
Z. Sun,1 B. Behnia,2 W. G. Buttlar,3 and H. Reis4

Assessment of Low-Temperature Cracking
in Asphalt Materials Using an Acoustic
Emission Approach

Reference

Sun, Z., Behnia, B., Buttlar, W. G., and Reis, H., “Assessment of Low-Temperature Cracking in Asphalt

Materials Using an Acoustic Emission Approach,” Journal of Testing and Evaluation, Vol. 45, No. 6, 2017,

pp. 1948–1958, http://dx.doi.org/10.1520/JTE20160579. ISSN 0090-3973

ABSTRACT

An acoustic emission (AE)-based approach to evaluate low-temperature cracking

susceptibility of both asphalt binders and asphalt mixtures is presented. The AE binder

testing approach consists of a thin film of asphalt binder bonded to a granite substrate

exposed to decreasing temperatures ranging from 20�C to �50�C. Because of the

differential thermal contraction between the granite substrate and the asphalt binder,

thermal cracks develop in the asphalt binder. The initiation/propagation of these thermal

cracks leads to a release of mechanical elastic energy in the material, i.e., acoustic emission

activity that is recorded and used in determining the embrittlement temperature of the

binder material. The AE-based embrittlement temperature showed excellent correlations

with thermal cracking predictions based upon the binder rheological properties. Similar

results were also obtained when asphalt concrete mixture samples were exposed to

temperatures ranging from 20�C to �50�C. The AE-based approach for low-temperature

characterization of binders and asphalt concrete mixtures is a rapid and reliable testing

method that yields results with better repeatability (lower coefficient of variation) than the

traditionally used methods based upon the binder rheological properties. Current results

using AE source location also indicate that the AE approach could be used to quantitative

evaluate the effectiveness of rejuvenators on aged asphalt pavements.
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Introduction

In the United States, about 96 % of the approximately 4� 106

miles of paved roads are surfaced with asphalt, and, as a result,

there is an effort to develop more-efficient maintenance of

asphalt pavements. The popularity of asphalt concrete derives

from the fact that it delivers a smooth, quiet surface, and can be

rapidly constructed, particularly during rehabilitation, i.e.,

resurfacing, operations. Immediately after construction, asphalt

is a remarkably tough and resilient material. This is mainly

because of the fact that asphalt concrete is comprised of a highly

ductile and healable matrix, i.e., asphalt binder, combined with

hard aggregate particles like crushed stone, which provide

stiffness and strength. However, asphalt binder ages with time,

particularly near the pavement surface, which causes the binder

to lose its ductility and resilience. Oxidation is one of the main

mechanisms behind aging of asphalt concrete, and, hence, pave-

ment deterioration. Oxidative hardening leads to stiffness and

embrittlement of asphalt binders (see Fig. 1), which reduces

healing capacity, and increases the rate of microcrack propaga-

tion. Furthermore, the pavement system is more prone to

microcrack formation, which may coalesce into larger cracks

and may begin to develop surface-initiated fatigue cracking. In

addition, the brittle pavement surface will be prone to channel-

ing cracks, such as thermal and block cracks (see Fig. 1). 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 to its original

condition.

Traditionally, determination of cracking temperature is

based on results from the bending beam rheometer (BBR) test

in accordance with the standard test methods. These methods,

which are based upon the rheological properties of the binder

material, are very time consuming and expensive. For a review

of these traditional methods, the reader is referred to the follow-

ing AASHTO standards, i.e., AASHTO TP1 [1] and AASHTO

MP1A [2]. Bouldin et al. [3], Dongre et al. [4], Kim [5], Kim

et al. [6], Mirza and Witczak [7], Roy and Hesp [8], Shenoy [9],

and Marasteanu et al. [10] also provide valuable insight into the

estimation of the low-temperature performance of asphalt

materials based upon their rheological properties.

Recently, an acoustic emission (AE)-based test was devel-

oped by the authors that has been shown to be highly effective

as a tool to rapidly determine the low-temperature cracking

threshold (i.e., embrittlement temperature) of asphalt binders

and mixtures. The test, developed under a recent NCHRP IDEA

project, involves the use of acoustic emission piezoelectric

sensors to listen for microcrack initiation/propagation in binder

or mixture samples as they are cooled to relatively low tempera-

tures. The interested reader is referred to Apeagyei et al. [11],

Dave et al. [12], Hill et al. [13], and Behnia et al. [14,15]. The

approach has a number of important applications, such as pro-

viding an alternate tool for the “rapid” characterization of the

low temperature “grade” of existing and newly developed bind-

ers, e.g., bio-binders, for evaluating trial asphalt mixtures such

as mixtures involving recycled materials (RAP) by Behnia et al.

[14,15], recycled asphalt shingles (RAS) by Arnold et al. [16],

and warm mix asphalt by Hill et al. [13] and Behnia et al. [17].

The approach allows a rapid estimation of the embrittlement

temperatures of the binders and mixtures samples. Additionally,

the AE-based TCR estimations showed relative strong correla-

tions with AASHTO TP1 [1] and AASHTO MP1A [2]

FIG. 1 Typical forms of cracking in asphalt pavements: (a) thermal cracking and (b) block cracking.
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protocols and have less variability as reported by Apeagyei et al.

[11] and Behnia et al. [15].

REJUVENATORS

Oxidation changes certain chemical properties of the asphalt

binder; specifically, it changes its asphaltenes to maltenes ratio

[11–22]. The reaction rate of oxidation can be accelerated at

high temperatures and/or high exposure to ultraviolet light and

air [21]. Products have also been developed to counteract

the effects of oxidation. Depending on the use of the products

(preventative, corrective, maintenance, or recycling), these

products have been called different names such as “service life

extenders,” “softening agents,” “rejuvenator seals,” and

“recycling agents/additives” [21]. For consistency, any such

product is referred to as a “rejuvenator” in this study.

Rejuvenators, as the name implies, are products that aim 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 as discussed above [19,22–24].

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 [6,8]. To avoid creating slick, over-coated

surfaces, it is often good practice to apply rejuvenators in several

coats at a lower application rate [18].

Rejuvenators penetrate the pavement via capillary action

and gravity, and, as a result, its penetration depends upon the

pavement pore structure and tortuosity. During the diffusion

process, the rejuvenator first forms a low-viscosity film 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 of 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 [23,25]. The rate of diffusion can be increased

by adding diluents or by increasing temperature. Thus, the envi-

ronment in which rejuvenators are applied is of critical consid-

eration, especially in terms of application rate. After a sufficient

dwell time, the performance of the rejuvenator can be evaluated.

For additional reading on rejuvenators, the reader is referred to

Refs [26–29].

The ability of rejuvenators to improve pavements’ durabil-

ity is typically evaluated by: (1) estimating the penetration by

comparing the penetration at 25�C in the asphalt binder

extracted from untreated and treated cores; (2) comparing the

viscosity at 60�C of the asphalt binder extracted from untreated

and treated cores; and (3) comparing the percentage loss of

aggregate when untreated and treated samples are subjected to a

pellet abrasion test [18–30]. 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.

In this paper, the AE-based testing approach for assessing

low temperature cracking performance of both asphalt binders

and asphalt mixtures is presented along with some testing

results. The use of an acoustic emission source location tech-

nique to detect the location of thermal microdamage in asphalt

materials is also presented. The approach is also used to evalu-

ate the effect of rejuvenators in restoring the original embrittle-

ment temperatures to oven-aged specimens.

Materials and Methods

In this section the specimens and methods used to evaluate

binders, asphalt concrete mixtures, and the effectiveness of reju-

venators are described.

ASPHALT BINDER SAMPLES

The AE testing samples for testing asphalt binders are shown in

Fig. 2. For asphalt binders, the AE sample consists of 6-mm-

thick layer of asphalt binder bonded to a granite substrate. Test

samples of the following binders were prepared: AAA-1 (PG

58-28), AAD-1 (PG 58-28), AAF-1 (PG 64-10), and AAG-1

(PG 58-10). In addition, three different aging levels, i.e., unaged

(TANK), short-term aged (RFTO), and long-term aged (PAV)

were also evaluated (see Table 1). As the temperature of the AE

sample decreases, thermally induced stresses build up within

the material because of the differential thermal contraction

coefficients between asphalt and granite materials. Cracks occur

when the thermally induced stresses equal the material strength,

and are detected using acoustic emission.

ASPHALT MIXTURE SAMPLES

Asphalt concrete specimens with the same aggregate blend were

prepared following Superpave guidelines. A 19mm 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 and PG 58-28 binders were used as the

base binders (see Table 2). The aggregate blend consisted of

aggregates from four different stockpiles: coarse (CM16,

65.3 %), fine (FM20, 23 %), fine (FM02, 10.5 %), and mineral

filler (MF, 1.2 %). Mixing of the asphalt concrete mixtures was

conducted at 155�C using a standard bucket mixing procedure.

The compacted gyratory specimens were then cut to obtain the

samples.

Semicircular-shaped asphalt concrete with a 50-mm thick-

ness and a 150-mm diameter were cut and used as AE testing

mixture sample (see Fig. 3). The AE asphalt mixture sample can

be fabricated from either field cores or from gyratory compacted

samples. To conduct the AE test, the prepared AE sample is

exposed to decreasing temperatures ranging from 20�C to
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�50�C (or cooler temperatures, if needed), and the acoustic

activities and temperature of asphalt material test sample is

continuously monitored and recorded using piezoelectric AE

sensors and a K-type thermocouple, respectively.

For asphalt mixture samples, thermally induced stresses

build up because of the thermal contraction mismatch between

aggregates and surrounding asphalt mastic. However, because

of the larger volume there was a concern that there would be a

thermal lag between the surface temperature and the

temperature in the middle of the test sample. To address this

concern, three thermocouples were places at different depths,

i.e., at the surface, at 12mm and at 24mm deep inside the

sample, respectively. Whereas it was observed that a significant

thermal lag exists initially, it was also observed that as the tem-

perature approaches �10�C the thermal lag is reduced to less

than 0.5�C. This indicates that, at lower temperatures, relatively

uniform cooling of AE test sample occurs in the portable

freezer. As a result, the thermal lag at temperatures below

�10�C is negligible and the temperature at the sample surface

can be considered as the representative temperature of the

whole specimen. Considering that acoustic emission activity of

most asphalt mixtures begins at temperatures below �10�C, it
can be concluded that the sample surface is an acceptable loca-

tion to position thermocouples to measure the temperature of

test samples during AE tests [15].

During cooling, thermal damage occurs when the

thermally-induced stresses exceed the local strength of the mate-

rial. Using the AE sensing system, the initiation/propagation of

thermal microcracks, i.e., thermal damage, in the material is

detected. The temperature corresponding to the first occurring

TABLE 1 AE-based embrittlement temperatures and BBR-based

cracking temperatures of SHRP core asphalt binders.

AE-Based Embrittlement
Temperature

Material
TEMB

(�C)
CoV
(%)

BBR-Based Cracking
Temperature (�C)

TANK-AAA1 �36.3 1.7 % �34.5
RTFO-AAA1 �35.4 2.0 % �32.3
PAV-AAA1 �30.9 1.9 % �29.7

TANK-AAD1 �37.2 1.3 % �34.4
RTFO-AAD1 �35.9 1.9 % �33.1
PAV-AAD1 �30.6 1.5 % �30.1

TANK-AAF1 �24.6 1.8 % �25.4
RTFO-AAF1 �21.1 1.3 % �24.7
PAV-AAF1 �18.7 2.6 % �20.4

TANK-AAG1 �20.7 2.9 % �20.0
RTFO-AAG1 �19.2 2.1 % �19.1
PAV-AAG1 �17.2 1.5 % �17.0

FIG. 2 Acoustic emission testing of asphalt binders: (a) AE testing setup and (b) binder sample (i.e., a 6-mm-thick layer of asphalt binder bonded to granite substrate).

TABLE 2 Acoustic emission and disk-shaped compact tension tests

results of PG64-22 and PG58-28 asphalt mixtures at

different aging levels.

AE Embrittlement
Temperature (�C)

Fracture
Energy (J/m2)

Material TEMB CoV % Gf CoV %

TANK PG64-22 �30.28 8.9 % 486 12.3 %

RTFO PG64-22 �29.41 5.5 % 402 8.5 %

PAV PG64-22 �25.18 4.6 % 208 10.7 %

TANK PG 58-28 �36.90 6.8 % 1651 14.7 %

RTFO PG 58-28 �35.51 8.3 % 1373 9.1 %

PAV PG 58-28 �33.51 7.8 % 935 12.8 %
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thermal damage is termed the “embrittlement temperature” of

that material and is used to assess the low-temperature cracking

performance of that asphalt binder or asphalt mixture. A sche-

matic representation of the AE set up for testing asphalt mixtures

is shown in Fig. 3, which shows the ULT-25 portable freezer

along with the used wideband AE sensors with a nominal fre-

quency range of 50 to 1.5MHz. High-vacuum grease was used to

couple the sensors to the AE test sample. Additional information

regarding the experimental setup is provided by Behnia et al.

[15]. Fig. 3 also shows a typical temperature versus time curve for

the asphalt mixture sample.

Analysis of the acoustic emission activity of the samples is

performed on the recorded AE events signals and their associ-

ated recorded temperatures. Thermal damage within the AE

sample is accompanied by the release of transient mechanical

elastic waves, which travel through the material and can be

FIG. 3 Comparison of AE test results of asphalt mixtures versus corresponding DC(T) fracture test results: (a) AE testing of asphalt mixture sample, (b) typical

temperature versus time curve for an asphalt mixture sample, (c) acoustic emission response, (d) DC(T) test sample, and (e) typical load versus crack opening

displacement curve in DC(T) test. AE tests assess the material response to thermal loading at the microlevel, whereas the DC(T) tests evaluate the overall global

response (i.e., at the macrolevel) of the material.
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picked up by AE sensors. Here, an AE event is referred to a local

material change generating an AE signal with peak voltage and

energy equal to or greater than 0.1V and 4 V2�ms, respectively,
where energy is defined as the integral of the voltage squared

over the duration of the waveform, i.e., event. Please see Eq 1,

where t and V(t)¼ the time and the recorded voltage,

respectively,

AEEnergy ¼
ð
V2ðtÞdt (1)

To minimize the amount of extraneous data, including elec-

tronic noise, the piezoelectric AE sensors were conditioned in

the cooling chamber prior to starting the test. In addition, all

AE events with energy lower than 4 V2�ms were filtered out. All

results presented in this paper are based on the above filtering

procedures.

The temperature corresponding to the event with the first

peak energy level equal to or larger than 4 V2�ms has been

termed the “embrittlement temperature.” It is hypothesized that

the embrittlement temperature represents a fundamental mate-

rial state, which is independent of material constraint and sam-

ple size (as long as a statistically representative volume is used).

DISC-SHAPED COMPACT TENSION TESTING

For comparison, asphalt mixtures were also prepared using the

same asphalt binders at three different aging levels—Tank (i.e.,

unaged), RTFO (i.e., short-term aged), and PAV (i.e., long-term

aged)—and tested using the disk-shaped compact tension

[DC(T)] testing method (ASTM D7313-13 [31]) (see Table 2).

The DC(T) test method is a recognized mechanical perfor-

mance test, commonly used to evaluate the thermal cracking

performance of asphalt mixtures. The DC(T) test methods was

performed to evaluate the corresponding fracture energies

[31,32] (see Fig. 3).

OXIDIZED SAMPLES TREATEDWITH REJUVENATORS

Here, the AE source location technique using the Geiger’s

method [33] was implemented to determine the precise location

of thermal damage within asphalt mixtures. This AE approach

was implemented on PG64-22 mixture at different aging levels,

i.e., unaged samples and aged samples. The aged samples were

prepared in the laboratory by placing the loose uncompacted

PG64-22 mixture in the force draft oven set at 135�C for 36 h.

To ensure uniform aging throughout the sample, the mixtures

were hand-stirred every 12 h. Following Braham et al. [32], the

accelerated oven-aging process was performed to achieve high

oxidative aging level in a reasonably short amount of time. In

addition to evaluating the effectiveness of the rejuvenator, 36-h

oven-aged samples were treated with rejuvenator by spreading a

thin layer of rejuvenator (10 % of the binder by weight) on the

specimen top plane surface, and performing the AE test after a

2-week dwell time.

Geiger’s Source Location

The Geiger’s iterative source location technique [33] was also

used in conjunction with the AE-based testing method to deter-

mine the location of thermal damage within asphalt mixtures.

The locations of thermally induced microcracks within asphalt

materials were determined through implementation of the AE

source location method using the information of the waveforms

received at the AE sensors. The assumption of constant acoustic

wave velocity and straight wave propagation path were made to

mitigate the effect of heterogeneity, and the stochastic nature of

asphalt concrete. Because the binder gets stiffer with aging, an

average mixture acoustic velocity value based on the velocities

reported by McGovern et al. [34] for oven-aged binders for 0,

12, 24, 28, and 36 h at 135�C was used. The Geiger’s method

[33] is an application of the Gauss–Newton algorithm, which is

a classical algorithm for solving non-linear least-squares prob-

lems through a numerical search routine. 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 solution of the unknown parameters. The

Geiger’s method [33] requires information from at least four

sensors to build the following arrival time function at the ith

sensor fi x; y; z; tð Þ as:

fi x; y; z; tð Þ ¼ Ts þ
1
v

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi � Xsð Þ2þ yi � Ysð Þ2þ zi � Zsð Þ2

q
(2)

where:

ðXs;Ys;ZsÞ¼ the spatial coordinates of the source,

ðxi; yi; ziÞ¼ the coordinates of the ith sensor,

v¼ the known acoustic wave velocity, and

Ts and ti¼ the unknown source event occurring time and

the known receiving time by the ith sensor, respectively.

Equation 2 is then expanded using Taylor series at a point

x0; y0; z0ð Þ, near the actual source. Neglecting higher-order

terms, it gives:

fi x; y; z; tð Þ ¼ fi x0; y0; z0; t0ð Þ þ �i (3)

where:

�i, the residual term,¼ the difference between the calculated

arrival time and the observed arrival time with respect to the ith

sensor:

�i ¼
@fi
@x

dx þ @fi
@y

dy þ @fi
@z

dz þ @fi
@t

dt (4)

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 3. The results of

x; y; z; tð Þ of the previous iteration are substituted as

x0; y0; z0; t0ð Þ in the next iteration until �i converges to a suffi-

ciently small threshold value. The starting trial location

x0; y0; z0; t0ð Þ is typically chosen to be the location of the sensor
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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 fiðx; y; z; tÞ converges to the

precise location of the damage 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 the top or the bottom flat surface of the asphalt

concrete specimen, some of the signals received by the sensors

attached on those surfaces consisted of surface waves, which

have much slower propagation velocity than the dilatational

waves received by sensors on the opposite side of the specimen.

To mitigate the effect of surface 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 approxi-

mation of the nonlinear source location problem. By using

first-order Taylor polynomials to characterize the arrival time

function, Geiger’s method provides an alternative approach to

the conventional triangulation-based source location methods.

Iterative methods are more time consuming compared to the

non-iterative methods such as the one developed by Leighton

and Duvall [35] at the U.S. Bureau of Mines (USBM method)

mainly because the source location of each AE event has to

go through several iteration processes; however, the iteration

process gives more tolerance to the errors involved in the meas-

urements because the correction term in each iteration

improves the accuracy of the location results, which helps to

mitigate the stochastic nature of asphalt mixtures.

Experimental Results

In this section, some acoustic emission-based results of the

embrittlement temperatures of asphalt binders and asphalt mix-

tures are presented.

ACOUSTIC EMISSION TEST RESULTS FOR

ASPHALT BINDERS

Table 1 shows the AE-based embrittlement temperatures and

BBR-based cracking temperatures of SHRP core asphalt bind-

ers. The AE embrittlement temperature (TEMB) of asphalt bind-

ers are compared against the critical cracking temperature

(TCR) obtained from the bending beam rheometer (BBR) based

on Superpave asphalt binder testing procedures as described by

Marasteanu et al. [10]. In all cases, a minimum of four replicates

were used to produce the average values and the coefficient of

variation (CoV%) of results are also presented. The COV statis-

tic is temperature-scale dependent (different results would be

obtained for results expressed in degrees Kelvin versus degrees

Celsius, for example), and would produce infinite values for

means approaching zero. However, for the present application,

where embrittlement temperatures are in a relatively narrow

range and sufficiently below zero, the COV statistic was deemed

to be a useful statistical parameter to describe the repeatability

of the measurements obtained. The fairly low COV% of embrit-

tlement temperatures demonstrates the precision and good

repeatability of the AE approach in testing asphalt materials.

Results also show that the AE testing method is sensitive to the

binder type as well as the oxidative ageing level of asphalt mate-

rials as the TEMB (TANK)<TEMB (RTFO)<TEMB (PAV). In

addition, comparison of AE and BBR results presented in Fig. 4

shows that AE embrittlement temperatures have a reasonably

good correlation with BBR-based cracking temperatures.

ACOUSTIC EMISSION AND DC(T) TEST RESULTS

OF ASPHALT MIXTURES

Table 2 presents the AE embrittlement temperatures alongside

the DC(T) fracture energies of mixtures. The AE results show

that the embrittlement temperature is sensitive to the type as

well as the oxidative aging level of the binder of the mixture.

Regarding the type of binder, it is observed that the lower the

PG low-temperature (PGLT) of the base binder of the mixture,

the lower the TEMB of that mixture. For the oxidative aging of

the mixture, results show that the higher the aging level of the

mixture, the warmer the embrittlement temperature of that

mixture [TEMB (TANK)<TEMB (RTFO)<TEMB (PAV)]. The

overall trends of DC(T) fracture energies results are consistent

with those of the AE embrittlement, as: (1) the higher the oxida-

tive aging level, the lower the fracture resistance of the material

[GF (TANK)>GF (RTFO)>GF (PAV)], and (2) the lower the

FIG. 4 Correlation between AE-based binder embrittlement temperatures

and SUPERPAVE BBR-based cracking temperatures.
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PGLT of the mixture, the higher (better) its fracture resistance

[GF (Mix PG58-28)>GF (Mix PG64-22)]. Fig. 3 schematically

illustrates and compares the AE and DC(T) tests where DC(T)

captures the global response of the material at macroscale,

whereas the AE focuses on the local response of the asphalt

concrete at microscale.

EMBRITTLEMENT TEMPERATURES OF OXIDIZED

SPECIMENS AFTER TREATMENTWITH REJUVENATOR

As shown in Fig. 5a, to perform the AE source location tech-

nique, four AE piezoelectric sensors were coupled on each side

of the specimen. The sensors placed at the bottom side of

the specimens have 45� offset angle with respect to the sensors

coupled on the top surface. The offset angle is to prevent

obtaining inaccurate source location results caused by symmet-

ric sensor placement. This sensor placement ensures a large

portion of the asphalt concrete is covered within the monitoring

range of the eight sensors. The valid locations of all AE sources

for a typical 36-h-aged asphalt concrete specimen are displayed

as dark dots in Fig. 5b, where it is observed that most of the AE

sources are clustered in the center cylindrical region of the

cylindrical asphalt specimen, as shown in Fig. 5c as an inner cyl-

inder. This inner cylinder represents 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 sour-

ces are more likely to be picked up by at least four sensors com-

pared 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 surrounding cylindrical

boundary of the specimen. The acoustic wave mode converts

and reflects at the asphalt-air boundary, which may cause false

measurements of the arrival times. To mitigate these effects,

only the AE sources within the red cylinder are used for the

embrittlement 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” [12–16]. At this stage, the AE events have

very low energies and are randomly distributed within the

specimen. As the temperature continuous to drop, the tensile

thermal stresses increase within the mastic as its fracture resis-

tance 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 �13.0�C
[12–16].

In Fig. 6a, a rapid increase in the number of AE events is

observed after about 2000 s of cooling time, where the increas-

ing rate of AE events within a 5-mm-thick layer is higher than

10 events per 1min. 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

FIG. 5

Acoustic emission (AE) source location of asphalt

mixtures: (a) eight AE sensors, four sensors

mounted on each side of the specimen, (b) valid AE

source location distribution for a typical 36-h-aged

specimen, (c) used AE source locations (clustered in

the red inner cylinder with an 8-cm diameter) for

estimation of embrittlement temperatures.
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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 aver-

age 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 tem-

perature of the AE sources in that box (for the 36-h aged speci-

men) is shown in Fig. 7a. For comparison, the same procedure

is repeated for a virgin asphalt mixture specimen and the results

are plotted in Fig. 7b.

Fig. 7 shows the average embrittlement temperature along

the thickness of the 36-h aged specimen is �13.0�C, whereas
the average embrittlement temperature for the unaged 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 rheological properties [1–10] and with other results

obtained using other acoustic emission techniques [11].

The embrittlement temperature profile of the rejuvenator-

treated aged asphalt mixture is shown in Fig. 8. The acoustic

FIG. 6 Estimation of the embrittlement temperatures: (a) height at which the AE sources are located versus the cooling time for the 36-h-aged specimen, (b) the box

(5 mm versus 1 min) is moved to the left until it encloses 10 acoustic emission events, which defines the embrittlement temperature at the centroid of the box.

FIG. 7

Embrittlement temperatures: (a) average

embrittlement temperature (dotted line) at

each height interval of asphalt concrete

samples oven-aged for 36 h, and (b)

average embrittlement temperature (dotted

line) at each height interval of the virgin

asphalt specimens.

FIG. 8 Embrittlement temperature profile of the 36-h oven-aged asphalt

mixture sample 2 weeks after being exposed to rejuvenator on the

top surface. The height¼ 5 cm represents the top surface of the

sample where a thin layer of rejuvenator (10 % of the binder by

weight) was applied. The averaged embrittlement temperature

(dotted line) over the thickness is shown as a dotted line.
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emission test was then conducted after a dwell time of 2 weeks.

Results indicate that after the 2 weeks of dwell time, the

embrittlement temperatures of the aged mixture have been

restored to those of the unaged mixture. Examining the embrit-

tlement temperature profile throughout the sample thickness

also shows that the embrittlement temperature of the top por-

tion of the sample (top 2 cm) is lower than the bottom portion

of the sample. Because the rejuvenator permeates the specimen

by gravity and capillary action, it had additional time to act

upon the aged asphalt material at the top material layer of the

sample. Using longer dwell times would lead to a more uniform

(through the thickness) distribution of the embrittlement tem-

peratures and possibly cooler embrittlement temperatures if

excessive levels of rejuvenator were used.

Conclusions

The application of an AE-based approach to evaluate embrittle-

ment temperatures of asphalt binders and asphalt mixtures is

presented. The AE-based embrittlement temperature results of

asphalt materials at different aging levels (i.e., unaged, short-

term aged, and long-term aged) showed that the AE approach is

sensitive to binder type as well as to the aging level of asphalt

materials, i.e., the higher the aging level, the warmer the embrit-

tlement temperature becomes. It was also observed that for

both asphalt binders and asphalt mixtures the overall trends of

embrittlement temperatures were consistent with those

obtained from binder and mixture mechanical performance

tests such as BBR and DC(T) methods. This provides additional

confidence in the use of the TEMB quantity as a screening tool to

quickly assess the thermal cracking resistance of asphalt

materials.

In addition, an iterative acoustic emission source location

technique was employed to locate the source of thermal damage

within the asphalt materials and to determine the through-

thickness embrittlement temperature profile of virgin samples,

oven-aged samples for 36 h at 135�C, and rejuvenator-treated

asphalt mixture samples after being oven aged for 36 h at

135�C. Results showed that AE approach could successfully

evaluate the embrittlement temperature profile of asphalt

mixtures at different aging levels. Moreover, it was capable of

providing a quantitative assessment of the effectiveness of the

used rejuvenator.

Based on this study, it can be inferred that the AE-based

test may be considered as a viable testing method for characteri-

zation of low-temperature performance of both asphalt binders

and asphalt mixtures. The findings of this study also suggest

that the AE-based method may provide a reliable approach to

accurately determine the depth to which rejuvenators are able

to penetrate, and their actual effectiveness in restoring a pave-

ment surface to its original crack resistant state. As a result, the

presented AE-based approach could potentially be used for: (1)

as an evaluation tool to determine the level of pavement oxida-

tive aging, and (2) as a laboratory design tool, to assess the

effectiveness of rejuvenators in restoring the pavement surface

to its crack-resistant state. Further field validation trials and

standardization of the test method are underway.
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