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Abstract

The acoustic emission (AE) signals from mortar, concrete and steel fiber reinforced concrete beams during the entire fracture process were
recorded and analyzed. Different filters were set on the AE signal duration based on the characteristic of amplitude distribution. From the
value of AE signal amplitude, which corresponds to the occurrence of the peak for AE hits, the AE signals from mortar, concrete and steel
reinforced concrete were divided into five, seven and nine sections, respectively. The relationship between the AE signal section and the
failure mechanism of these materials, analyzed on the meso-structure level was determined. Based on the experiments, the AE characteristics
of each failure mechanism are given. The results show that the AE technique is a valuable tool to study the failure mechanism of concrete.

© 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The acoustic emission (AE) technique, a tool for non-
destructive evaluation of metallic and nonmetallic materials
and engineering structure has been used widely. Recently, it
has also been applied to studies of concrete mechanics, with
a focus on the properties of crack extension during the
fracture process [1—4].

AEs are stress waves caused by the sudden release of
strain energy resulting from a crack propagating in a
material; which contain abundant information on material
failure. This information can be applied to detect fracture
process and changes of properties in the concrete. Materi-
als fail by different mechanisms, and each mechanism
contains certain distinct AE signal parameters. Ely and
Hill [5,6] showed that AE signals in graphite—epoxy
specimens could be separated into distinct amplitude bands
by sorting on the basis of the duration and rise time of the
AE signals, which corresponds to matrix cracking, fiber
breaking and delaminations. These AE signal parameters
can in principle be used to isolate the failure mechanism
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by analyzing the amplitude, counts, energy, duration and
rise time of the AE.

In this research, the AE signals from steel fiber concrete,
normal concrete and mortar during the entire fracture
process were recorded, and different filters were set on the
AE signal duration according to the characteristic amplitude
distributions. The results showed that AE signals, which
come from mortar, concrete and steel-fiber concrete, could
be divided into five, seven and nine sections, respectively.
The relationship between the particular AE signal section
and the failure mechanism of these three materials could be
analyzed in terms of their meso-structural characteristics.

2. Experiment
2.1. Testing equipment

The three-point loading flexural tests were performed
using an Instron 8501 Digital Servo hydraulic testing
system. The specimen dimensions were 100 x 100 x 515
mm, with single edge notch with a depth of 50.0 mm, as
shown in Fig. 1. Six PACRIS5 transducers with a resonant
frequency of approximately 150 kHz were mounted on
the two opposite surfaces of the specimens to monitor the
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Fig. 1. Geometry of specimen and position of transducers.

AE activities. Midspan deflection of the beam was also
measured. The full details of the experiment are given in
Ref. [7].

A SPARTAN-AT2000 AE system manufactured by Phy-
sical Acoustic was used for AE data acquisition. The AE
signals were amplified with a 40-dB gain in a preamplifier
and a 20-dB gain in the system. The threshold was set at 40
dB to eliminate a high signal/noise ratio.

2.2. Sample preparation

Three kinds of beams were prepared in this study: mortar,
normal concrete and steel-fiber-reinforced concrete, respec-
tively. The specimens were demolded 1 day after casting,
and then were cured in a fog room at 17—-23°C and greater
than 90% relative humidity. Two days before test at 28 days,
they were taken out for the cutting of a single edge notch.
The mix proportions are shown in Table 1.

3. The principle of isolating failure mechanisms
3.1. Basic principle

The deformation and rupture of materials are often
attributed to different mechanisms, each of which emit
certain AE signals. The AE signals that the transducers
receive during the entire failure process contain informa-
tion on all of the various failure mechanisms of concrete,
which overlap. In order to isolate the AE signal associated
with each of the different failure mechanisms, a method

was proposed according to the following hypotheses: (1)
For the same AE activity, the higher the energy it emits,
the higher the amplitude and the longer its duration; (2)
AE activities associated with the same failure mechanism
have the same characteristics. To isolate the different AE
characteristics produced by the different mechanisms,
different filters were set on the AE duration. When a
certain duration was selected, three graphs were plotted:
(a) plot of hits versus amplitude; (b) plot of counts versus
amplitude; (c) plot of hits versus counts. At the same time,
the shapes and the characteristics of the three graphs were
compared. If the peak of the hits versus amplitude graph
in (a) is the same as that of the counts versus amplitude
graph in (b), while the counts/hits ratio calculated from the
data of (a) and (b) is referred to the peak of the hits versus
counts graph in (c), then we can say there is only one
failure mechanism contained for this time duration. Based
on the above principle, different failure mechanisms oc-
curring during the deformation and rupture of concrete can
be separated.

3.2. Example

During the fracture of an SFRC beam under three-
point loading test, a total of 199,275 hits and 1,771,822
counts were recorded. Fig. 2 shows the data plotted as:
(a) hits versus amplitude, (b) counts versus amplitude and
(c) hits versus duration. In Fig. 2a, the peak of 11,000
hits occurred at 40 dB, followed by an approximately
exponential decay in the number of hits with increasing
amplitude. Fig. 2b shows the peak of the counts versus
amplitude plot at 55 dB, which drops 5 dB behind the
40-dB peak seen in Fig. 2a.

From Fig. 2a and b, it was found that the peaks of hits
versus amplitude, and count versus amplitude plots are
different, which indicates that different failure mechan-
isms overlap. Therefor, the AE signal was isolated based
on the hypothesis discussed above, with different filters
set for duration.

3.2.1. The first step

The first step was to isolate the failure mechanism corre-
sponding to the lower amplitude. Therefore, the first filter
was set with a 0—25 ps duration interval. Since low amplitude
signals had a characteristically shorter duration than the larger
amplitude signals, to ensure that all of hits corresponding to
the lower amplitude were included, a second and a third filter
were set with 0—30 ps and 0—35 ps duration, respectively. As

Table 1

Details of concrete mix proportions

Series Water (kg/m’) Cement (kg/m?) Slag (kg/m®) Sand (kg/m®) Gravel (kg/m®) Steel fiber (kg/m?)
Mortar 176 518 202 1032

Normal concrete 176 472 202 632 948

Steel-fiber concrete 176 472 202 632 948 70
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Fig. 2. Original data of steel-fiber concrete.

the results shown, a duration interval from 0 to 35 ps was
found to be appropriate for isolating the failure mechanism
corresponding to the lower amplitude. The hits versus am-
plitude plot shown in Fig. 3a displays a single distribution
with a peak amplitude at 40 dB, with a total of 35,066 hits and
65,620 counts, resulting in a counts/hits ratio of approxi-
mately 1.87. The counts versus amplitude plot shown in Fig.
3b also has its peak at 40 dB with a single distribution such as
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Fig. 3. AE signal of mechanism 1.
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Fig. 4. Original data without mechanism 1.

that of Fig. 3a. Fig. 3c shows that the hits versus counts plot
has its center at a value of approximately 1.87, the same as the
counts/hits ratio calculated from the data of Fig. 3a. This
confirms that there is only a single predominant failure
mechanism presented in Fig. 3, which is labeled as mecha-
nism 1. The distribution of amplitude starts at about 36 dB
and ends at 50 dB. The hits having amplitudes greater than 50
dB can be disregarded since they probably represent overlap
from other mechanisms.
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Fig. 5. AE signal of mechanism 2.
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3.2.2. The second step

Having isolated mechanism 1, it was then removed
from the original data by filtering on a duration greater
than 35 dB. The results obtained using this filter for the
hits versus amplitude plot on amplitude distribution is
shown in Fig. 4a. This figure represents the original data
without mechanism 1. It has a peak at 44 dB and
includes 64,209 hits and 1,706,202 counts, resulting in
a ratio of 26.5 counts/hits. Fig. 4b shows peak of counts
versus amplitude plot at 56 dB, which is different from
the 44 dB peak seen in Fig. 4a. As a result, the shapes
are also slightly different. This indicates that there are
signals present from sources with different counts/hits
ratios. The peak in Fig. 4c is located at 5 counts, which
is different from the 26.5 calculated from the data of
Fig. 4a; thus, there are at least two overlapping distribu-
tions (failure mechanisms) present, which need to be
analyzed further.

Following the first step, the remain AE signals can
be divided into eight sections and labeled as mechan-
isms 2, 3, 4, 5, 6, 7, 8 and 9. Fig. 5 is the graph of
mechanism 2.

4. Results and discussion

Figs. 6 and 7 show the original AE signals of normal
concrete and mortar, respectively. According to the
method presented above, the AE signals from normal
concrete and mortar were divided into seven and five
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Fig. 6. Original data of normal concrete.
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Fig. 7. Original data of mortar.

sections, respectively. Tables 2, 3 and 4 present a
summary of the AE parameter characteristics for different
failure mechanisms.

From the results above, the number of failure mechan-
isms of mortar was two less than that of normal
concrete. Among these failure mechanisms, the AE para-
meter characteristics of mechanisms 1 to 7 for concrete
are the same as mechanisms 1 to 7 for steel-fiber-
reinforced concrete. From the experiments, mechanisms
8 and 9 both occurred at or near beam failure and
emitted high-energy signals. They can be thus considered
as steel fiber pullout and breaking, respectively. The
duration of mechanism 2 for mortar is nearly equal to
the sum of the duration of mechanisms 2 and 3 for
normal concrete and steel-fiber concrete, while the posi-
tion of the peak of the hits and the amplitude distribution
are similar to mechanism 3 for normal concrete and
steel-fiber concrete. As we know, there is only fine
aggregate in mortar, while normal concrete and steel-
fiber-reinforced concrete contain both fine and coarse
aggregates. According to the distribution of amplitude
and the percent of total hits (steel fiber concrete 18.5%,
normal concrete 17.0%), mechanism 2 for mortar and
mechanism 3 for concrete and steel-fiber-reinforced con-
crete are believed to be the development of bond cracks
between the cement paste and the fine and coarse
aggregates, respectively. Mechanism 7 is apparently re-
lated to crack extension through the coarse aggregate,
which emits high-energy signals. Mechanism 1, 4, 5 and
6, may be related to cracks initiating and progressing in
cement paste, which include micro flaws aggregation,
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Table 2

AE parameter characteristics for the steel-fiber concrete failure mechanisms

Amplitude distribution

Mechanism Peak (dB) Range (dB) Counts/hits Duration (ps) Hits % of total hits Counts
1 40 36-54 1.87 0-35 35066 353 65620
2 42 38-59 4.73 35-60 10588 10.67 50138
3 44 40-60 9.0 60—-130 18319 18.5 164756
4 47 42-64 16.7 130-220 12024 12.1 212829
5 51 43-66 31.7 220-355 10274 10.35 326176
6 56 47-70 53.2 355-555 7665 7.72 408902
7 62 51-75 82.6 555-800 3335 3.35 275786
8 71 55-83 114 800—1080 1305 1.31 149043
9 73 62—-100 149.6 1080—-4000 699 0.7 118572
Table 3
AE parameter characteristics for normal concrete failure mechanisms

Amplitude distribution
Mechanism Peak (dB) Range (dB) Counts/hits Duration (s) Hits % of total hits Counts
1 40 36-54 1.52 0-25 9248 332 14077
2 42 38-59 4.48 25-60 5271 18.9 23648
3 44 40-60 98.7 60—-125 4733 17.0 41236
4 47 42-64 17.4 125-220 3287 11.8 57214
5 51 43-66 31.7 220-355 2789 10.0 88999
6 58 47-70 55.8 355-555 1970 7.0 110017
7 62 52-80 104.6 555-800 1433 5.14 150127
Table 4
AE parameter characteristics for mortar failure mechanisms

Amplitude distribution
Mechanism Peak (dB) Range (dB) Counts/hits Duration (ps) Hits % of total hits Counts
1 40 36-47 1.64 0-35 304 433 500
2 44 39-55 6.4 35-125 189 27.0 1218
3 45 42-64 6.9 125-220 99 14.1 1681
4 55 46—64 314 220-355 57 8.1 1794
5 58 53-70 64.1 355-555 60 8.0 3847
Table 5
AE parameter characteristics for nine failure mechanisms

Mechanism
1 2 3 4 5 6 7 8 9

Duration (jis) 0-35 35-60 60—-130 130-220 220-355 355-555 555-800 800—1080 1080—-4000
Amplitude distribution (dB) 36-54 38-59 40-60 42-64 43-66 47-70 51-75 55-83 62—-100
Peak (dB) 40 42 44 47 51 56 62 71 73

micro-crack formation, crack extension, coalescence of
the micro cracks and initiation of macro cracks. Table 5
gives the parameter characteristics.

5. Conclusions

1. AE is an effective method for studying the failure
mechanism of concrete.

2. AE duration is the primary filter parameter. Different
filters were set on the AE duration and the graphs of counts

versus amplitude and hits versus counts were plotted to
verify that a single failure mechanism was present in the
separated amplitude distribution, and the different failure
mechanism can be isolated, respectively.

3. Experimental results indicate that there exist five,
seven, and nine distinct failure mechanisms for mortar,
concrete and steel-fiber-reinforced concrete, respectively,
during the entire fracture process.

4. Based on the experiments, the AE signal parameters
for different failure mechanisms involved in steel-fiber-
reinforced concrete, concrete and mortar were obtained.
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