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� Acoustic emission approach allows to estimation of oxidative aging in asphalt mixtures.
� Rapid estimation of embrittlement temperatures of asphalt mixtures.
� Provides source location of thermal cracks in asphalt mixtures.
� Acoustic emission approach has potential to evaluate rejuvenator’s efficiency.
� Approach is portable and easy to operate when compared to traditional methods.
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a b s t r a c t

An acoustic emission (AE) approach to evaluate the effectiveness of rejuvenators in restoring aged asphalt
concrete to its low-temperature performance grade is presented. Specimens, oven-aged for 36 h at
135 �C, were treated with rejuvenators (10% of binder weight). After 2, 4, 6, and 8 weeks of dwell time,
the specimens were tested using AE while being cooled down to �35 �C. It was observed that after four
weeks of dwell time, the rejuvenated-treated specimens had recuperated the original embrittlement
temperatures. After eight weeks, the specimens’ embrittlement temperature were about three grades
(�18 �C) lower than those of the aged temperatures.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Acoustic emission (AE) is a passive inspection technique that
uses acoustic waves generated within the material during thermal
or mechanical loading for defect detection and materials character-
ization [1–3]. AE source location techniques have also been widely
used in material characterization and health monitoring in large
structures such as pipes, and pressure vessels for a number of
years. The use of AE to characterize solid material properties has
gained popularity in recent decades. Ohtsu et al. [4] showed that
the type and orientation of the cracks within a concrete structure
can be determined using AE analysis. A similar study by Grosse
et al. [5] showed that three-dimensional localization and frequency
domain analysis on AE events can be used for crack classification at
steel-concrete interface. Acoustic emission has also been used for
the evaluation/characterization of asphalt concrete mixtures
including its fatigue damage and healing properties [6–8].

Conventionally, the low-temperature performance grading of
asphalt binders are based on AASHTO standard protocols [9–11],
which require conducting standardized laboratory testing on
binder specimens using specialized equipment and specimens
with special geometry. These tests however, are time consuming,
expensive, and lead to results with high variance. Because asphalt
binders and aggregates have different coefficients of thermal
expansion, thermal tensile stresses are induced in the mastic dur-
ing cooling. When the developed thermal tensile stress in the mas-
tic exceeds its strength, thermal cracking develops and strain
energy is released in the form of transient elastic stress waves,
i.e., AE events. This allows the use of acoustic emission for rapid
estimation of the low-temperature performance grading, i.e.,
embrittlement temperatures, of binders and mixtures, and to
conduct rapid field testing using portable AE instrumentation
[7,12–20]. The embrittlement temperatures found using the AE
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approach have been proven to agree with those estimated using
the AASHTO standard protocols [7], and to have less variance
[12–20].

In asphalt concrete, the asphalt binder acts as a thermoplastic
and viscoelastic adhesive to hold the aggregates together [21].
One of the major causes of asphalt concrete failures is the weaken-
ing of the adhesive bonding between the aggregates and the binder
due to oxidative aging [22]. Oxidative aging leads to an increase in
stiffness and loss of ductility and cohesion of binders, will lower
the resistance of fracture of mixtures as compared to their virgin
state. To restore the crack-resistant state of asphalt concrete, mea-
sures such as pavement surface milling and the application of reju-
venators aretaken. Asphalt rejuvenators are asphalt additives and
modifiers to revitalize, provide sealing, and restore the physical
and chemical properties of the aged asphalt concrete [23]. Rejuve-
nators address the issue of oxidative hardening by softening the
aged asphalt binder through restoration of the asphaltenes to
maltenes ratio [24]. After applying a thin layer of rejuvenator over
the top surface of pavement, the rejuvenator penetrates the asphalt
concrete using the pore and tortuosity structure via gravity and
capillary action, and diffuses through the asphalt concrete to
chemically react with the asphalt binder. The rejuvenator/binder
reaction restores the binder’s material properties to its original
state, i.e., the material properties of the virgin condition. The
asphalt binder is softened increasing its adhesive properties so that
the asphalt concrete is less susceptible to thermal cracking.

As described by Brown et al. [25], with the exception of visual
inspection, there is no standardized method to evaluate the perfor-
mance of rejuvenators when applied in the field. Currently, the
ability of rejuvenators to improve pavements’ durability is typi-
cally evaluated by: (1) estimating the penetration in samples at
25 �C using asphalt binder extracted from untreated and treated
cores; (2) comparing the viscosity at 60 �C of asphalt binder sam-
ples extracted from untreated and treated cores, and; (3) compar-
ing the percentage of aggregate loss when untreated and treated
samples are subjected to a pellet abrasion test. Mainly because
these tests are cumbersome and time consuming, they are not
often used. There exists a need for a more reliable method for
determining the effectiveness of rejuvenating agents. The main
purpose of this study is to illustrate how AE source location can
be a powerful tool to characterize and evaluate the rejuvenators’
ability to restore mixtures to their original low-temperature
performance grading.

1.1. AE source location: a brief literature review

The ‘‘zonal location method,” is the simplest form of source
location. The AE sensors are sparsely installed on the surface of
the monitored structure, and each sensor has a specific monitoring
range depending on its sensitivity and attenuation of the testing
material. The time-of-Arrival (TOA) method [26,27] is one of the
most used source location methods, and it uses the travel time
the of AE waves to a group of AE sensors, to estimate the distance
between the AE source and each of the AE sensors. The location of
the source can then be determined using triangulation.

The Time-Difference-of-Arrival (TDOA or Delta-T method)
method [28,29], uses the differences in arrival time for a correlated
signal detected by a set of spatially distributed sensors. TDOA
source location is usually solved via an iterative numerical
approach. Aljets and Chong [30] and Scholey [31] proposed a dif-
ferent sensor placement where the sensors are arranged into a
close triangular array with few centimeters away from each other.
TDOA method is applied to calculate the source location by using
the time difference of arrival to the closely arranged sensors. This
sensor placement provides the possibility of using a small and por-
table device with the small sensor arrays as the probe to conduct
source location tests in the field [30]. Kundu [32] proposed the
use of beamforming techniques coupled with Kundu’s optimiza-
tion schemes to allow accurate determination of the impact point
location in anisotropic plates. Kundu further extended the method
[33] by proposing a source location technique without requiring
the direction dependent velocity profile in the structure and with-
out solving a system of nonlinear equations. The history of the
time-reversal method, basic physics, advantages and limitations
are also addressed by Anderson et al. [34]. This method was later
examined and validated by Ing et al. [35]. The advantage of the
time-reversal method is the independency of the computation pro-
cess on the shape of the structure and the wave velocity model.

Many other source locations schemes have been proposed and
applied to seismic source location; some of them can be directly
applied to the AE source location. Schumacher et al. [36] suggested
that the key parameters used in calculating source location, i.e.,
locations of sensors, p-wave velocity, and p-wave arrival times
are usually not constant; he proposed to represent the errors and
uncertainties as probability density functions and to estimate the
parameters using a Bayesian probabilistic approach based upon
their full posterior probability distributions. Dong and Li [37]
improved the accuracy of current source location schemes for
micro-seismic events and AE sources. Their innovative method
measures the arrival time of the p-wave and s-wave separately,
and the source location can be solved by nonlinear fitting Self-
Organizing Migrating Algorithms (SOMA) in conjunction with Glo-
bal Optimization (GO) method without explicitly knowing the
wave velocities [37]. Recently, Dong and Li [38] simplified the non-
linear location equations for conventional TDOA method to linear
equations and developed a unique three-dimensional analytical
solution without having square root calculations. This modified
TDOA scheme is similar to the source location method proposed
by the United States Bureau of Mines (USBM) [39], which was
developed to monitor stability of rooks.

The TDOA, USBM and TOA algorithms are categorized as non-
iterative point source location methods. Non-iterative methods
solve a set of linear or non-linear equations without using any iter-
ative numerical approach. These methods have the advantage of
quick and easy computation process compared to iterative meth-
ods which involve using approximations and convergence tech-
niques. While the results obtained using non-iterative source
location methods are more prone to errors in the raw data, itera-
tive source location methods provide slower, but a more flexible
approach for source location calculations [40]. Geiger’s method
[41], is one of the most commonly used iterative source location
algorithms.
2. Specimen preparation and low-temperature characterization
using acoustic emission source location

Gyratory compacted asphalt concrete specimens were prepared
using the same mixture design under Superpave guidelines [15]. A
nominal maximum aggregate size (NMAS) of 19 mm was used for
the mixture with asphalt content of 5.9% by weight of the total
mixture. The binder grade PG 64-22 was used in the mixture.
The asphalt mixture blend uses aggregates from four stockpiles:
65% of coarse aggregate (CM16), 23% of manufactured sand
(FM20), 10.5% of manufactured sand (FM02), and 1.5% of mineral
filler (MF). The mass for each kind of aggregate was measured after
batching, and those aggregates were put into a foil pan and placed
in the oven for 2 h at 155 �C to simulate short-term aging according
to AASHTO PP2 protocol. The PG 64-22 asphalt binder and the
mixing equipment were also heated in the same oven at 155 �C.
Short-term aging simulates the aging which occurs during plant
production of the mixture. After the short-term aging, the
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aggregates were mixed with the binder at 155 �C in a mixing
bucket, and the hot asphalt mixture was divided into four pans.

Three pans of the asphalt mixture were then subjected to
long-term oven-aging for 36 h in the oven at 135 �C. The mixtures
were hand-stirred every 12 h to ensure uniform aging. The asphalt
mixture in the last pan did not undergo the 36 h of aging, and it is
described as the ‘‘virgin specimen.” A servo-controlled gyratory
compactor, IPC Servopac, was used for compacting the asphalt
mixtures into cylindrical specimens with a prescribed level of air
voids. For each specimen, 4500 g of the aged hot asphalt mixtures
were heated to 155 �C, then put into the mold for compaction for at
least 100 gyrations at 600 kPa. Once the gyrations were complete,
the mold was removed from the compactor. The specimens
were then removed from the mold and allowed to cool to room
temperature. Four cylindrical samples with height of 120 mm
and diameter of 150 mm were prepared.

The four gyratory compacted cylindrical specimens were cut
into halves to obtain eight 5-cm tall cylindrical specimens with a
diameter of 150 mm. Six of these specimens were made using
asphalt mixture that was oven-aged for 36 h and two were made
using a short-term aged mixture. During cutting, the ends of the
gyratory compacted specimens were trimmed off in order to obtain
a smooth surface for sensor placement. Fig. 1a illustrates how two
5-cm thick cylindrical specimens were cut from one gyratory com-
pacted specimen. Four AE sensors were then coupled on each side
of the specimen. Fig. 1b shows the placement of eight AE sensors
on one of the specimens. This sensor placement ensures a large
portion of the asphalt concrete is within the monitoring range of
the eight sensors. The sensors placed on the bottom of the
specimens have a 45� offset angle with respect to the sensors coupled
on the top surface. The offset angle is to prevent obtaining
Fig. 1. Specimen preparation; (a) a 120-mm tall specimen after gyratory compaction was
by cutting the specimen on the left into half for AE testing – the left specimen in 1(b) sho
side photograph of a specimen two weeks after being treated with rejuvenator with fou
inaccurate computation results using the source location algorithm
due to symmetric sensor placement.
2.1. Application of rejuvenator to asphalt samples

To evaluate the level of penetration and the ability of restoring
the original low-temperature thermal properties, AE tests were
conducted to both untreated and rejuvenator-treated specimens.
Out of the eight 5-cm tall asphalt specimens, two long-term aged
specimens (aged for 36 h) and two short-term aged, i.e., virgin
specimens, were used as control samples for AE testing. The
remaining four specimens made with 36 h long-term oven-aged
mixtures were treated with rejuvenator [22–25].

The mass of each 5-cm tall specimen was measured using an
electronic scale, where 5.9% of the measured sample mass was
the mass of the binder. In this study, the amount of the rejuvenator
applied for each specimen was 10% of the binder content by
weight. The appropriate amount of rejuvenator (10% of the binder
by weight) was measured and spread over the top surface of the
specimens, after which the specimens were stored for a prescribed
dwell times of two, four, six and eight weeks, before conducting
the AE tests. For each specimen the dwell time is the time pre-
scribed for the rejuvenator to penetrate through the specimen
and react with the asphalt binder [22–25]. After each prescribed
dwell time, the rejuvenator-treated specimens were tested using
the same AE-based approach used to test the short-term aged vir-
gin control specimens and the 36-h aged control specimens. Fig. 1c
shows a photograph of the front and side view of a specimen after
being treated with rejuvenator for two weeks. Four acoustic emis-
sion transducers were coupled to each of the two flat surfaces of
the specimen. Before the AE testing, the rejuvenator remaining
cut into two 5-cm specimens, (b) two 5-cm tall cylindrical specimens were obtained
ws the placement of four AE sensors on each side of the specimen, and (c) Front and
r acoustic emission sensors coupled to each of the two flat surfaces.
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on the specimens’ surface was wiped off to ensure better sensor
coupling.

2.2. Acoustic emission testing

To simulate low-temperature environment, the specimen was
put into the cooling chamber and cooled from room temperature
to �35 �C, see Fig. 2. Fig. 2a demonstrates the placement of asphalt
specimen in the cooling chamber (ULP-25 Portable Freezer) with
four AE sensors coupled to each flat surface of the specimen. Each
specimen was placed on a shelf to allow air circulation for consis-
tent cooling and felt pads were placed underneath the shelf. The
temperature was monitored and recorded using two K-type ther-
mocouples. The two thermocouples were coupled to both the top
and bottom flat surfaces of the test specimen using high vacuum
grease to give the thermocouples better contact to the asphalt sur-
face. The temperatures recorded using the two thermocouples
were averaged to estimate the overall surface temperature of the
specimen. Fig. 2b shows a typical plot of AE testing cooling rate
for the specimen from 0 �C to �35 �C.

Eight wideband AE sensors (Digital Wave, Model B1025) with a
nominal frequency range of 50 kHz to 1.5 MHz were used to record
the acoustic emission activity within the sample. The sensors were
coupled directly to the surface of the test specimen using high-
vacuum grease, four sensors on each flat surface. The top surface
of the sample is the side treated with rejuvenator. Prior to testing,
the AE sensors were conditioned in the cooling chamber to elimi-
nate the AE events that arise due to the different rates of thermal
expansion of the sensor’s materials by keeping the sensors below
�50 �C for two hours. The signals received by the AE sensors were
pre-amplified 20 dB using a broad-band pre-amplifier, and further
amplified 21 dB and filtered with a 20 kHz high-pass filter. A
pre-trigger was used, and the waveforms were digitized using a
Fig. 2. Acoustic Emission testing during cooling: (a) Schematic diagram of the cooling cha
to each of the two flat surfaces and specimen support (specimen and cooling chamber
representation of a typical acoustic emission testing setup.
16-bit analogue-to-digital converter (ICS 645B-8) using a sampling
frequency of 2 MHz with 2048 sampled data points per channel per
acquisition trigger. The channels were triggered when the signal
crossed the triggering threshold voltage of 0.1 V. Fig. 3 shows a
typical AE event waveform in the time domain and the correspond-
ing spectral content. To eliminate noise, all signals with an AE
energy lower than 4 V2-ls were filtered out. The AE events were
registered and stored in Digital Wave WaveExplorerTM for later
source location processing. Additional information regarding
AE-based estimation of embrittlement temperatures of HMA mix-
tures is provided in the following references [7,12–20].

2.3. AE source location method

AE source location method uses the information of the wave-
forms received at the AE sensors to calculate the coordinates of
the AE sources. The assumption of constant wave velocity and
straight wave propagation path were made to mitigate the effect
of heterogeneity, and the stochastic nature of asphalt concrete.
The velocities and corresponding attenuations in asphalt concrete
specimens with increasing levels of oven-aging were measured
by McGovern et al. [15] using the method proposed by Sachse
and Pao [42]. As discussed by McGovern et al. [15], the wave veloc-
ities vary with the specimen oxidative aging level. In this study, the
aging level for the rejuvenated asphalt specimen is unknown, so
the values of the dilatational wave velocity are approximated by
taking the average value of dilatational velocities for asphalt
concrete samples aged for 0 and 36 h. Using these average wave
velocity values, two different types of AE source location methods
were then used: the non-iterative USBM method [39] and the
iterative Geiger’s method [41]. These two methods use different
approaches to calculate the coordinates of the AE sources, are
subjected to different sources of error, have different computation
mber (ULP-25 Portable Freezer) and test specimen showing four AE sensors coupled
not to scale) and (b) typical cooling temperature versus time curve. (c) Schematic



Fig. 3. Typical acoustic emission: (a) time domain record, and (b) corresponding spectral content.
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complexity, and may generate different source location results for
the same AE event.

2.3.1. Non-iterative method
The non-iterative USBM method [39] is commonly used to lin-

earize the non-linear source location equations. This method
requires at least 5 AE sensors receiving the AE signals from the
same source. Assuming that the wave propagation paths from
the sources to the AE sensors are straight, the distance Di between
the location of the source and the ith sensor is:

D2
i ¼ ðXs � xiÞ2 þ ðYs � yiÞ2 þ ðZs � ziÞ2 ¼ v2 � ðti � TsÞ ð1Þ

where (Xs, Ys, Zs) represent the spatial coordinates of the source, (xi,
yi, zi) represent the coordinates of the ith sensor, v is the known
wave velocity, Ts and ti are the unknown source event occurring
time and the known receiving time by the ith sensor, respectively,
and the sensor’s subscript i ranges from 1 to 5.

Subtracting the square of the distance from the source to the
first arriving sensor, D2

1; from D2
k , where k = 2,3,. . .,5. It yields:

D2
k � D2

1 ¼ ½x2k � x2k � 2ðxk � x1ÞXs� þ ½y2k � y21 � 2ðyk � y1ÞYs�
þ ½z2k � z21 � 2ðzk � z1ÞZs�

¼ v2½t2k � t21 � 2ðtk � t1ÞTs� ð2Þ
Eq. (2) can be rearranged into:

f x;kXs þ f y;kYs þ f z;kZs þ f t;kTs ¼ hk ð3Þ
where

cfx;k ¼ 2ðx1 � xkÞ
f y;k ¼ 2ðy1 � ykÞ
f z;k ¼ 2ðz1 � zkÞ
f t;k ¼ 2ðv2tk � v2t1Þ
hk ¼ x21 � x2k þ y21 � y2k þ z21 � z2k þ v2t2k � v2t21

Eq. (3) can be represented in matrix form as:

H ¼ Uh ð4Þ
where

H ¼
h2

..

.

h5

��������

��������
h ¼

Xs

Ys

Zs

Ts

���������

���������
U ¼

f x;2 f y;2 f z;2 f t;2

..

. ..
. ..

. ..
.

f x;5; f y;5 f z;5 f t;5

��������

��������

The unknown parameter h can be computed using least squares
estimation:

ĥ ¼ ðUTUÞ�1
UTH ð5Þ
Eq. (5) has a unique solution (Xs, Ys, Zs, Ts) if and only if the vec-
tor product UTU is nonsingular. It means that this non-iterative
method does not always generate a valid source location solution,
and the uniqueness of the solution depends on the coordinates of
the sensors and the corresponding arriving times. In order to make
the matrix U consisted of linearly independent columns, collinear
or symmetric sensor placement should be avoided.

2.3.2. Iterative method
Gauss-Newton’s method is a classical algorithm for solving non-

linear least squares problems through a numerical search routine.
Geiger’s method [41] is an application of Gauss-Newton algorithm
in the field of seismic location. The algorithm is called recursive
because it uses the outputs from the previous run as the parameter
input of the next iteration to obtain fast convergence to the solu-
tion of the unknown parameters. The Geiger’s method [41] only
requires information from at least 4 sensors.

Geiger’s method starts from building the arrival time function
of the i-th sensor fi(x, y, z, t) as:

f iðx; y; z; tÞ ¼ Ts þ 1
v

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxi � XsÞ2 þ ðyi � YsÞ2 þ ðzi � ZsÞ2

q
ð6Þ

Eq. (6) is then expanded using Taylor series at a point (x0, y0, z0),
near the actual source. Neglecting higher order terms, it gives:

f iðx; y; z; tÞ ¼ f iðx0; y0; z0; t0Þ þ 2i ð7Þ
where �i, the residual term, is the difference between the calculated
arrival time and the observed arrival time with respect to the i-th
sensor:

2i ¼ @f i
@x

dxþ @f i
@y

dyþ @f i
@z

dzþ @f i
@t

dt ð8Þ

The term �i, also called the correction vector, is determined
using the first order derivatives of the arrival time function. The
goal of Geiger’s method is to minimize the residual term �i by going
through several iterations of Eq. (7). The results of (x, y, z, t) of the
previous iteration are substituted as (x0, y0, z0, t0) in the next iter-
ation until �i converges to a sufficiently small threshold value. The
starting trial location (x0, y0, z0, t0) is typically chosen to be the
location of the sensor with the smallest observed arrival time
among the four sensors, mainly because it should have the closest
distance to the AE source. Generally the trial solution fi(x, y, z, t)
converges to the real location of the source within 3–5 iterations.
The arrival time function can diverge to an infinitely large value
when the correction term keeps increasing and never meets the
terminating criteria. The problem of divergence is often the result
of using inaccurate arrival times as the initial input of the iterative
search.

One extra step was taken during the iteration process to avoid
the error induced by surface waves. If the AE source is located near
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the top or the bottom flat surface of the asphalt concrete specimen,
some of the signals received by the sensors attached on those sur-
faces consisted of surface waves, which have much slower propa-
gation velocity than the dilatational waves received by sensors
on the opposite side of the specimen. To mitigate the effect of sur-
face waves, when an initial iterative search located a source near
the surface, an additional iterative search was conducted using
only the information from the sensors attached on the opposite
side of the specimen to update its location.

Iterative source location method provides a linear approxima-
tion of the nonlinear source location problem. By using first order
Taylor polynomials to characterize the arrival time function, Gei-
ger’s method provides an alternative approach to the conventional
triangulation-based source location methods. Iterative methods
are more time consuming compared to the USBM method because
the source location of each AE event has to go through several iter-
ation processes; however, the iteration process gives more toler-
ance to the errors involved in the measurements since the
correction term in each iteration improves the accuracy of the loca-
tion results.
3. Experiment results

Fig. 4 shows the AE energy and AE event count obtained by one
of the eight sensors installed on a asphalt concrete specimen oven-
aged for 36 h at 135 �C. The temperature corresponding to the first
AE event with the energy level above 100 V2-ls is �15.51 �C,
which is close to the embrittlement temperature determined in
past studies for typical 36-h oven-aged asphalt concrete samples
[15,17,20].

During the cooling process, there are some low-energy AE
events that are typically received by only one or two nearby AE
sensors. Most AE source location techniques require the AE event
to be detected by at least 4 sensors; as a result, those early events
were not used for the source location computation. After the
embrittlement temperature has been reached, asphalt concrete
changes from a quasi-brittle material to a brittle material which
has lower resistance to thermally induced tensile stresses. As a
result, large amount of AE events are collected by the AE sensors.
Among those AE events, the ones received by at least 4 sensors
were used for the iterative source location computation [41], and
the ones received by at least 5 sensors were used for the non-
iterative source location method [39]. The coordinates of each
event were first calculated using the iterative Geiger’s method,
and only the valid results were kept, where valid results imply that
the source location should be within the boundaries of the test
specimen, and the calculated event occurring time should always
be earlier than the observed arrival time at each sensor.
Fig. 4. AE event energies and AE event count versus temperature received by one
sensor for a typical 36-h aged specimen.
The valid locations of all AE sources for a typical 36-h aged
asphalt concrete specimen are displayed as blue dots in Fig. 5a
where it is observed that most of the AE sources are clustered in
the center cylindrical region of the cylindrical asphalt specimen,
as showed in Fig. 5b as a red inner cylinder. This red cylinder rep-
resents the valid monitoring range of the eight AE sensors placed
as shown in Fig. 5. AE sources bounded by the inner cylinder have
closer distances to all of the eight sensors, so the acoustic waves
produced by these AE sources are more likely to be picked up by
at least four sensors compared to the AE sources not enclosed by
the inner cylinder. In addition, errors caused by reflections are
likely to occur when the AE sources are located near the surround-
ing cylindrical boundary of the specimen. Acoustic waves mode
convert and reflect at the asphalt-air boundary, which may cause
false measurements of the arriving times. To mitigate these effects,
only the AE sources within the red cylinder are used for the embrit-
tlement temperature analysis. This does not affect the analysis
results because only the depth of each AE source is of interest for
the evaluation of the rejuvenator efficiency.

Fig. 6a shows the relationship between the height of the AE
sources and their occurring times for a 36-h aged specimen. It
shows that after the specimen was cooled for 1000 s, AE events
started to occur at various heights in the specimen. The early AE
events occur at the ‘‘pre-cracking region” or the early ‘‘transition
region” [12–14]. At this stage, the AE events have very low energies
and are randomly distributed within the specimen. As the temper-
ature continuous to drop, the tensile thermal stresses increase
within the mastic as its fracture resistance decreases; this leads
to significant damage, i.e., cracking, to occur within the asphalt
concrete. This stage is called the ‘‘stable cracking region,” where
a rapid increase in the number of AE events is observed. The
embrittlement temperature is the temperature at which this stage
begins. As supported by the experiments conducted in past studies,
the embrittlement temperature for a 36-h aged specimen is at
around �15 �C [15,17,20].

In Fig. 6a, a rapid increase in the number of AE events is
observed after 2000s of cooling time, where the increasing rate
of AE events within a 5 mm thick-layer is higher than 10 events
per one minute. The process of finding the increasing rate of AE
events at each height can be carried out by moving a 5 mm tall
and 60 s wide box (in blue) to the left until the rectangular box
encloses 10 AE sources, see Fig. 6b. Fig. 6b shows these enclosed
AE sources, which are colored in red, and indicate the beginning
of the ‘‘stable cracking region.”

The occurring temperatures of the AE events colored in red in
Fig. 6b can be obtained using the cooling temperature curve shown
in Fig. 2b. The average occurring temperature for the AE sources
enclosed in each rectangular box (in Blue) was computed, and
the relationship between the height of each box and the average
occurring temperature of the AE sources in that box (for the 36-h
aged specimen) is shown in Fig. 7a. For comparison, the same pro-
cedure is repeated for a virgin asphalt specimen and the results are
plotted in Fig. 7b.

Fig. 7 shows the average embrittlement temperature across the
height of the 36-h aged specimen is �13.0 �C, while the average
embrittlement temperature for the virgin specimen is �22.0 �C.
The embrittlement temperature values for these two specimens
are consistent with the embrittlement temperatures determined
using traditional methods, which are based upon the binder’s rhe-
ological properties [9–11] and with other results obtained using
other acoustic emission techniques [15,17,20]. During the oven-
aging process, the asphalt binder becomes stiffer and microcracks
are developed between the binder and the aggregates due to the
loss of adhesion. Therefore the binder of the 36-h aged specimen
is stiffer and has lower adhesive properties compared to the virgin
binder. Strain energy within the mastic accumulates as the



Fig. 5. AE. source location; (a) Valid AE source location distribution for a typical 36-h aged specimen, (b) Used AE sources (clustered in the red inner cylinder with 8 cm
diameter) for estimation of embrittlement temperatures.

Fig. 6. Height of AE sources versus time; (a) Height at which the AE sources locate along the cooling time for the 36-h aged specimen, (b) the box (5 mm vs. 1 min) is moved to
the left until it encloses 10 emissions, which defines the embrittlement temperature at the centroid of the box.

Fig. 7. Embrittlement temperatures; (a) Average embrittlement temperature at each height interval of asphalt concrete samples oven-aged for 36 h. (b) Average
embrittlement temperature at each height interval of the virgin asphalt specimens.
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temperature drops, and the thermal stresses developed in the 36-h
aged specimen reach the mastic fracture strength at a warmer
temperature than in the virgin specimen. This explains the
observed 9 �C warmer embrittlement temperature of the 36-h aged
specimen compared to the embrittlement temperature of the
virgin specimen.

The same AE testing procedure was repeated for the four
specimens oven-aged for 36 h and treated with rejuvenator on
the top surface after dwell times of two, four, six and eight weeks.
Fig. 8 shows the relationship between embrittlement temperatures
and the height of AE sources for the rejuvenated specimens after
the dwell times of two, four, six and eight weeks.
Fig. 8 shows that as the dwell time increases, the average
embrittlement temperature across the height of the specimen
becomes cooler. Fig. 8 also shows that after 2 and 4 weeks of dwell
time, the average embrittlement temperatures of the rejuvenated
specimens have already been recuperated to the level of the
embrittlement temperature of the virgin specimen, i.e., around
�22 �C. As the dwell time increases to 6 and 8 weeks, the embrit-
tlement temperature continues to drop. At the end of the 8th week,
the average embrittlement temperature across the height of the
rejuvenated specimen reaches �31.7 �C, which is almost two
grades cooler than the embrittlement temperature corresponding
to the virgin specimen. Please note that in Fig. 8c the embrittlement



Fig. 8. Embrittlement temperature at each height interval of asphalt samples oven-aged for 36 h and exposed to rejuvenator with a dwell time of (a) two weeks, (b) four
weeks, (c) six weeks and (d) eight weeks. Height of 5 cm represents the top surface, i.e., surface where the rejuvenator was applied.
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temperatures at the bottom layer of the 6th week specimen are not
shown in the figure, because the number of AE events at that
height were not large enough to meet the threshold increasing rate
of 10 events per 1 min until the cooling test ended. The same
applies to the top layer of the 8th week specimen shown in
Fig. 8d. This implies that the embrittlement temperature at that
region is already lower than the lowest cooling temperature
reached before the test stopped, i.e., �35 �C. Should the test been
stopped at a �45 �C rather than at �35 �C, it is expected that the
number of the observed AE events would be much larger, and
the embrittlement temperature curves shown in Fig. 8c and d
would be complete curves.

The stochastic nature of asphalt mixtures and the discretization
of specimens into ten 5 mm thickness layers leads to some vari-
ability of the embrittlement temperature with height. This vari-
ability is illustrated in Fig. 7a and b, which shows the variability
of the embrittlement temperatures for the virgin specimen and
for the specimen aged for 36 h, respectively. Note that ‘‘in theory”
these specimens should have relative uniformity of material prop-
erties through the thickness. The effect of the penetrating rejuve-
nator can be observed in Fig. 8a and b, which show the
embrittlement temperatures for specimens with the dwell times
of 2 and 4 weeks, respectively, where the effect of rejuvenator
appears to be stronger in the material layers near the top surface.
In the material layers closer to the top surface, the rejuvenator had
additional time to act upon the binder as it penetrates through the
specimen due to gravity and capillary action.

Figs. 7 and 8 are combined in Fig. 9 to show the trend of how the
embrittlement temperature shifts with the increase in dwell time.
Comparing to the average embrittlement temperature of �13.0 �C
for specimens oven-aged for 36 h, the average embrittlement tem-
perature is lowered by about 10 degrees after two and four weeks
of dwell time. An interesting trend observed in Fig. 9 is that at the
end of the dwell time of two and four weeks, the top half portions
of the specimens have lower embrittlement temperatures com-
pared to the lower half portions of the specimens. It takes time
for the rejuvenator to penetrate the specimens by gravity and cap-
illary action, and to act upon the binder. Therefore, because the top
half of the specimen has more exposure time to the rejuvenator it
also has higher resistance to thermal damage, i.e., lower embrittle-
ment temperature. It is also observed that after the sixth week of
rejuvenator treatment, the specimens have homogeneous embrit-
tlement temperatures in the upper and lower portions.

Using the results shown in Figs. 7 and 8, Fig. 10 shows the aver-
age measured embrittlement temperatures of rejuvenator-treated
oven-aged asphalt concrete samples (for 36 h at 135 �C) after a
dwell time of 2, 4, 6 and 8 weeks. For comparison, the embrittle-
ment temperatures of the unaged (i.e., virgin) samples and of
oven-aged samples (for 36 h at 135 �C) of �22.0 �C and �13 �C,
respectively, is also shown (see dotted and dashed lines respec-
tively). Note that after two weeks of dwell time, the unaged
average mixture embrittlement temperatures were restored. The
rejuvenation the specimen with four weeks of dwell time (i.e., of
its average embrittlement temperature) is not as strong as
expected perhaps due to the stochastic nature of the asphalt con-
crete (i.e., variability in porosity/tortuosity), and also due to the
possible variability in the oven-aging process.

The same AE testing and data processing procedure was also
repeated for all of the asphalt specimens, but using the non-
iterative USBM method [39] to calculate the AE source locations.
The combined embrittlement temperature results obtained using
the non-iterative source location method are shown in Fig. 11.
Non-iterative methods have more demanding requirements on
the acquired AE data. Each acoustic wave emitted by an AE source
must be received by at least 5 sensors, i.e., waves emitted by an AE
source must be received by sensors attached on both sides of the
specimens. Similar arrival times at multiple sensors may result in
getting trivial solutions for Eq. (5). In addition, there is no room
for improvement of the source location results by mitigating errors
through iterative numerical approaches.



Fig. 9. Combined embrittlement temperature results for asphalt specimens based on Geiger’s iterative. source location method [41].

Fig. 10. Average measured embrittlement temperatures of rejuvenator-treated oven-aged asphalt concrete samples (for 36 h at 135 �C) after a dwell time of 2, 4, 6 and
8 weeks. For comparison, the embrittlement temperatures of the unaged (i.e., virgin) samples and of oven-aged samples for 36 h at 135 �C of �22.0 �C and �13 �C,
respectively, is also noted (see dotted and dashed lines respectively). Note that after two weeks of dwell time, the unaged mixture embrittlement temperature was already
restored.

Fig. 11. Combined embrittlement temperature results for asphalt specimens based on non-iterative USBM. source location method [39].
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It was observed that the iterative Geiger method [41] provides
better results than the non-iterative method [39]. This is caused
by the reduced number of AE events being detected by at least five
sensors. Additionally, AE signals received by the fifth sensor gener-
ally have much smaller amplitudes and energies, so that the signal-
to-noise ratio at the fifth sensor is much lower compared to the
four sensors used in the iterative method. As a result, only a small
portion of the collected AE data contributed to the analysis of
embrittlement temperatures. As shown in Fig. 11, the shapes of
the embrittlement temperature plots for the rejuvenated speci-
mens suggest that the variability of the embrittlement tempera-
tures at different heights in the same specimen is significantly
larger than the variability observed in Fig. 9. As compared to the
iterative source location method, the stricter requirements for
the AE signals may hinder the accuracy of the source location
results.
4. Conclusion

AE tests were conducted on asphalt concrete specimens while
the temperature was lowered from room temperature to �35 �C.
Both the iterative Geiger’s method and non-iterative USBMmethod
were used to compute the locations of the AE sources produced
during the cooling. It was also observed that the results have rela-
tively high variability, which are due to the stochastic nature of the
porosity, tortuosity, size distribution of aggregates, moisture con-
tent, etc. in the asphalt concrete specimens. These uncertainties
affect the AE measurements and are the main contributing factors
to the observed variability of results. It was also observed that the
iterative Geiger method leads to better results, as compared to the
non-iterative USBM method, mainly because it is a recursive
method, which mitigates the uncertainties in the arrival times
recorded by the AE sensors.

Both virgin and oxidized specimens (oven-aged at 135 �C) were
tested. It was observed that asphalt specimens oven-aged for 36 h
have an embrittlement temperature of about �13 �C, which is
�10 �C warmer than the embrittlement temperature of virgin
specimens that did not undergo the long-term aging process. These
results are consistent with results of previous studies where the
embrittlement temperatures were quantitatively determined
using other AE approaches and methods based of the binder rheo-
logical properties.

The efficiency of a rejuvenator to restore the low-temperature
thermal properties, i.e., embrittlement temperatures, of oxidized
asphalt concrete samples was also examined. A thin layer of reju-
venator in the amount of 10% of the binder content (by weight)
was applied on the top surface of four oxidized specimens that
were oven-aged for 36-h at 135 �C. The specimens were then
tested using the same AE approach after dwell times of two, four,
six and eight weeks. After two weeks of dwell time, the source
location result shows that the embrittlement temperature of the
asphalt specimen has been restored to �22.9 �C, which is close to
the embrittlement temperature of virgin specimens, i.e. �22.0 �C.
Furthermore, after six and eight weeks of dwell time, the embrit-
tlement temperature was further improved to �31 �C and
�31.7 �C, respectively, which is about 3 grades above the perfor-
mance grade of the un-rejuvenated aged specimens.
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