Acoustic emission in asphalt mixtures at low temperature
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ABSTRACT: The objective of the research was to investigate the use of acoustic emission to analyze the mi-
crostructural phenomena of damage and the corresponding macroscopic behavior in asphalt mixtures tested at
low temperature. An acoustic emission system with eight channels of recording was used to monitor the
specimens tested in creep and in strength testing. The source location and the AE event count were used to il-
lustrate the relationship between the micro damage and macroscopic behavior for the two different test condi-

tions.

The analysis indicates that a damage zone develops in both the creep and the strength tests. The dam-

age zone changes with the test temperature and the loading level applied during the creep test.

1 INTRODUCTION

It is well recognized that asphalt mixtures have
complex temperature-sensitive behaviors. The re-
sponse to a given loading is strongly dependent on
temperature and loading path. A change of a few de-
grees in temperature induces dramatic changes in
behavior of the asphalt mixture. The behavior can
vary from relatively ductile at higher temperature to
brittle at lower temperature.

Low temperature cracking is the most significant
distresses in asphalt pavements built in areas with
cold climates. Low temperature cracking is attrib-
uted to tensile stresses induced in the asphalt pave-
ment as the temperature drops to extremely low val-
ues. The accumulation of tensile stress to a certain
level is associated with the formation of micro-
cracks, which release energy in the form of elastic
waves called acoustic emission (AE). The current
AASHTO specification for asphalt mixture low tem-
perature characterization consists of two tests: the
indirect tensile creep test (ITC) and the indirect ten-
sile strength test (ITS). For both tests, cylindrical
specimens of 150 mm diameter x 50 mm thickness
are loaded in compression across the diametral
plane.

This paper investigates the use of AE to analyze
the microstructural phenomena and the correspond-
ing macroscopic behavior in asphalt mixtures tested
at three low temperatures. For each test temperature,
two different loading levels were used in the creep
test and one constant stroke rate of 1 mm/min was
employed in the strength tests. This was done to
identify the damage development with loading levels

and to compare the damage zone in creep and failure
tests.

2 BACKGROUND

AE methods represent a well-documented and
widely used tool to characterize microscopic fracture
processes and therefore to evaluate damage growth
in brittle materials. An acoustic emission is defined
as a transient elastic wave generated by the sudden
release of energy from localized damage processes
within the stressed material. This energy release
causes the propagation of stress waves that can be
detected at the surface of the material. Acoustic
emissions result from microcracking, dislocation
movement, phase transformation, and other irre-
versible changes in the material.

Due to its capability of detecting internal damage,
AE has been used for many years to study the be-
havior of materials such as rock and concrete. By
studying the occurrence of AE events, the investiga-
tions are generally focused on the cumulative num-
ber of AE events, the rate of occurrence, amplitude
distribution, energy and frequency distribution.

Compared to the vast number of studies per-
formed on Portland cement concrete and rocks, a lit-
erature search on the use of AE in asphalt materials
results in a very limited number of references. This
is due to the fact that for most service temperatures
asphalt mixtures display viscous and ductile behav-
ior and the development of defects is gradual and
does not produce emissions that can be detected.

In one of the first efforts to document the use of
AE to characterize the fracture of asphalt mixtures



under thermal loading conditions at low tempera-
tures, Valkering & Jongeneel (1991) used a single
piezoelectric transducer mounted on the surface of
the specimen. The cumulative event counting was
analyzed to determine how damage accumulates
during loading. Their work was followed by a small
number of studies performed by different authors
who also limited their analyses to counting of AE
events.

AE techniques were also investigated during the
Strategic Highway Research Program (SHRP) in an
effort to better characterize the cohesive, adhesive
and thermal properties of asphalt binders (Chang,
1994; Wang, 1995; Qin, 1995). However, this work
was performed at higher temperatures that consid-
erably limited the analysis of the AE results. Sinha
(1998) reported on the AE activity in unrestrained
asphalt mixture samples exposed to thermal cycling
at low temperatures to show that micro cracking oc-
curs in asphalt mixtures due to the difference be-
tween the thermal contraction coefficients of the ag-
gregate and of the asphalt binder. Hesp et al.
(2001) investigated AE activity in restrained asphalt
mixture samples undergoing various temperature cy-
cles and Cordel et al. (2003) used two transducers to
detect the AE events in asphalt mixture direct ten-
sion tests performed at low temperatures.

In a recent study by Li & Marasteanu (2006), the
accumulated AE events obtained from an AE system
with eight channels of recording were analyzed to il-
lustrate the relationship between the micro damage
and macroscopic behavior of the asphalt mixtures at
different loading levels. In addition, the initiation
and propagation of the cracking were observed using
the localization of the event source and the fracture
process zone in the asphalt mixtures was measured
by observing the distribution of microcracks with
different energy levels.

3 EXPERIMENTAL PROCEDURE

The asphalt mixture used in this study was prepared
using the Superpave design procedure outlined in
SP-2. One asphalt binder with performance grade
(PG) 58-34 and modified by styrene-butadiene-
styrene (SBS) was used. Granite aggregate was se-
lected to prepare the mixture. Cylindrical specimens
150 mm by 170 mm were compacted using the Bro-
vold gyratory compactor. A 4% target air voids was
achieved after compaction. The compacted samples
were then cut into 3 slices with 50 mm in thickness.
The indirect tensile test set-up is shown in Figure
1. A sample with dimensions of 150 mm diameter by
50 mm height was loaded in static compression
across its diametral plane. Different load levels were
applied in the creep test to investigate the effect of
load levels on the development of the micro damage
during the creep test. A constant loading rate of 10

kN/s was used at the beginning of the creep test.
Following the creep test, an indirect tensile strength
test was performed at the same temperature. A con-
stant stroke rate of 1 mm/min was applied during the
strength test until failure.
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Figure 1. Schematic of Experimental Setup.
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An AE system with eight channels of recording
was used to monitor the asphalt mixture specimens
tested in creep and strength tests. The AE event
signals were recorded using four DAQ cards (Model
PCI-5112, National Instruments). Each card had two
independent channels which acquired AE signals de-
tected by eight piezoelectric sensors (Model S9225,
Physical Acoustics Corporation).  Four sensors
were mounted on each side of the specimen using
M-Bond 200, a modified alkyl cyanoacrylate. The
preamplification of the AE signals was provided by
eight preamplifiers (Model 1220C, PAC) with a gain
set to 40 dB. One of the sensors was used as a trig-
ger, which was often the one closest to the tip of the
initial notch. Trigger level was set at 10 mV in this
research. Once the recording was triggered, signals
were band-pass filtered (0.1-1.2 MHz) and sampled
at 20 MHz over 200 microseconds. Considering the
ringing of the resonant sensor, a sleep time of 9 mil-
liseconds between two consecutive events was pre-
scribed during which the system could not be trig-
gered. The velocity of propagation of the
longitudinal waves was determined by generating an
elastic wave by pencil lead (0.5 mm diameter)
breakage on the opposite side of the specimens.

Tests were performed in a MTS servo-hydraulic
testing system. The TestStar Ils control system was
used to set up and perform the tests and to collect
the data. The software package MultiPurpose Test-
Ware was used to custom-design the tests and col-
lect the data. All tests were performed inside an en-
vironmental chamber. Liquid nitrogen tanks were
used to obtain the required low temperature. The
temperature was controlled by MTS temperature



controller and verified using an independent plati-
num RTD thermometer.

Three test temperatures, -12 °C, -24 °C and -36
°C were selected based on the PG lower limit of the
asphalt binder. Two specimens, one replicate for two
different loading levels, were fabricated for the
creep testing at each temperature. The specimen
used for the creep test at the lower loading level was
also used for the strength test, 30 minutes after the
creep test.

4 DISCUSSION OF RESULTS

The mechanical response for all three temperatures
during the strength tests are shown in Figure 2. At
the highest temperature (-12 °C), the asphalt mixture
is more ductile and it has lower peak load and larger
displacements. At the lowest temperature (-36 °C),
the material is brittle. At -24 °C temperature, the
mixture exhibits an intermediate behavior.
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4.1 AE event count

The event count curves under different temperatures
follow a similar pattern. Very few AE events were
detected at the beginning of the test but soon after
the AE rate was constant at 7 to 8 events per second.
The black circle on the event count curve shows the
loading level in the creep test performed before the
strength test. For all strength plots under different
temperatures, more than 100 events were recorded
before the loading level applied in the creep test was
reached. This appears to indicate that the Kaiser ef-
fect, which describes the phenomenon that a mate-
rial under load emits acoustic waves only after a
primary load level is exceeded, is not applicable to
the material investigated in this study.
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Figure 2. Load and AE count versus displacement from
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Figure 3. Typical plot for load and AE count versus time from
creep test: (a) 12.5 kN at -24°C; (b) 30 kN at -24°C.

A typical plot of loading and AE event count ver-
sus time for the creep test is shown in Figure 3. The
two creep tests with different load level under the
same temperature show a similar trend with time.
AE events were recorded with a fast event rate im-
mediately after the creep load level was applied in a
short time and the event rate decreased with time. It
was found that more events were recorded in the
creep test with higher loading level.

4.2 AE source location

The source location of the AE events can be inferred
by investigating the differences of the first time of



arrival among the transducers placed at different lo-
cations on the specimen. Therefore, it is necessary to
determine the arrival time of the elastic waves for
each sensor from the recorded AE event. The correct
picking of the first arrival strongly affects the accu-
racy of the source location (Labuz et al., 1997). The
mean amplitude and standard deviation of the noise
during the pre-trigger period was calculated and a
threshold was set at three times the standard devia-
tion from the mean. By measuring the time at which
the signal passes this threshold value for each sensor,
the relative arrival time can be obtained.

Once the arrival times of the event were deter-
mined from the sensor records, the location of the
AE event source can be estimated. It should be noted
that not all events can be located. It was found that
only 143 events were located with 10 mm error for
the creep test under the lower loading level at -24 °C.
Therefore, event locations with 143 events are se-
lected and plotted for the comparison. A rectangle
was drawn to contain 90% of these 143 events. Fig-
ure 4 shows the first 143 AE locations obtained from
the strength test under different temperatures. It is
found that the size of the damage zone, which is de-
fined here as the area with microcracking inside the
rectangle, changes with temperature for the strength
test. The width of this zone decreases with the de-
crease in test temperature. While no clear difference
is found for the length of the damage zone for the
two higher temperatures, the damage zone at the
lowest temperature is obviously longer than the
damage zones at the two higher temperatures.

Figures 5, 6 and 7 show the locations for the last
143 events during the creep test for all temperatures.
It is observed that for all temperatures the damage
zone obtained at the higher load was significantly
larger in width than the zone obtained from the
lower load creep test. For example, the damage zone
obtained from the lower load level creep test at -12
°C is 24 mm in width, while the damage zone from
the higher load level creep at the same temperature
IS 29 mm wide. For the creep tests with relatively
lower load level, both the width and length of the
damage zone decreased with the decrease of test
temperature (Figs 5a, 6a, 7a). For example, the dam-
age zone obtained from the lower load level creep at
-24 °C is 21 mm by 60 mm, while the size of dam-
age zone from the higher load level creep at -36 °C
is 18 mm by 55 mm.
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Figure 4. Event locations and damage zone for strength test: (a)
-12°C; (b) -24°C; (c) -36°C.

The comparison for the damage zone obtained
from both creep test and strength test shows that for
all temperatures the size of damage zone obtained
from strength test is very close to the size of damage
zone from the creep test with higher loading level,
which was approximately equal to 50% to 60% of
the strength value (Figs 5b, 6b, 6c).
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Figure 5. Event locations and damage zone for creep test at -
12°C: (a) 10 kN (33% of strength); (b) 15 kN (50% of strength)
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Figure 6. Event locations and damage zone for creep test at -
24°C: (a) 12.5 kN (25% of strength); (b) 30 kN (60% of
strength).
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Figure 7. Event locations and damage zone for creep test at -
36°C: (a) 25 kN (38% of strength); (b) 40 kN (61% of strength)

5 CONCLUSION

Indirect tensile creep tests with two different loading
levels, and strength tests were performed under three
different test temperatures for one asphalt mixture.
An acoustic emission system with eight channels of
recording was used to monitor the development of
microcracking in the specimens for both tests.

The experimental data show that the asphalt mix-
ture presented more brittle behavior with decrease in
test temperature. Few events were recorded at the
beginning of the strength test but the AE rate was
constant at 7 to 8 events per second after certain
loading level. A similar event rate was found imme-
diately after the creep load was applied, but the
event rate decreased with time. Creep tests at higher
load levels were found to produce more events than
the tests with lower load levels for all test tempera-
tures. The Kaiser effect was not applicable for the
tested specimens.

It was observed that the width of the damage zone
developed during strength tests decreased with the
decrease of temperature and the damage zone ob-
tained from the higher loading level creep test was
significantly larger in width than the zone obtained
from the lower loading level creep test. The size of



the damage zone was found to decrease with tem-
perature decrease for the creep tests. The damage
zone obtained from strength test was approximately
equal to that from creep test with a load level about
50% to 60% of the strength value.
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