to 0.90) while f1 is held constant at 200 kHz. 
This analysis was performed for all specimens to obtain the data 
shown in Figures 5 and 7. The plot shown above is from the 
specimen oven-aged for 12 h and is shown as a representative 
case. The dashed blue line represents the experimentally-
observed maximum and the dashed red line represents the 
theoretically-predicted maximum, which was obtained using the 
experimentally-determined velocity data. Figure reproduced from 
McGovern et al[8]

Figure 5. Time domain records required to obtain the non-
linear scattered shear wave: (a) time record obtained when both 
sending transducers were operated simultaneously; (b) time 
record obtained when sending transducers were operated one 
at a time and the received waveforms added; and (c) non-linear 
scattered wave, ie the difference signal, obtained from subtracting 
the signals obtained from operating the sending transducers 
individually from the signal obtained when operating the two 
sending transducers simultaneously. The theoretically-predicted 
time-of-arrival (0.0982 ms) for the difference signal matches 
closely (~4.7% difference) with the experimentally-observed 
time-of-arrival (0.1028 ms). The records are all normalised by the 
maximum amplitude of the record in (b). The difference signal was 
scaled up six times. Figure reproduced from McGovern et al[8]
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specimen in the laboratory for this known mixture type using the 
same testing set-up; (8) Plot the point (f2/f1, β/β0) on the non-linear 
characterisation curve to evaluate where the point lies to determine 
the relative amount of oxidative ageing of the pavement.

7.	 Experimental results
First, the reference curve was obtained by performing non-linear 
measurements on a set of asphalt concrete specimens subjected 
to increasing levels of laboratory-induced oxidative oven-ageing. 
Once the values of f2/f1 and β/β0 were obtained for each specimen, 
the plots of frequency ratio versus level of ageing (Figure 6(a)) and 
of the normalised non-linear parameter versus ageing (Figure 6(b)) 
were constructed. Based upon these two Figures, the reference plot 
(in the solid black line) shown in Figure 6(c) was constructed. Note 
that the experimentally-determined linear acoustic parameters 
(ie critical angles, velocities and attenuations) do not uniquely 
characterise the binder oxidative ageing, see Figures 6(a) and 6(b). 
While the linear acoustic parameters can be used as an indicator of 
the amount of ageing, a unique representation is only achieved when 
used in conjunction with non-linear measurements, see Figure 6(c). 
The reference curve only requires knowledge of the existing mixture 
so the field measurements can be normalised by the parameters 

corresponding to the virgin mixture. The reference curve represents 
the evolution of non-linearities associated with oven-ageing. The 
trajectory of damage accumulation for an increasing number of 
hours of oven-ageing is mixture dependent. The solid dots represent 
an average of 10 independent measurements. The intervals of 
confidence represent the maximum and minimum of these 10 
independent measurements. These values were obtained using the 
subsurface waves at the respective critical angles for each specimen. 
These results are discussed in more detail in McGovern et al[8].

Using the procedure outlined in Section 5, a ‘blind study’ was 
then performed using the samples in the manner that they would 
be performed in the field. In other words, it was assumed that there 
was no knowledge of the specimens’ oxidative ageing or linear 
ultrasonic parameters (ie dilatational and shear velocities and 
corresponding attenuations) a priori. Refer to the previous section 
for the steps taken in the blind study measurements. 

The incident angle was found iteratively for each aged sample. 
Figure 7 shows the amplitude measurements as a function of the 
incident angle for the virgin specimen. From a previous study, it 
is known that the critical incident angles will be between 43º and 
79º for the range of oxidative ageing (0 h to 36 h) of the sample 
set of AC specimens used in this study. The measurements were 
begun by recording the signal for incident angles every 10º, 

starting at 40º. The amplitude measurement 
was taken at the beginning portion of the 
signal, which corresponds to the first arriving 
subsurface dilatational wave. Later portions 
of the signal may include other modes, such 
as surface waves or, in this case due to the 
finite dimensions of the sample, shear waves 
reflected from the bottom surface. This process 
will now be described by way of an example. 
Consider the case where measurements were 
taken on the virgin specimen. After taking 
the first four measurements (at 40º, 50º, 
60º and 70º), the amplitudes of the signal 
were examined at each measurement. From 
the first four amplitude measurements, a 
parabolic trend was observed that peaked at 
50º. The next two amplitude measurements 
were taken at 45º and 55º. After these two 
measurements, the peak was still observed 
at 50º. The next measurements were taken 
at 47º and 53º, where the observed peak was 
then 53º. The peak at 53º did not shift when 
subsequent measurements were taken for 
the incident angles of 51º, 52º and 54º. Thus, 
the optimal incident angle was concluded 
to be 53º, which corresponds to a critically-
refracted angle of 52º. 

The above procedure was repeated for all 
specimens until amplitudes were recorded 
for a sufficient number of angles. A parabola 
was then fitted to the measurements and the 
location (incident angle) of the maximum 
amplitude was found to the nearest degree. 
However, for the specimens aged 32 h and 36 h, 
the first critical angles were near the limitations 
of the variable angle wedges, making fitting a 
parabola to the data unfeasible. Thus, in these 
cases, the maximum value of the data was 
reported. Table 1 contains the critical angles 

Figure 6. Generation of the reference curve, ie the frequency ratio versus the normalised 
non-linear parameter. (a) and (b) are experimentally determined from specimens with 
increasing levels of controlled oxidative ageing and with knowledge of the velocities 
and corresponding attenuations for each specimen. The data from (a) and (b) is used to 
create the reference curve shown in solid black lines in (c). The red crosses represent the 
average of five measurements taken from the top surface without any prior knowledge of 
the specimen level of ageing (only the type of mixture was known) using the procedure 
outlined in Section 5 
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found via this approach, along with the theoretically-predicted values 
(via previous velocity measurements[5]). 

Table 1. Theoretically-predicted critical angle +1º based on Snell’s 
Law, and the experimentally-determined critical angle +1º

Amount aged (h)

0 12 24 28 32 36

Theoretically-predicted 
critical angle +1º * 51º 47º 44º 57º 79º 73º

Experimentally-measured 
critical angle +1º 53º 50º 45º 55º 75º ** 73º

Percent error 3.9 6.4 2.3 3.5 5.1 0.0

*Based on literature, the angle at which the subsurface wave is 
able to be best detected, ie maximum displacement at the surface, 
corresponds to around 1º above the first critical angle. 

**Due to constraints with the angle wedges, the incident angle could 
not be greater than 75º.

Once the appropriate incident angles were found, the velocities 
and attenuations were determined, as described in Section 4. Tables 
2 and 3 show the dilatational velocity and attenuation estimates, 
respectively, using the iterative angle technique, along with the 
percent errors when compared against measurements from a 
more accurate technique (see McGovern et al[5]). It is observed 
that the velocity estimate using Snell’s Law yielded smaller errors 

than the estimate using through-transmission of the subsurface 
waves. Table 4 contains the estimated shear attenuations using the 
empirical relationship (Equation (4)) with the velocities obtained 
via longitudinal subsurface waves. Also included in Table 4 are 
measurements obtained from the more accurate technique (see 
McGovern et al[5]). These errors are higher than desirable; however, 
they are the best available estimate given the testing set-up 
constraints (for example access to only one side of the specimen). 
One major source of error in the linear acoustic measurements arises 
from the fact that the beam pattern of subsurface waves is different 
to that generated by incidentally-mounted transducers. Couplant 
conditions can also add to errors in the attenuation measurements; 
however, multiple independent attenuation measurements were 
taken to minimise this error. Also, the attenuation coefficient 
measurements in the previous study[5] were performed on a 
different set of samples of the same mixture type. Although care was 
taken to make the samples in a consistent manner, variability exists 
due to the stochastic nature of aggregate geometry and aggregate 
structure, the variability in the oxidative ageing of the mixture and 
the amount of time spent in the oven while mixing the samples, 
often referred to as short-term ageing, etc. 

Once the non-collinear wave mixing was performed and the 
non-linear scattered wave signal (ie the difference signal) was 
obtained, Johnson and Shankland’s[18,19] selection criteria was used 
to verify that the non-linear wave arose from interaction of the two 
primary waves. It was verified that all of the difference signals met 
the frequency, amplitude, directionality and time-of-arrival criteria. 

For each sample, the frequency ratio f2/f1 at which the non-
linear scattered wave amplitude was greatest was recorded. The 
normalised wave generation parameter β/β0 was also found for 
each specimen using the recorded amplitudes and estimated 
attenuations, as described in Section 4. The average of five 
independent measurements for each specimen is superimposed as 
a red ‘×’ on the laboratory-determined non-linear characterisation 
curve in Figure 6. 

It is observed that the ‘blind study’ measurements follow 
closely with the non-linear characterisation curve trend. All of the 
measurements (0 h, 12 h, 24 h, 28 h, 32 h and 36 h) fall within the 
error boxes. The measurement with the largest deviation from the 
expected trend was for the value of f2/f1 for the sample oven-aged for 
18 h; however, the β/β0 fell within the expected range. Although care 
was taken to prepare the samples in a consistent manner, differences 
in the samples can arise during the ageing process (non-uniformity 
of the oxidation) and the stochastic nature of the aggregate 
structure. However, the greatest source of error appears to be in the 
estimation of the attenuation values, as they were estimated using 

subsurface waves, which is not as accurate 
as using a through-transmission set-up with 
incidentally-mounted transducers. 

For the purposes of pavement evaluation 
and management, it would be advantageous 
to have a non-destructive technique to 
determine when an asphalt pavement is no 
longer able to self-heal or, stated otherwise, 
to determine when a permanent damage state 
has been reached in the pavement surface. 
The accuracy of the proposed method appears 
to be sufficient to make this determination 
if applied periodically throughout the life 
of the top surface layer of the pavement. 
For instance, a study by Braham et al[34] 
showed that the 24 h oven-ageing level 

Table 2. Dilatational velocities using a normal incidence through-transmission technique 
and the procedure outlined in Section 4 

Level of 
ageing 

(h)

Velocities 
using normal 

incidence (m/s)

Theoretically 
predicted from 

Snell’s Law 
(m/s)

Percent 
error 
(%)

Experimentally measured 
from longitudinal 

subsurface waves in a 
through-transmission 

set-up (m/s)

Percent 
error 
(%)

0 3554 3452 2.9 3586 0.9

12 3792 3604 5.0 3674 3.1

24 4007 3916 2.3 4389 9.5

28 3284 3362 2.4 3346 1.9

32 2780 2830 1.8 2874 3.4

36 2861 2844 0.6 2667 6.8

Figure 7. Amplitude of the received wave as the incident angle 
θincident of the variable angle wedges is set to different angles using 
the set-up shown in Figure 1. This technique is used to find the 
first critically-refracted angle when there is no prior knowledge of 
the material properties. A parabola is fitted to the data to find the 
maximum. The R2 of the parabola is 0.95
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represented approximately seven years of field ageing. In some of 
the sections investigated, the field ageing experienced at seven years 
was sufficient for the development of temperature-induced thermal 
cracking. This conclusion was based on fracture energy testing of 
asphalt-aggregate mixtures, where field-aged core samples, field 
cracking versus time data and original materials stored at the time 
of pavement construction were available. Original materials were 
oven-aged to develop a fracture energy versus time relationship, 
which was then compared to fracture energy levels of materials 
sampled from seven-year-aged field sections. 

Thus, based on observed field cracking, it appears that the  
24 h oven-ageing level represents an ageing level where permanent 
damage may be retained in the asphalt mixture. This seems to 
correspond to the shift observed in Figure 6 between the 24 h and  
28 h ageing when plotted in the f2/f1 versus β/β0 space. Measurements 
taken on samples aged at 0 h, 12 h and up to 24 h fell in the lower 
plateau range, with 24 h of oven-ageing representing a breakpoint 
between the lower and upper plateau regions in Figure 6. A possible 
application of this technique in pavement engineering might 
involve the use of non-linear ultrasonics to assess and maintain 
treatments on asphalt pavement surfaces, such as the use of 
penetrating rejuvenators, to retain material behaviour safely in the 
right-hand side of the lower plateau (healing region), ie in the 0-12 h 
equivalent oven-ageing regime. This would prevent the pavement 
surface ageing to a condition where permanent damage and the 

vulnerability towards large, discrete crack 
formation (such as thermal and block cracks) 
occurs.

8.  Conclusions
A method has been introduced that allows 
for the non-collinear wave mixing technique 
to be used in the field to estimate the level 
of oxidative ageing in the top material layer 
of asphalt concrete (AC) pavements. The 
method requires only prior knowledge of the 
mixture type of the AC pavement. The method 
involves an iterative approach for finding 
the appropriate incident angle to generate 
subsurface longitudinal critically-refracted 
waves using shear wedges and longitudinal 
transducers. An approach is also presented 
to estimate the longitudinal and shear phase 

velocities and corresponding attenuations of the top material layer of 
the pavement. These material properties, which are also dependent 
upon the oxidative ageing level of the pavement material, are needed 
to estimate the non-linear response of the pavement material. The 
non-linear scattered waves, which arose from the wave mixing, 
were checked to ensure they arose from the wave mixing within 
the material and not from non-linearities in the testing apparatus 
by using Johnson and Shankland’s selection criteria[19,20]. A two-
dimensional space is introduced by cross-plotting f2/f1 versus β/β0, 
ie the frequency ratio at which the maximum amplitude of the 
non-linear wave occurs and the normalised non-linear generation 
parameter, respectively. This leads to an ‘oxidative-ageing non-
linear characterisation curve’ that is characteristic of each mixture 
type regarding its non-linear response to increasing levels of 
oxidative ageing. A blind study is also presented and the results 
indicate that the approach can be used in the field to evaluate the 
oxidative ageing levels of pavements once the mixture ‘non-linear 
ageing characterisation curve’ is known.
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Table 3. Dilatational attenuations at different frequencies using a normal incidence through-transmission technique and the procedure 
outlined in Section 4

Amount 
aged (h)

Dilatational attenuations

Experimentally measured using normal 
incidence through-transmission set-up[13] 

(Np/m)

Experimentally measured using critically-refracted longitudinal subsurface waves  
in a through-transmission set-up  

(Np/m)

120 kHz 160 kHz 200 kHz 120 kHz Percent 
error (%)

160 kHz Percent 
error (%)

200 kHz Percent 
error (%)

0 35.8 35.4 42.2 36.8 2.8 41.7 17.9 48.7 15.4

12 33.0 32.5 39.3 36.1 9.3 38.6 18.8 48.4 23.1

24 32.9 31.6 37.3 33.5 1.7 33.2 5.1 38.4 3.0

28 30.2 33.4 45.4 35.1 16.3 40.9 22.3 50.2 10.5

32 47.1 58.9 77.5 41.8 11.2 59.0 0.2 74.4 3.9

36 59.6 68.0 95.9 70.1 17.6 81.0 19.0 108.2 13.3

Table 4. Shear attenuations for different ageing levels at the corresponding f3 frequency 
using a normal incidence through-transmission technique and the procedure outlined in 
Section 4 

Amount 
aged (h)

Shear attenuations

Experimentally measured 
using normal incidence 

through-transmission set-up 
(at corresponding f3)

[13] 
(Np/m)

Estimated using critically-
refracted longitudinal 
subsurface waves in a 

through-transmission set-up 
(Np/m)

Percent 
error (%)

0 48.1 37.8 21.5

12 33.2 34.9 5.3

24 27.0 33.9 25.7

28 54.6 36.4 33.5

32 54.5 61.1 12.1

36 65.9 74.4 12.8
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