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Characterization of damage mode ||
in compression-induced shear mortar
prisms by acoustic emission technique
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Abstract

Acoustic Emission Technique (AET) has
been conducted to classifydamages in
cementitious specimens by applying
RA method indicated in RILEM TC
212-ACD. However, the disadvantage
of this method is that the percentages
of damage modes (tensile and shear
mode) are not quantified. It is also a
topic of interest for recent researchers.
This paper presents the compression-
induced shear experiment tests on three
cement mortar prisms. After filtering the
noise-related signals, RA methodwas
executed to individual signalsto
determine the damages proportion. The
results showeda significant discrepancy
between the two modes: tensile mode
occupied in the specimens.
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1. Introduction

AET is a common non-destructive testing method that used to locate the
micro-cracks, characterize the damage modes, and assess the damage severity of
the construction structures. Some primary AE parameters can be directly extracted
from one signal such as the Count, Amplitude, Duration, Rise-time (Figure 1). And
some secondary features as RA and AF are calculated as follow, the Rise-timeper
maximum Amplitude resulted RA value (ms/V) while the Average Frequency (AF,
kHz) is obtained from Count per Duration.lt is believed that by damage classification
applying RA method, the tensile mode (or mode I) results waveforms with short
Rise-time and high AF, whereas shear mode (or mode Il)generates waveforms with
longerRise-time and lower AF than those in mode I[1].

The RA method was widely applied to classify damage modes in laboratory
tests as well as in real-structure assessments as represented in some studies in [1],
[2], [3], [4], [5], because the process of damage in tested material can be operated
without moving the specimen and its heavily load above. However, this method
has a disadvantage that users have to decide the proportion of mode | and mode
Il damages. To illustrate, the position of the diagonal line which divide the damage
zones on Figure 2 needs to be defined by users. This means that the ratio K = A/B
(ms/VxkHz-1) varies depending on the testing configurations as well as type of
material used for the experiments and the users have to determine it. Therefore,
additional researches need to develop to help users to quantify damage proportions.

In some recent bending tests, the increase of RA at the same timewith the
downshift of AF have been concluded to be related to the shifting of damage modes
from tensile to shear [3], [5]. Additionally, some authors indicated that the damage
processes have the similarly trend that they began with mode | whereas mode Il
appeared at final failure and lead the samples to completely broken[3], [5], [7], [8],
[9], [10], [11].

However, the AE signals are elastic waves whichgeneratefrom micro-cracks (or
events) within materialand then propagate to the receiving sensors. And during
traveling, their shapes are influenced by the heterogeneity of propagation medium,
by interruption of existing cracks and etc. Thus, their calculated AE parameters (for
example, RA and AF) also strong influencedand thensupplying wrong information to
the damage classification by RA method.In cement-based materials, this phenomenon
has been found in some recent studies in[12], [13], [14], andsomeauthors concluded
that RA values significant increasedwhen the propagation distancesincreased[13],
[15]. Therefore, damage classification should definitely incorporate with the
propagation distance data since the RA and AF values that used to characterize
damage modes may well differ as measured by sensors at different places. Thus,
the application of RA method to damage classify of cement-based structures is still
questionable.

In terms of signal processing, during AE tests, a large number of AE signals
with inconsistent shapes and parameters which do not correspond to AE hits are
obtained. Thus, filtering works have been conducted on this raw data to eliminate
surrounding noise. As noted, worthy, the hits with low magnitude (Duration less
than 10 ps and count less than 2) could be related to background noise.

In this paper, three compressive tests to promote shear damage (compression-
induced shear) on cement mortar prisms were conducted. The damage classification
by RA method was conducted to individual signals after filteringwith coefficient K =
1/10(ms/VxkHz-1).
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Figure 1. Conventional AE signal features[1]
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Figure 3. Sensors arrangement on a) front and b) rear of

specimens

2. Experimental methodology and acquirement system

2.1. Specimens’ setup

Three mortar prisms, named MSC1, MSC2 and MSC3
(Mortar - Shearunder Compression-induced test), with
dimensions 0f50x50x105 mm3were made. In thismaterial,
the aggregates consist of 100% crush fine sand with
maximum size less than 4 mm, and CEM | Portland

Al (kH#
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Figure 2. Damage classify by RA method in RILEM

TC 212-ACD with the floating dash-line depends
on RA and AF values [6]

2.2. Acoustic Emission acquisition setup
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AE activities were recorded by using eight-channel PCI-
8 acquisition device of the Physical Acoustic Corporation
(PAC). AE detection was performed by means of six PAC
R15-a sensors, with operating frequency from 50 to 400
kHz and resonant frequency 150 kHz. These sensors were
fixed on the front-view and back-view of the samples as
presented in Figure 3a) and b), respectively. The three-
dimension Cartesian coordinates of the sensors are indicated

in Table 1.
Table 1. AE sensors arrangement on specimens
Sensor no. X (cm) Y (cm) Z (cm)
1 2.5 5.5 5.0
2 0 8.5 2.5
3 0 2.5 2.5
4 2.5 5.0 0
5 5.0 8.5 2.5
6 5.0 2.5 2.5
The PAC preamplifiers model 2/4/6 (selectable

cement(taken from Lafarge factory, France)was used. The

sand/cement and  water/cement
ratio were 3.0 and 0.5, respectively.
The mortar mechanical properties
were determined at age of 28 days
on threecylinder-specimens  with
diameter 118 mm and height 225 mm.
The compressive strength, f, =48.2
MPa,and the Elastic modulus, E =
28.1 GPa,were calculated according
to RILEM CPC8 recommendation.

The specimens were subjected to
compression tests to promote shear
failure on the 45-degree inclined
diagonal surface under monotonic
loading by a servo-hydraulic MTS
machine. For that, notch with 4 mm
in thickness and 15 mm in depth were
practise as illustrated in Figure 2a and

gain 20/40/60 dB + 5% dB) provide a gain of 40 dBs to
increase the signal-to-noise ratio. The acquisition system
was calibrated before each test using a standard source

b. To control the test, a loading-rate of ~ Figure 4. Prism MSC3: a) Completely damagedat final and, b) 3D localization of

50 N/s was applied. AE events
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Pencil Lead Break (PLB) procedure ,:
called Hsu-Nielsen test. To assure

the changeless concerning sensors 3

sensitivity before and after each

test, an Auto Sensor Test (AST) was 3
carried out. From the coupling tests
(PLB and AST), the average velocity
of acoustic wave propagation was
estimated around 4,000 m/s for
event localization.
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3. Evolution of mechanical damage
versus AE signals & B im

During the tests, the initial AE
events occur at the contact site

between the platen of compressor MSC3
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Figure 5. Evolution of loading and shortening displacementin MSC1, MSC2 and

machine and the sample surface. To
reduce as possible, the occurrence of
these events in order to limit frictions
between the platens and the sample
and to focus the damage progression
around the notch position, two Teflon
sheets were placed at both ends
of the sample at the compressed-
contact position. The Figure 4 a)
and b) present the final failure of
MSC3 specimen (MSC3 is chosen for
illustration) and the location of the !
AE events obtained during the test, o 5
respectively.

Figure 5 shows the evolution
of loading versus shortening
displacement for three tested
prisms. Globally, the three specimens
presented the same trend. In MSC1, the peak loading value
(25.5 kN) was archived for a shortening displacement of
656um while in MSC2 and MSC3, the maximum load peak
(23.7 kN and 23.8 kN) was reached for displacement values
of 494 um and 683 um, respectively.

The Figure 6shows the loading curve and the Amplitude
of signals obtained versus time in the MSC3 (MSC3 was
chosen for illustration). During the test, AE signals were
continuously recorded in the area around the notch. Before
a crack became visible, a large number of micro-damages
were created in the specimens. These micro-damages then
lead to the visible crack at the notch position. In these
tests, beams MSC1 generated 78,686 signals after 509 s;
MSC2 and MSC3 received 30,826 signals (after 473 s) and
91,881 signals (after 475 s), respectively. It can be seen,
MSC2 received the lowest number of AE signals comparing
to MSC1 and MSC3. It could be explained that due to the
lowest displacement of this specimen, the number of micro-
cracks in MSC2 is lowest leading to the lowest number of
AE signals.

The amount of received AE signals during MSC1, MSC2
and MSC3 testswere also represented by cumulative curves
as shown inFigure 7,Figure 8andFigure 9, respectively. It has
been observed that the number of AE signals is continuously
increased parallel with the development of the loading, and
almost signals were recorded in the period from 40% to
peak load, as the appearance of the clearance steps in the
final period of cumulative curves.

Figure 7, Figure 8 and Figure 9 present loading and
cumulative of AE signals versus time during MSC1, MSC2

15 Futia) kel i 15 00 15 ¥4
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Figure 6. Loading and AE Amplitude versus time in MSC3

and MSC3 tests, respectively. It can be observed that
the number of AE hits continuously increases with the
development of the loading. And there is a change of
kinetics at around loading value 15 kN (60% of peak load) at
the time 300 s. From this point onward, the AE numbers are
significantly increased.

4. Raw data filtering and clustering technique

Filtering process is necessary to distinguish AE signals
from other interfering signals such as noise, friction
between specimens and platen of testing machine and
echo. In this study, signals with Count number less than
2 and Duration less than 10 ps was removed. A typical
AE waveform removed from AE raw data by the filtering
process is presented in Figure 10. The filtering results for
three specimens are indicated in Table 2.

The Figure 10a) and b) illustrate the location of events
before and after applying the filter technique for beam
MSC3 at the failure state. The filtering technique had mostly
eliminated the events localized far from the damaged zone.

5. Crack classification by applying RA method

In this study, an attempt to discriminate the damage
modes (mode | or mode Il damage) by means of a parametrical
analysis (RA method) was made. According to the RILEM
TC 212-ACD recommendation [6], the RA and AF values of
the individual signal not eliminated after applying the noise
filtering process are put on the same graph.

The maximum value on the RA and AF axis are A (ms/V)
and B (kHz), respectively (Figure 2). The transition from
mode | (or tensile mode) to mode Il (or shear mode) at the
ratio of K = A/B (ms/VxkHz-1) is indicated by the diagonal
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line on the classification diagram. In
this diagram, the signal with high RA
is classified to shear mode, whereas
the signal with low RA is classified
to tensile mode. The proportion
of damage modes can thus be
obtained.

In these tests, the maximum RA
and AF values are 50 ms/V and 500
kHz, respectively, then demarcation
line is defined with ratio K = 50/500
= 1/10 (ms/VxkHz-1). By applying
RA method, the damage in MSC1,
MSC2 and MSC3 was characterized
by the dominance of tensile mode,
as 96.8%, 96.3% and 97.3% of the
whole damages, as presented in
Figure 12, Figure 13 and Figure 14,
respectively. The “strong” classes
with high Amplitude, Duration
and ABEN produced 100% tensile
mode. And the other classes (0 and
1) having low Amplitude (from 40 to
50 dB) resulted in almost mode | and
only 3.2% of mode Il. At the end of
the test, the MSC1 specimen was
completely broken but no significant
evolution of RA value was observed.
This observation is contrary with
what was reported in [3], [5], [7],
[8], [?9], [10], [11], where authors
concluded that a large amount of
signals with high RA appeared at the
end of the test, before the fully failure
of the specimens. Nevertheless, this
conclusion was obtained on bending
tests of concrete, RC and composite
beams, while in this study we have
tried to generate pure shear failure.

The same conclusions as in
the case of MSC1 can be drawn
for MSC2 and MSC3 in theFigure
13andFigure 14, respectively.

Damage classification by
applying RA and AF that calculated
from individual signals after noise-
related filtering shows 100% signals
in high-Amp group are classified to
mode I. And almost of the signals
in medium-Amp group are also
assigned to tensile mode. The mode
Il is only classified from low-Amp
group and it occupies around 3%
of the whole signals. Most of the
signals in mode Il appear at the final
moment of the tests and before the
completely failure of specimens.
However, the low amount of mode Il
in the shear-failure specimens under
these tests raises a question to the
damage classification by RA method.
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Proportion of noise-

preserved signals related signals (%)

55%
58%

6. Conclusions Table 2. Results of filtering noise-related signals
Background noise-related filtering Number of Number of

technique applied to raw AE data plays Beam Raw signals

an important role in the applications of

RA method. Filtering processes preserved MSC1 78,686 35,428

burst emission signals, thus resulting more MSC2 30,826 12,937

accurately to damage classification. In this

study, the filtering process eliminated up to MSC3 91,881 42,567

54%

55% of the noise-related signals.

It can be concluded that while 100%

signals having high amplitude (above 65 dB) were assigned to
mode | damage, the low-amplitude signals (40-55 dB) were
assigned to both damage modes where the mode Il occupied
very low proportion. Results of damage classification on
individual signals (i) indicated that mode | damage was
dominant in three blocks. Although the specimens were
completely failed, the low proportion of mode Il was not in
agreement with what has been reported in [3], [5], [7], [8],
[9], [10], [11], where authors concluded that a large amount
(they did not indicate the proportion) of signals having high
RA values appeared at the end of the test and before the
specimens are completely failed.

Figure 11. 2D localization of events in MSC3: a) before,
and b) after filteringthe noise-related signals
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Figure 12. Damage classification in MSC1 specimen (K = 1/10), mode I: 96.8%
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Figure 13. Damage classification in MSC2 specimen (K = 1/10), mode |: 96.3%
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Figure 14. Damage classification in MSC3 specimen (K = 1/10),

In terms of waveform shape of thesignals in mode I, it
can be explained thatsome AE signals, which were affected
by the development of crack in the specimen and etc,,
were converted to distortional waveforms with high RA.
They appeared at the final moment when the cracks were
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