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Acoustic emission testing of semirigid base specimens subjected to uniaxial compression was performed by a mechanical testing
machine and AE system to find the AE criterion of the uniaxial compressive failure process of the semirigid base of dense skeleton
types. AE counts, cumulative AE energy, and 𝑏-value were discussed. Results indicated that the AE parameters could reflect the
failure process of semirigid bases of dense skeleton types.The failure processmainly underwent three stages that were divided based
on AE parameters into initial stage of development, stable growth stage, and unstable stage. The knees of the AE parameter curve
were at 25% and 85% of the ultimate load. The variation of the 𝑏-value could indicate the stress and be a precursor to the failure
of the specimens. In general terms, a 𝑏-value greater than 3.5 indicates that specimens are at the initial stage of development. A
𝑏-value between 1 and 2 indicates that the specimens are at the stable growth stage. If the 𝑏-value seems to fluctuate and increase,
the specimens are at the unstable stage. Moreover, the AE parameters indicated that attaching sensors to the waist of specimens was
superior to that at other locations of a specimen.

1. Introduction

Semirigid bases possess many advantages such as high
strength, good integrity, and low cost. Semirigid bases are
used in the vast majority of high-grade asphalt pavements in
China. Roads usually experience overload, and road damage
that affects the normal operation of roads is a common
occurrence. Applying nondestructive testing to road damage
is essential in predicting the occurrence of road damage in
advance, reducing the cost of roadmaintenance, and ensuring
the normal operation of roads.

At present, ground penetrating radar (GPR) is the pri-
mary nondestructive detection method for road diseases.
The GPR can easily detect a large size of disease [1, 2],
for example, the void of road bases, but it has difficulty
in detecting the crack of road bases that is a small size of
disease. Acoustic emission (AE) is a propagation of elastic
waves caused by the release of localized internal energy when
a microfracture occurs in an elastic material [3]. An AE
monitoring system can detect the development of damage

of a structure under load. We can identify changes and
the condition of internal material by analyzing AE signals.
Application ofAEdetection is very extensive; for example, AE
has been used by scholars to study rocks under compression
tests [4–7]. Research indicated that the AE counts of rocks
increased with the increase of the load. Scholars also studied
coal under compression tests with the AE system [8–10]. The
relationship between AE parameters and the pressure of coal
specimens was analyzed. The AE parameters could identify
the damage characterization of coal specimens. In studying
concrete under compression cracking, AE parameters could
identify crack propagation in concrete specimens using the
AE system [11–14]. Results provided guidance in evaluating
the internal damage of concrete. The decrease of the b-value,
which changed systematically with the different stages of the
fracture process of rock [15–17] and concrete [18–20] under
the load, indicated that the fracture process had moved from
micro- tomacrocracking as thematerial approached impend-
ing failure. However, theAE characteristics of semirigid bases
of dense skeleton types have not yet been studied.
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Figure 1: Relationship between moisture content and dry density.

UsingAE requires damaging the structure under the load.
The roads bear the load created by trucks; thus, we can
acquire an AE signal when roads are being used. AE tests of
semirigid base specimens subjected to uniaxial compression
were conducted by using a TYE mechanical testing machine
and an AE system to exploit the ability of AE to discover tiny
cracks in the structure as well as to offset the shortage of GPR
detected in the semirigid base asphalt pavement. AE counts,
cumulative energy of AE signal waveform data, and b-value
analysis of AE amplitude are discussed in detail. Support of
AE detection of semirigid base of dense skeleton type was
provided by the basicAEdatawhich is discussed in this paper.

2. Material and Experimental Procedure

2.1. Material and Specimen Preparation. A compaction test
was conducted in the laboratory to ensure optimummoisture
content of semirigid mixtures. The relationship between
moisture content and dry density is shown Figure 1, and
optimum moisture content and maximal dry density were
5.51% and 2.41 g/cm3, respectively. The six specimens of the
semirigid base of dense skeleton type were made at optimum
moisture content by the molding of static pressure. The
cylindrical specimens with a compaction degree of 98% had
a diameter of 100mm and a height of 100mm, and the
parallel of the end was under control at ±0.02mm for the
nondestructive tests and compressive tests.The six specimens
were cured for six days in a standard curing box where
humidity was greater than 95% and temperature was at 20∘C
± 2∘C. Then, before the compressive tests, the six specimens
were cured for one day in a curing tank filled with water.
The semirigid mixture was composed of water, cement, and
crushed stone, and the cement dosage was 4%. The design
gradation of the semirigid base mixtures was determined as
shown in Table 1.

2.2. Test Setup and AE Instrumentation. The compressive
tests of the six specimens were performed by using the
TYE mechanical testing machine with a maximum loading

Table 1: Design gradation of semi-rigid base mixtures.

Layer
Ratio (%) of crushed stone mass to crossed

sieve (mm)
31.5 26.5 19 9.5 4.75 2.36 0.6 0.075

Base 100 100 77 48 27 22 11.5 1.5

Figure 2: Mechanical testing machine.

Figure 3: AE data acquisition system.

capacity of 300 kN and variable loading input ranges. The
AE signals were digitized by using an AE data acquisition
system,which is a full-waveformdata acquisition instrument.
The amplitude distribution ranged from 0 to 100 dB (0 dB
corresponds to 1𝜇V at the sensor output). AE signals gener-
ated during the compression tests were recorded using a RS-
2A piezoelectric AE sensor along with a 40 dB preamplifier.
AE DS5 software was used to record and store AE waveform
data with a low-pass filter (<400 kHz). In addition, the
sampling rate was 2.5MHz, and an AE trigger threshold of
35 dB was used in AE DS5 to remove the background noise.
TheTYEmechanical testingmachine andAEdata acquisition
system are shown in Figures 2 and 3, respectively.

2.3. Experimental Procedure. Two schemes for sensor layout
were used to comprehensively examine the AE characteristics
of the semirigid base of dense skeleton type. The position
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Figure 4: Schemes for sensor layouts: (a) sensors fixed in the middle of specimen and (b) sensors fixed on the end of specimen.

for laying sensors is shown in Figure 4. Vaseline was applied
between the sensors and the specimen surface to improve
AE coupling. The sensors were also secured by plastic tape
to ensure that they would remain in place. The load was
applied with a pressure rate of 0.39 kN/s to reduce the noise of
the machine. The signal-to-noise ratio levels were improved
by the instrument. The frequency of noise obtained from
AE waveform by fast Fourier transform is lower than 4 kHz.
The noise processing method is band-pass filtering, whose
bandwidth is 5–400 kHz. The reasonable analysis parameter
of AE DS5 was set to minimize the noise effect to obtain
more accurate results. Through multiple comparisons of
processing results, the fixed threshold was set at 40 dB. Peak
definition time (PDT), hit definition time (HDT), and hit
lockout time (HLT) were 150, 300, and 500𝜇s, respectively.
The experimental process is shown in Figure 5.

3. Results

The six specimens taken for the uniaxial compression test
were divided into two groups corresponding to the two
schemes for sensor layouts. Two channels were used to collect
the AE signals generated as the specimens cracked.The result
of each channel was similar in the same scheme. One channel
of data in a groupwas analyzed in this paper. According to the
AE parameter characteristic and the stress characteristic, the
failure process of specimens mainly underwent three stages:
an initial stage of development (early period of loading),
a stable growth stage (middle period of loading), and an
unstable stage (end period of loading).The relations between
AEhits and the stress level of the specimens undermonotonic
loading are indicated in Figures 6 and 7. The stress is
normalized by peak stress to discuss the relations between
stress level and AE parameters of specimens.

3.1. AE Counts Analysis

3.1.1. Sensor Fixed on End of Specimen. As shown in Fig-
ure 6(a), AE counts rose quickly and continuously when

the stress of specimens was low. AE counts were relatively
continuous and remained constant at a low level when the
specimens were in the middle period of loading. Then, the
AE counts increased rapidly at the final stress level. During
the early period of loading, the AE counts escalated along
with the increase of stress. At 7% of peak stress, the AE
counts reached a short peak and then recovered calm.TheAE
generated was clearly active at low stress level of the specimen
(relative stress less than 10%). The inside of specimens could
not generate cracks because the stress was small. For the
mixture of cement-stabilized macadam, original defects, for
example, original microcracks, were generated unavoidably
inside the specimens because of dry shrinkage, poor cement-
ing materials, and so on. The original microcracks cracked
because of stress concentration as the load on the specimens
increased, and the AE events were generated by strain energy
release. Therefore, during the early period of loading, the
cracking of the original microcracks was the AE source.
The specimens entered the middle period of loading as
the stress increased. AE counts became few and relatively
continuous, but the AE amplitude was larger than it was
during the early period of loading, as shown in Figure 7(a).
This figure indicates that the internal portion of specimens
generated small microcracks as the stress increased; but the
new microcracks were relatively stable and growth was slow
at this stage. During the end period of loading, AE counts
increased rapidly, and the specimens entered a critical state
of ultimate bearing capacity.This result indicated the growth,
propagation, and interconnection of new microcracks. Then,
the interlocking effect of coarse aggregates disappeared, and
the specimens were unstable and damaged.

3.1.2. Sensor Fixed in the Middle of Specimen. Figure 6(b)
shows that the specimens generated few AE events at the
initiation of compression.Then, AE counts increased quickly
when the relative stress of specimens was between 15%
and 25%. This observation implies that the original internal
defects deteriorated as the relative stress was between 15%
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Figure 5: AE test process.
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Figure 6: Variation of AE counts with relative stress: (a) sensor fixed on the end of specimen and (b) sensor fixed in the middle of specimen.

and 25%. During the middle period of loading, AE counts
were continuous and remained low. Cumulative AE counts
at this stage were equal to those in the early period of
loading. This phenomenon can be explained that the degree
of specimen damage during the middle period of loading
is equal to the degree of specimen damage in the early
period of loading. During the end period of loading, AE
counts increased rapidly and lasted for a long time. This
result indicates microcrack propagation and the generation

of numerous newmicrocracks that interconnected to become
macrocracks. Then, the specimens lost carrying capacity.

3.2. Cumulative AE Energy Analysis (AE Signal Strength
Analysis). AE energy is regarded as the area under the
purified AE signal and over the duration of the AE waveform
packet. It is generally referred to as relative energy, which
relates to the amount of energy released by the material.
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Figure 7: Variation of cumulative AE energy with relative stress: (a) sensor fixed on the end of specimen and (b) sensor fixed in the middle
of specimen.

The cumulative AE energy data obtained from the specimens
tested in this study are plotted in Figure 7.

3.2.1. Sensor Fixed on the End of Specimen. Figure 7(a) shows
that, prior to the relative stress of 10%, cumulative AE energy
obtained from the specimens increased quickly with the
increase of stress, and it reached approximately 15% of the
final value. The variation of the curve corresponded to the
deterioration of the original defects. The slope of cumulative
AE energy was flat, and the step phenomenon occasionally
occurred during the middle period of loading. The increase
of cumulative AE energy was estimated as equal to that in the
previous stage. With the increase of load to the end period,
the cumulative AE energy data curve ascended sharply and
attained its maximum, indicating the failure of the specimen.

3.2.2. Sensor Fixed in the Middle of Specimen. Figure 7(b)
shows that the cumulative AE energy increased gradually at
the very beginning of the stress increase. The cumulative AE
energy curve bent, and the slope of the curve was larger at
the relative stress of 15%.The cumulative AE energy increased
to 10% of total AE energy when the relative stress increased
to 25%. The increment rate and increment of cumulative
AE energy were inconspicuous during the middle period
of loading, which indicates that few cracks were generated.
At the relative stress of 85%, the curve abruptly steepened.
This result indicates the propagation ofmicrocracks and their
interconnecting to form macrocracks. Then, the specimens
lost carrying capacity.

3.3. b-Value Analysis Based on AE Amplitude. AE amplitude,
expressed usually with unit of dB, is regarded as the peak
value of the AE waveform packet. The parameter reflects
the strength of an AE event. In this paper, AE amplitude
characteristics are described by the b-value in the field of
seismology. The b-value is a parameter defined originally
by Gutenberg and Richter to estimate the likelihood of the

occurrence of earthquakes above a specified magnitude M
[17]. The G-R equation is as follows:

log
10
𝑁 = 𝑎 − 𝑏𝑀, (1)

where 𝑀 is the Richter magnitude of earthquakes, 𝑁 is the
number of earthquakes with magnitude greater than𝑀, 𝑎 is
an empirical constant, and 𝑏 is the slope, which is a linear
relationship fitted between the magnitude of earthquakes
and incremental frequency. However, the AE phenomenon
is similar to an earthquake. Therefore, to apply the b-value to
AE, the G-R formula is modified as follows:

log
10
𝑁 = 𝑎 − 𝑏 (

𝐴dB
20
) , (2)

where𝑁 is the incremental frequency (i.e., the number of AE
hits with an amplitude greater than the threshold𝐴

𝑇
), a is an

empirical constant, and 𝑏 is the b-value that is defined as the
log-linear slope of the cumulative amplitude distribution of
AE [17, 21, 22].

3.3.1. Sensor Fixed on the End of Specimen. As shown in
Figure 8(a), the b-value was a large number above 4 in the
initial stages at which the relative stress ranged between 8%
and 25%. With the increase in stress between 25% and 40%,
the b-value decreased to less than 2. However, the b-value
of AE hits commonly remained constant below 2 when the
relative stress was larger than 40%. Finally, the relative stress
rose to 85%, and the b-value began to fluctuate and enlarge.

3.3.2. Sensor Fixed in the Middle of Specimen. As shown
in Figure 8(b), the shape of the curve is similar to that
plotted in Figure 8(a). The b-value was a large number
above 3.5 in the first instance where the relative stress was
below 25%. However, it subsequently decreased and reached
approximately 1.5 when the relative stress reached 60%. The
b-value had almost no change until 90% of the relative stress.
At the final stage, the b-value fluctuated and increased as
expected.
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Figure 8: Variation of b-value: (a) sensor fixed on the end of specimen and (b) sensor fixed in the middle of specimen.

As Figure 8 shows, the b-value for estimating the semi-
rigid base of dense skeleton type throughout the uniaxial
compression tests changed schematically at different stages of
fracture in specimens.The changes of b-valuewere concluded
to four stages: early stage, where the b-value was large; middle
stage, where the b-value gradually decreased; middle stage,
where the b-value remained constant; and last stage, where
the b-value increased again. For the mixture of cement-
stabilized macadam, in the early stage, the energy of cracking
of the original microcracks was small and the AE amplitude
of weak elastic wave was less than 48 dB (the mean amplitude
of 100 AE events was approximately 42.5 dB). Thus, the b-
value based on the AE amplitude was large and generally
larger than 3.5. In the middle stage of reducing value, the
rate of AE hit was slow, and the AE data in the previous
stage was used to calculate the b-value defined as the log-
linear slope of the cumulative amplitude distribution of AE.
However, the amplitude of AE generated by new internal
cracks in the middle period of loading was larger; therefore,
the b-value decreased with the increase in load, and this
process was marked to the middle stage of reducing value.
With the increase of stress, the accumulation of AE hits
during the middle stage was enough to fit out the slope
(b-value). Furthermore, the b-value was now stable without
the effect of stress. In reality, all AE hits to fit out the b-
value originated from the middle period of loading. Thus,
the b-value in the middle stage of constant value was more
prominent in the estimation for the condition of damage
than in the middle stage of reducing value. In the middle
period of loading, the original microcracks had cracked and
the stress had been redistributed. With the increase in stress,
the new crack generated AE hits whose amplitude was greater
than 48 dB; thus, the b-value ranged between 1 and 2. In
the end period of loading, numerous AE hits were recorded
by sensors along with the occurrence of structural cracks of
specimens. However, the ratio of low amplitude increased

because of weak cementation of material; thus, the b-value
was fluctuant and increased with the increase in stress.

4. Discussion

The AE characteristics of two different schemes for sensor
layouts were qualitatively similar but still different to a certain
extent. They are described as follows.

Similarity. According to the AE counts characteristic and
cumulative AE energy characteristic versus stress, the failure
process of specimens underwent three main stages: initial
stage of development (early period of loading), stable growth
stage (middle period of loading), and unstable stage (end
period of loading).The initial stage of development lasted for
a short period and the stable growth stage lasted for a long
period, but the increments of AE counts in the two stages
were almost equal, as well as the increments of cumulative
AE energy. However, at the unstable stage, the AE counts and
cumulative AE energy increased sharply. In addition, the b-
value was categorized into four stages: the early stage with
a large value, the middle stage with a reducing value, the
middle stage with a constant value, and the last stage with
an increasing value. The b-value was greater than 3.5 in the
early stage. Then, the b-value was almost constant between 1
and 2 in the middle stage. Finally, the b-value fluctuated and
increased but did not exceed 4 in the last stage of increasing
value.

Differences. The AE counts and cumulative AE energy char-
acteristics of sensors fixed on the end of specimens indicated
that the end point of the initial stage of development was at
10% of peak stress, but the end point observed by the AE
characteristics of sensors fixed in the middle of specimens
was at 25% of peak stress. The stress cracking the original
microcracks in the ends of the specimens was relatively lower
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than the stress cracking the original microcracks in the waist
of the specimens. This result occurred because the original
defects at the specimen ends were weaker than that at the
waist.The stable growth stage of specimens indicated that the
stress was between 10% and 90% of ultimate stress by the AE
parameter achieved from sensors fixed on the ends, and the
percentages were between 25% and 85% according to the AE
parameter achieved from sensors fixed at the waist. For the
specimens of cement-stabilized macadam, the crack started
from the middle of the specimens and propagated quickly
to the ends. Furthermore, the end effect in the compression
test also delayed the unstable cracking stress; thus, the stable
growth stage was observed for a longer period by the AE
parameter achieved from the sensor fixed on the ends. The
unstable stage began from 90%of ultimate stress summarized
by the AE parameter obtained from the sensor fixed on the
ends and began from 85% of ultimate stress summarized by
the AE parameter obtained from sensors fixed at the waist.
In the unstable stage, the cumulative AE energy and AE
counts recorded by the sensors fixed at the waist were larger
than those recorded by sensors fixed on the end because
numerous macrocracks had been generated on the waist of
the specimens when the cracks propagated to the ends.

According to the above discussion and analysis, the
failure process of a semirigid base of dense skeleton type was
sensitively monitored by AE technology during the uniaxial
compression tests, and the test method of sensors attached
to the waist of the specimens was superior to that of the
other sensors on reflecting the failure process. The crack
state was detected by AE technology during the uniaxial
compression tests in this paper, and the abrupt change of
AE parameter and b-value indicated that the microcracks
became themacrocracks in the specimens.The crack size was
quite difficult to be quantified with AE analysis of the test.
However, the AE detection combined with other detection
technology was used to provide more credible information of
the structural condition [23]. In future research, likewise, the
research of AE detection combined with the GPR to detect
and quantify the crack of semirigid base fast is carried out.

In addition, the variations of b-value of all specimens are
similar in the same scheme for sensor layouts. Just a couple of
b-values were analyzed because of limited space of the paper.
The b-values regarding the crack developing stages are very
much depending on the testing conditions. The effect of the
testing conditions, for example, rate of loading, on the b-value
is also a significative research.

5. Conclusions

The following conclusions are drawn:

(1) AE parameters can reflect the failure process of a
semirigid base of dense skeleton type.The failure pro-
cess mainly underwent three stages that were divided
byAEparameters into the initial stage of development
(early period of loading), stable growth stage (middle
period of loading), and unstable stage (end period
of loading). The knees of the AE parameter curve
occurred at 25% and 85% of ultimate load.

(2) The variation of the b-value, which changed system-
atically with the different stages of the failure process,
indicates the stress and is a precursor to specimen
failure. In general terms, a b-value greater than 3.5
indicates that the specimens are at the initial stage of
development. A b-value that remains stable between
1 and 2 indicates that the specimens are at the stable
growth stage. Finally, a fluctuating and increasing b-
value indicates that the specimens are at the unstable
stage.

(3) According to a comparison of the schemes of sensor
layouts, the AE parameters saved by different test
methods of position for attaching sensors indicated
that the test method of sensors attached to the waist
of the specimens reflected the failure process more
effectively than that of the other sensors.
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