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Abstract: An acoustic-emission approach to evaluate the low-temperature cracking performance of asphalt binders is presented. The acous-
tic activity of a thin film of asphalt binder bonded to a granite substrate is monitored while the layer is exposed to decreasing temperatures
from around 20°C to approximately −50°C. Results of eight different asphalt binders at three different aging levels, i.e., unaged (TANK),
short-term aged (RTFO), and long-term aged (PAV), are presented. The acoustic emission (AE) embrittlement temperatures are found to be
sensitive to binder type as well as binder aging level. Results show that for most binders, their AE-based embrittlement temperature is a few
degrees lower than their bending beam rheometer (BBR) critical cracking temperatures. DOI: 10.1061/(ASCE)MT.1943-5533.0001826.
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Introduction

The United States has more than 6.5 million km (4 million miles)
of paved public roads. Asphalt concrete is a widely used pavement
material, covering the surface of approximately 94.6% of all high-
way pavements, making this material a prominent factor in the per-
formance of U.S. transportation infrastructure. Americans spend
5.5 billion hours in traffic each year with an associated cost of more
than $120 billion in extra fuel and lost time (U.S. National Eco-
nomic Council 2014). The same report also emphasizes the current
insufficient funding available to maintain and repair the existing
surface transportation system with a shortfall of approximately
$36 billion per year. A substantial amount of these maintenance
needs arise from premature cracking of pavements.

Low-temperature cracking, also known as thermal cracking, is
the most common type of deterioration in asphalt pavements lo-
cated in cold regions. Thermal tensile stresses develop within as-
phalt pavements due to the tendency of restrained pavement layers
to contract as the temperature decreases. The distribution of ther-
mally induced tensile stresses throughout the pavement thickness is
nonuniform with the greatest thermal stress at the pavement sur-
face, where changes in the temperature are the highest. Thermal
stresses gradually reduce from the surface to the bottom of the
pavement. As the pavement cools down, when the thermal stress
exceeds the tensile strength of the asphalt pavement, top-down ther-
mal cracks occur in the top material layer. Fig. 1 schematically il-
lustrates typical thermal cracking pattern in asphalt pavements
along with the thermal cracking formation mechanism in asphalt

pavements due to thermally induced stresses through the pavement
thickness (Kim 2008).

Thermal cracks in asphalt pavements are expensive and difficult
to properly treat. They form as a result of low pavement temper-
atures and/or high cooling rates (Kim 2008). If left untreated, ther-
mal cracks will continue to deteriorate (spall), and will continue
to widen with time (which can also occur even when treated),
allowing moisture to readily infiltrate the pavement system. Low-
temperature cracking manifests itself as transversely oriented sur-
face-initiated cracks of various lengths and widths. Thermal cracks
severely reduce the life of roadway and adversely impact rideabil-
ity. They lead to significant declines in pavement serviceability and
a resulting exponential increase in maintenance costs to restore
pavements to their original condition. In the United States every
year, millions of dollars are being spent in repair and rehabilitation
of thermal cracks in pavements. In a recent study conducted by
Islam and Buttlar, the presence of cracks in pavement was found
to add an additional user cost of over $300 per vehicle per
19,000 km (12,000 mi) driven (Islam and Buttlar 2012).

Detrimental effects of low-temperature cracking have motivated
a number of studies in an effort to experimentally design and con-
trol asphalt properties related to the low-temperature performance
of asphalt pavements. However, accurate predictions of thermal
cracking and associated failure mechanisms still remain a challenge
(Apeagyei et al. 2009; Buttlar et al. 2011; Behnia et al. 2016). The
Superpave binder tests developed under the Strategic Highway
Research Program (SHRP) have certainly improved the perfor-
mance tests (Anderson and Kennedy 1993) with which those in
the asphalt industry can specify and purchase asphalt binders
[AASHTOMP1 (Anderson et al. 2001)], by providing fundamental
material tests over a broad range of production and service temper-
atures. However, these tests were not developed for highly modified
binders, and were not developed for the design and control of
reclaimed asphalt pavement (RAP) and warm-mix materials.
Although the bending beam rheometer (BBR)-based results have
correlated well to thermal cracking in the field for straight-run bind-
ers, it is more appropriate to employ the direct tension test (DTT) in
conjunction with the BBR as an option to the AASHTOMP1 speci-
fication to enable a broader range of binders to be evaluated. How-
ever, the DTT device suffers from poor repeatability, is relatively
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expensive, and requires significant operator training and care. In
addition, the combination of the BBR and DTT carries a significant
equipment cost [AASHTO MP1a (AASHTO 1998) and AASHTO
T313 (AASHTO 1999)].

The present study focuses on developing an acoustic-emission-
based (AE-based) testing method to address the current shortage of
a rapid and practical test to evaluate the embrittlement temperature
of asphalt binders. Acoustic emissions have been used extensively
to characterize the microscopic fracture processes and to evaluate
damage growth in materials. The use of acoustic-emission testing
for evaluating asphalt materials dates back several decades (Hellier
2001). Khosla and Goetz used AE techniques to detect crack ini-
tiation and propagation in indirect tensile (IDT) specimens at
−23°C (Khosla and Goetz 1979). The study found that failure
by fracture is indicated by a sharp increase in total AE counts
and that significant AE counts occur at about 80% of the peak load.
Valkering and Jongeneel used the AE technique to monitor temper-
ature cycling tests with restrained asphalt concrete specimens at
low temperatures (10 to −40°C) (Valkering and Jongeneel
1991). They observed that the repeatability of AE measurements
is good, the AE activity (number of events) correlates with thermal
fracture temperatures, and the AE activity in restrained specimens
at low temperatures is caused by distress initiation in the binder.
Hesp et al. (2000) used AE measurements to detect crack initiation
and propagation in restrained specimens at low temperatures (−32
to −20°C). They concluded that the Styrene-Butadiene-Styrene
(SBS)-modified mixes produced less AE activity than unmodified
mixes. Li et al. (2006) used AE techniques to characterize fractures
in semicircular-bend asphalt specimens at low temperatures
(−20°C) (Li and Marasteanu 2006). They also concluded that
(1) large amounts of accumulated AE events occur at 70% of
material strength, (2) the maximum intensity of AE peaks correlates
with the development of macrocracks, and (3) the location of AE
events suggests that a several-centimeter-sized process zone forms
before peak load. Nesvijski and Marasteanu (2006, 2007) used an
AE spectral analysis approach to characterize fracture in semicir-
cular-bend asphalt specimens at low temperatures and concluded
that an AE approach could be used for evaluation of asphalt pave-
ments. All of these previous studies involved the need for mechani-
cal tests, which are relatively expensive and time-consuming to

perform as compared to the techniques developed and presented
here.

Materials and Experimental Procedure

In the present work, a total of 24 different binders (eight different
types of binders, each at three different aging levels) were utilized.
Following is the list of eight different types of asphalt materials
from the Strategic Highway Research Program (SHRP) core bind-
ers used in this study: AAA-1 (PG 58-28), AAB-1 (PG 58-22),
AAC-1 (PG 58-16), AAD-1 (PG 58-28), AAF-1 (PG 64-10),
AAG-1 (PG 58-10), AAK-1 (PG 64-22), AAM-1 (PG 64-16). Each
type of binder was tested at three different aging levels, i.e., unaged
(TANK), short-term aged (RTFO), and long-term aged (PAV). The
RTFO and PAV aging of binders were performed in accordance
with ASTM D2872–04 (ASTM 2004) and ASTM D6521–05
(ASTM 2008), respectively.

AE Binder Sample Preparation

AE binder sample consists of thin film of asphalt bonded to granite
substrate. AE asphalt samples were prepared using aluminum
molds identical to those used in a standard bending beam rheometer
(BBR) test. Teflon polytetrafluorethylene tape was utilized as a de-
bonding aid during molding. A 10-mm-thick granite slab was used
as the substrate. To ensure proper bonding and restraint between the
asphalt binder samples and the substrates, the granite substrates
were preheated to approximately 135°C. Asphalt binder at a tem-
perature of 135°C was poured into the aluminum mold wrapped in
Teflon polytetrafluorethylene tape placed on the heated slab.
Prepared binder samples were allowed to cool down to room tem-
perature for 2 h before conducting AE tests. The AE binder sample
preparation (Buttlar et al. 2011) procedure is illustrated in Fig. 2.

AE Testing Procedure

To perform AE test, a prepared binder sample is placed inside the
Shuttle ULT-25 portable freezer (Athens, Ohio) and cooled down
from 20 to −50°C. The average coefficient of thermal contraction
of asphalt binders (aAsphalt ¼ 300 × 10−61=°C) is about 38 times

Fig. 1. Typical thermal cracking pattern in asphalt pavement and thermal cracking formation mechanism in asphalt pavement due to thermally
induced stresses through the pavement thickness
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greater than that of granite material (aGranite ¼ 8 × 10−61=°C)
(Marasteanu et al. 2007). Due to the difference between the thermal
contraction coefficients of asphalt and granite materials, as the
AE sample cools down the asphalt layer is restrained from con-
tracting (as a stress-free layer) due to the granite substrate, causing

increasing thermally induced stresses in the sample. Fig. 3(a)
illustrates the thermally induced tensile as well as shear stresses
developed within asphalt sample when subjected to decreasing tem-
peratures. The progressively higher thermal stresses in the binder
eventually results in formation of thermal cracks, which are

Fig. 2. Preparation procedure of acoustic-emission asphalt sample

Fig. 3. AE asphalt binder sample: (a) thermally induced tensile and shear stresses within AE sample; (b) typical plot of thermal stress and tensile
strength versus temperature for asphalt materials
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accompanied by the release of elastic strain energy in the form of
transient mechanical waves. Fig. 3(b) shows the change in the ther-
mal stress and tensile strength of asphalt materials due to decrease
in the temperature. Transversely oriented thermal cracks occur
when the thermally induced tensile stresses equal the tensile
strength of the material. In other words, in Fig. 3(b) the cracking
temperature of asphalt binder is the temperature corresponding to
the intersection point of stress and strength curves [Fig. 3(b)] (Hills
and Brien 1966).

In the present study, the critical cracking temperatures of the
asphalt binders were determined by processing and analyzing
the emitted elastic waves captured during the tests using the AE
technique. Fig. 4 schematically illustrates an AE testing sample
of asphalt binder bonded to a granite substrate. Typical time-
domain as well as frequency-domain representations of AE signal
associated with an AE event are presented in Fig. 5. The AE testing
setup used in this study is schematically shown in Fig. 6. AE stress
waves are detected with piezoelectric sensors, amplified, filtered,
and then recorded. The temperature of the sample is recorded using
a K-type thermocouple connected to four-channel temperature data
logger (Omega temperature data logger, Norwalk, Connecticut).
Wideband AE sensors (Digital Wave, Model B1025, Digital Wave
Corporation, Centennial, Colorado) with a nominal frequency
range of 20–1.5 MHz were utilized to monitor and record acoustic
activities of the sample during the test. High-vacuum grease was
used to couple the AE sensors to the test sample. AE signals were
preamplified 20 dB using broadband preamplifiers to reduce extra-
neous noise. The signals were then further amplified 21 dB (for a
total of 41 dB) and filtered using a 20 kHz high-pass double-pole
filter using the Fracture Wave Detector (FWD) signal condition
unit. The signals were then digitized using a 16-bit analog to digital
converter (ICS 645B-8, Digital Wave Corporation, Centennial,
Colorado) using a sampling frequency of 2 MHz and a length

of 2,048 points per channel per acquisition trigger. The outputs
were stored for later processing using Wave Explorer software
(Hill et al. 2013, 2016).

Evaluation of AE activity of asphalt samples is performed
on recorded AE signals and associated test temperatures. An AE
event is an individual waveform having a threshold voltage of
0.1 V and energy equal to or greater than 4 V2-μs. The emitted
energy associated with each event is one of the characteristics
of an AE signal and can be computed using the following equation,
where EAE ¼ AE energy of an event (V2-μs) with duration of time
t (μs) and recorded voltage of VðtÞ:

EAE ¼
Z

t

0

V2ðtÞdt ð1Þ

To minimize the amount of extraneous data including electronic
noise, the piezoelectric AE sensors were conditioned in the cooling
chamber prior to starting of test. In addition, all events with energy
lower than 4 V2-μs were filtered out. All results presented in this
paper are based on these described filtering procedures.

In addition to AE test, the BBR test was conducted in accor-
dance with ASTM D6648-01 (ASTM 2001) and AASHTO
T313-02 (AASHTO 2011) to determine the propensity of asphalt
binders to thermal cracking. Two parameters, the flexural creep
stiffness (S) and slope of log stiffness-time curve (m-value), were
determined by measuring the midpoint deflection of simply sup-
ported beam-shaped asphalt samples subjected to a constant creep
load applied to the midpoint of the beam. The flexural creep stiff-
ness of asphalt binder and the slope of the log creep stiffness versus

Fig. 4. Typical fracture pattern of thermal cracks in AE binder sample

Fig. 5. Typical AE waveform associated with an AE event: (a) time-domain representation of AE signal; (b) frequency-domain representation of AE
signal

Fig. 6. AE testing setup
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log loading time curve at t ¼ 60 s are considered as the creep
stiffness and the m-value of asphalt material, respectively
(AASHTO 1999).

Determining the Proper Location to Measure
Temperature of AE Asphalt Sample

One important aspect of the AE-based test is to monitor and
record the temperature of the asphalt sample throughout the test.
It is however very important to measure the temperature that accu-
rately represents the temperature of the whole sample. To determine
the proper location to measure the temperature, three thermocou-
ples, designated A, B, and C and positioned at three different
locations, were employed. Thermocouple A was positioned next
to the asphalt sample at the interface of the binder and granite.
Thermocouples B and C were embedded inside the binder sample,
3 and 6 mm deep inside the sample, respectively [Fig. 7(a)]. Plots of
temperature versus time of AE asphalt sample measured by those
three thermocouples is shown in Fig. 7(b). It is observed that
initially at the beginning of the test, there is a thermal lag of
6°C between outside and inside of the sample. This thermal lag
gradually decreases as the sample cools down until it becomes al-
most zero when temperature approaches −10°C. At temperatures
below−10°C, the temperature measured by all three thermocouples
are almost the same. Considering the fact that the embrittlement
temperature of almost all asphalt binders is below −10°C, Location
Awhich is the interface of asphalt binder and granite, appears to be
a proper place to position thermocouples to measure the tempera-
ture of asphalt sample during AE test. All temperature reported in
this study were measured using thermocouples position adjacent to
asphalt sample at the interface of asphalt and granite.

Results and Discussion

A typical plot of AE test results is shown schematically in Fig. 8.
Four distinct regions were found to exist in the cumulative AE
event counts versus temperature plot, namely: precracking, transi-
tion, stable cracking, and fully cracked regions. In the precracking
region, differential thermal contraction between the asphalt binder
and granite substrate caused thermal stresses to accumulate in the
binder specimen, eventually leading to material fracture. In the
Precracking region, no AE events are detected. Progressively
higher thermal stresses in the specimen result in the formation
of thermal microcracks in the material, which is accompanied

by the release of mechanical elastic waves. This manifest itself
as a cluster of high-amplitude waves during the test. The temper-
ature corresponding to the AE event with the first peak energy level
has been termed the embrittlement temperature, which is consid-
ered as the starting point of the transition region. The embrittlement
temperature shows the onset of damage in asphalt material. It is
hypothesized that the embrittlement temperature represents a fun-
damental material state that is independent of sample size and sam-
ple shape, as long as a statistically representative volume or larger is
used (Dave et al. 2011; Behnia et al. 2011; Behnia 2013).

The transition region can be considered as the region where
material behavior gradually changes from a quasi-brittle to a brittle
state where resistance to fracture is generally very low, allowing
cracks to propagate readily. The stable cracking region usually ini-
tiates at a very low temperature when the material is brittle and
generates a significant amount of AE activity. The AE event counts
versus temperature plot in this region usually has a steep slope that
remains relatively constant. The starting point of the stable cracking
region is the temperature at which the concavity of AE events
counts curve changes from convex to linear. Based upon examina-
tion of AE data, this region is thought to be below the glass tran-
sition region of the binder.

The fully cracked region starts after the stable cracking region
when the rate of AE activity of asphalt sample begin to reduce until
it reaches zero at the end of this region. The starting point of the
fully cracked region is the temperature at which the shape of AE

Fig. 7. (a) Position of Thermocouples A, B, and C in the AE asphalt sample; (b) typical plots of temperature versus time for AE asphalt sample
obtained from Thermocouples A, B, and C

Fig. 8. Typical plot of cumulative AE event counts versus temperature
with four distinctive regions, namely precracking, transition, stable
cracking, and fully cracked (Behnia 2013)

© ASCE 04016294-5 J. Mater. Civ. Eng.

 J. Mater. Civ. Eng., 2017, 29(5): 04016294 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

M
IS

SO
U

R
I,

 U
N

IV
 O

F/
C

O
L

U
M

B
IA

 o
n 

02
/0

5/
19

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



events counts plot changes from linear in to concave. Considering
the fact that the source of AE activities is the generation of new
microdamages inside the sample, a reduction in the rate of AE ac-
tivity is an indication of presence of plenty of microdamage in the
sample. In AE tests, the fully cracked region is not usually observed
unless the sample is cooled down to very cold temperatures,
allowing all microdamages to develop within the sample.

The distribution of AE event energies is presented as a histogram
in Fig. 9. It is seen that the majority of AE events are low-energy

events; only a small portion of AE events are high energy. The en-
ergy content of an AE event is related to the size of the microdamage
generating that event. The higher-energy events are resulted from
formation of larger microcracks, some of which may probably be
visible by naked eye, whereas the lower-energy-level events are pro-
duced by hairline microcracks within the sample such as formation
of spiral cracking (Dave et al. 2011; Behnia et al. 2011).

The embrittlement temperature (TEMB) of asphalt binders evalu-
ated through AE testing is compared with the critical cracking tem-
perature (TCR) obtained from the BBR Superpave asphalt binder
test. The critical cracking temperature for the asphalt binders were
determined using the test results described by Marasteanu et al. and
using the procedure described in national cooperative highway re-
search program (NCHRP) Report 452 (McDaniel and Anderson
2001). The equations used for determining critical temperature
(TCR−BBR) using Superpave tests are shown below for the cases
of creep stiffness (TCR−S) and m-value (TCR−m) from BBR test.
Here, S1 and S2 are the BBR creep stiffnesses and m1 and m2

are the rate of change of binder stiffness [SðtÞ] with respect to time
at test temperatures of T1 and T2, respectively

TCR−S ¼ T1 þ
�
logð300Þ − logðS1Þ
logðS2Þ − logðS1Þ

�
ðT2 − T1Þ − 10 ð2Þ

TCR−m ¼ T1 þ
�
logð0.300Þ − logðm1Þ
logðm2Þ − logðm1Þ

�
ðT2 − T1Þ − 10 ð3Þ

TCR−BBR ¼ MaxðTCR−S;TCR−mÞ ð4Þ

Fig. 9. Typical histogram of AE event energies of asphalt binder
sample (Behnia 2013)

Table 1. AE-Based Embrittlement Temperatures along with BBR Cracking Temperatures of AAA1, AAB1, AAC1, and AAD1 Asphalt Binders

Asphalt binder

AE embrittlement temperatures (°C) BBR cracking temperatures (°C)

TBBR − TEMB (°C)TEMB COV (%) TBBR COV (%)

TANK AAA1 (PG58-28) −37.58 2.98 −34.69 7.54 2.89
RTFO AAA1 (PG58-28) −35.78 3.68 −32.83 5.34 2.95
PAV AAA1 (PG58-28) −32.09 3.74 −30.89 8.07 1.20
TANK AAB1 (PG58-22) −30.46 3.56 −27.81 14.34 2.65
RTFO AAB1 (PG58-22) −29.45 2.21 −26.32 3.27 3.13
PAV AAB1 (PG58-22) −24.33 3.25 −23.13 7.92 1.20
TANK AAC1 (PG58-16) −29.36 3.77 −24.90 8.99 4.46
RTFO AAC1 (PG58-16) −27.77 1.26 −21.37 11.86 6.40
PAV AAC1 (PG58-16) −21.86 5.30 −19.90 11.66 1.96
TANK AAD1 (PG58-28) −39.09 2.66 −34.17 9.87 4.92
RTFO AAD1 (PG58-28) −37.93 2.07 −30.24 5.13 7.69
PAV AAD1 (PG58-28) −35.19 2.79 −27.03 3.35 8.16

Table 2. AE-Based Embrittlement Temperatures along with BBR Cracking Temperatures of AAF1, AAG1, AAK1, and AAM1 Asphalt Binders

Asphalt binder

AE embrittlement temperatures (°C) BBR cracking temperaturesf (°C)

TBBR − TEMB (°C)TEMB COV (%) TBBR COV (%)

TANK AAF1 (PG64-10) −24.47 4.74 −16.49 7.35 7.99
RTFO AAF1 (PG64-10) −22.29 3.35 −10.47 14.33 11.82
PAV AAF1 (PG64-10) −17.30 5.15 −8.31 10.63 8.98
TANK AAG1 (PG58-10) −26.48 3.56 −19.63 17.05 6.84
RTFO AAG1 (PG58-10) −24.12 2.55 −16.63 10.45 7.49
PAV AAG1 (PG58-10) −19.54 5.39 −11.08 5.77 8.46
TANK AAK1 (PG64-22) −31.76 3.24 −32.12 9.00 −0.36
RTFO AAK1 (PG64-22) −30.15 2.76 −29.29 3.94 0.86
PAV AAK1 (PG64-22) −25.95 5.03 −24.63 6.21 1.32
TANK AAM1 (PG64-16) −28.01 2.67 −24.32 4.58 3.70
RTFO AAM1 (PG64-16) −26.52 3.60 −21.01 7.32 5.52
PAV AAM1 (PG64-16) −19.98 4.40 −13.40 9.81 6.58

© ASCE 04016294-6 J. Mater. Civ. Eng.
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The AE embrittlement temperatures along with the correspond-
ing BBR-based critical cracking temperatures for the various
asphalt binders tested at different age conditioning levels are pro-
vided in Tables 1 and 2. In all cases, a minimum of four replicates
were used to produce the average values and statistical measures
presented in this section, shown in Fig. 10. The coefficient of varia-
tion (COV%) of both AE and BBR results are also presented. The
COV statistic is temperature-scale dependent (different results
would be obtained for results expressed in Kelvin versus degrees
Celsius, for instance), and would produce infinite values for means
approaching zero. 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 param-
eter to describe the repeatability of the measurements obtained.

Results show that both AE embrittlement temperature and
BBR critical cracking temperature of asphalt binders are sensi-
tive to ageing levels, where TcrackingðTANKÞ < TcrackingðRTFOÞ <
TcrackingðPAVÞ. Comparison of AE and BBR results are presented
in Fig. 11. It is observed that AE embrittlement temperatures
correlated well with BBR-based cracking temperatures with
R2 ¼ 0.85. Results also indicate that in almost all cases, the AE
embrittlement temperature of asphalt material is lower than its cor-
responding BBR-based critical cracking temperature. This can be
attributed to the fact that the BBR stiffness and m-value critical
cracking thresholds (upper limit of S ¼ 300 MPa and lower limit
ofm-value ¼ 0.300) are only practical values selected based on the
performance of asphalt materials in the field. In fact, BBR thresh-
olds were established with an inherent factor of safety to avoid low-
temperature cracking. In other words, for an asphalt binder when
the values of the stiffness or the m-value exceeds those critical
thresholds it does not mean that thermal cracks begin to develop
within the binder sample. In contrast, in the AE test, thermal micro-
cracks begin to develop within the sample as soon as the temper-
ature reaches the embrittlement temperature of the material. The
fact that the BBR-based critical temperature of most binders are
warmer than embrittlement temperature of that material indicates
that BBR cracking thresholds are somehow conservative, and in
most cases low-temperature performance of asphalt binders is bet-
ter than what their performance grade (PG) low temperatures sug-
gest. It was also observed that the repeatability of the AE testing
technique was found to be better than the BBR testing method as
the COV% of AE-based results were consistently lower than those
of BBR-based results.

The developed AE-based approach would yield significant pay-
off to practice for both upstream and downstream suppliers and pro-
ducers. Upstream suppliers of asphalt could use the proposed
technology to rapidly assess the low-temperature characteristics
of trial formulations. Pavement owners could use the technology
for quality assurance of binders and mixtures, for periodic assess-
ment of pavement condition, and for the scheduling of preventive

Fig. 10. AE event counts and AE energy versus temperature plots of four replicates of AE test for TANK AAB1 binder

Fig. 11. Correlation between AE embrittlement temperature and BBR-
based cracking temperature

© ASCE 04016294-7 J. Mater. Civ. Eng.
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maintenance and rehabilitation, where cracking is of concern. In
addition, the testing approach can provide a convenient method
to screen asphalt binders prone to the effects of low-temperature
physical hardening and increased embrittlement with long-term
aging. Physical hardening has been shown to increase stiffness
and decrease fracture resistance in asphalt binders held at low
temperatures (Bahia and Anderson 1993).

Conclusions

An acoustic-emission-based testing approach to evaluate the low-
temperature cracking performance of asphalt binders has been de-
veloped. Results corresponding to eight different types of asphalt
binders at three different aging levels (unaged, short-term aged, and
long-term aged) are presented. A thin layer of asphalt binder (6 mm
thick) bonded to a granite substrate was used as the AE sample
and cooled down from 20 to −50°C. As the sample temperature
decreased, thermally induced tensile stresses developed within
the sample due to differential thermal contraction between granite
substrate and asphalt binder. When thermal stresses exceed the ten-
sile strength of the binder, transversely oriented thermal cracks are
formed, which are accompanied by the release of elastic strain en-
ergy in the form of transient mechanical waves, i.e., AE activity.
The critical cracking temperature of the asphalt binders was deter-
mined by processing and analyzing recorded AE signals and asso-
ciated test temperatures. AE test results were compared against
thermal cracking temperatures obtained from BBR tests. The fol-
lowing conclusions can be drawn based upon the AE-based and
BBR-based testing results of the asphalt binders:
• The temperature corresponding to the first major acoustic-

emissions event is defined as the embrittlement temperature
(TEMB). The embrittlement temperature corresponds to the onset
of thermal microcracks within the sample. It is hypothesized that
the embrittlement temperature represents a fundamental materi-
al state that is independent of material constraint, sample
size, and sample shape, as long as a statistically representative
volume or larger is used;

• The AE embrittlement temperature of an asphalt binder is
sensitive to binder type as well as to its aging level. The higher
the aging level, the warmer its embrittlement temperature;

• Comparison of the AE-based embrittlement temperatures with
the corresponding BBR-based critical cracking temperature of
asphalt binders showed that, for most binders, the embrittlement
temperature is slightly (generally a few degrees) lower than the
BBR-based critical cracking temperature;

• The repeatability of the AE testing technique was found to be as
good as or superior to other low-temperature binder tests
currently in use such as the BBR-based method;

• The overall trends of TEMB of several different binders were
consistent with the BBR cracking temperatures. This provides
more confidence in the use of the TEMB quantity as a screening
tool to quickly assess the cracking resistance of asphalt
materials;

• The AE based embrittlement measurement differs significantly
from existing standard mechanical tests [BBR, DTT, IDT, DC
(T), and TSRST] and likewise differs from more-recently pro-
posed tests, such as the ABCD fracture test (Jung and Vinson
1994; Kim 2005, 2007). None of the existing or proposed tests
has all of the features of the AE embrittlement test, namely
being small, portable, and suitable for in situ measurements;

• Based on this study, it can be inferred that AE-based binder test
could be a viable alternative to the current AASHTO procedure
for characterization of low-temperature properties of asphalt

material and could be especially advantageous when a direct
tension (DT) test is required; and

• Evaluation of thermal conductivities and coefficients of thermal
contraction of granite and asphalt materials is recommended for
finite-element modeling of AE test or for performing numerical
simulation of heat transfer within AE sample during the test.
While the results of this investigation appear promising, more

field validation trials and test optimization efforts are still needed to
move the test forward to implementation in the industry.
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