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characterize the difference between the fracture modes using simple features analysis based
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on the activity of the early loading. It is the ﬁrst time that such a direct correspondence
between the stress ﬁeld and the results of a monitoring technique emerge for granite. This
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offers new insight in the material's behavior especially in relation to complicated geometries
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1.

Introduction

Fracture of structural materials exhibits a typical succession.
Micro-cracking due to tension occurs with low to moderate
load and later shear phenomena tend to dominate [1]. Deﬁning
of the main fracture mode provides information on the
fracture process and the structural behavior of the materials
and structures. A suitable way to monitor fracture is the
acoustic emission (AE) technique. AE utilizes piezoelectric
sensors attached on the surface of the material to record the
stress waves triggered after crack nucleation and propagation
events in analogy to the earthquake activity but in smaller
scale [2–4]. Several studies have been published on monitoring
of fracture evolution [5–8], monitoring of corrosion [9], healing

[10] and creep in granite or other materials [11,12]. AE signals
from cracking and debonding have been separated in
composite structures, where in addition to the cracking of
the matrix material, reinforcement in the form of bars, ﬁbers or
patches was detached from the matrix [13–15]. Recently shear
and tensile patterns of fracture in the matrix material itself
have been targeted in mortar, concrete and marble specimens
[16–18]. This paper presents the AE activity during bending and
shear tests of granite beams in laboratory. Mechanical
behavior of granite is of interest in different ﬁelds, from
restoration of cultural heritage monuments to underground
engineering and excavation works [19–21]. AE has been used
for monitoring the fracture and localizing the sources [20,21]
while ultrasonics for correlations to the damage degree of
granite materials [22]. AE total activity, event location and
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indices like the ‘‘b-value’’ have proven helpful to improve the
difﬁculties in determining the damage level and the crack
density of granite [23]. After the test, the specimens were
repaired by epoxy resin with polyamide hardener, and loaded
to failure a second time under the same mode in order to
evaluate the degree of restoration of properties. This supplied
information on the restoration power of adhesive repair for
different loading patterns which is particularly important in
cultural heritage engineering. AE was monitored by two
resonant sensors enabling event location and allowing to
capture all relevant activity due to material fracture excluding
noise. The AE characteristics most sensitive to the changes in
the stress ﬁeld are presented and discussed.

2.

Experimental details

2.1.

Materials-repair method

Two types of granite were used, one named Giallo Rusty from
China with a density of 2470 kg/m3 and the other named
Tropical Black with a density of 2613 kg/m3 from Italy. For
convenience the ﬁrst type will be addressed as G2 and the next
as G6. The specimens were prismatic of size
40 mm  30 mm  160 mm. Three of the specimens per
granite type were subjected to three-point bending according
to EN 13892-2:2002 see (Fig. 1a). The load was applied at a
constant rate of 50 N/s and the loading was automatically
terminated at the moment of load drop. The setup was
modiﬁed for the test of the other three specimens per granite
type that were intended for the ‘‘shear’’ mode: a metal tab of
length of 50 mm was placed in the center above the specimen
(Fig. 1b). Although at the three-point bending test, the crack
starts from the central point of the bottom side due to the
tensile stresses, for the modiﬁed test, the metal tabs used for
support reduce the free bottom span and leave only a small
zone available for shearing which is triggered by notches on
both top and bottom sides of the specimen of 5 mm depth
(right in Fig. 1b). In a previous study, static FEM simulations
conﬁrmed that shear stresses obtain much higher values than
normal at the notch tip [17]. Additionally, Fig. 1a and b shows
typical granite specimens during the bending and shear test
respectively.
After bending and shear fracture has occurred all the
specimens were repaired in the crack surface with a twocomponent bonding system based on epoxy resin and
hardener named ‘‘Epoxol’’ in its commercial product name.
It is a specially formulated, high viscosity, two component
polyester marble adhesive-putty used to bond and ﬁll for
repair purposes with hardening time of approximately 5–6 h
[24]. The bonding was carefully established so that the original
geometry of the specimen was not altered.

2.2.

AE testing

AE monitoring took place by means of two piezoelectric
sensors (R15, Mistras). Their resonance comes at 150 kHz and
their positions on the specimens are shown in Fig. 1. One
sensor was placed 15 mm away from the expected crack,
which was secured by a notch. The second sensor was placed

Fig. 1 – (a) Three point bending and (b) shear test of granite
with concurrent AE monitoring by two sensors.
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Fig. 2 – Typical AE waveform and its basic characteristics.

40 mm away. Both sensors were positioned at the same side of
the crack in order to be able to characterize the distortion of the
signals as they propagate for the additional distance of 40 mm.
Acoustic coupling was improved by silicon grease between the
sensors face and the specimens' surface. AE activity was
captured by a two-channel PCI-2 Mistras board with sampling
rate of 5 MHz. The threshold was 40 dB, as well as the preampliﬁcation. A schematic representation of a waveform is
seen in Fig. 2. Some of the main features are the maximum
amplitude, A (usually in dB), and the duration (period between
the ﬁrst and the last threshold crossing). The ‘‘rise time’’, RT
(which is the time between the ﬁrst threshold crossing and the
point of peak amplitude in ms) is related to the fracture mode of
the crack. It has been shown that shear type of failure like
debonding of patches, pull-out of ﬁbers and shear matrix
cracking induces signals with longer duration and RT, mainly
attributed to the higher proportion of transverse elastic waves
that are triggered by the parallel motion of the crack tips
[13,14,16–18]. Frequency content can be measured by AF
(average frequency), which is the total number of threshold
crossings divided by the duration while there are other indices
based on the spectrum of the FFT.
Before the fracture tests, ultrasonic measurements were
conducted on the samples, according to Fig. 3. They were
conducted by the same piezoelectric transducers as the AE
monitoring. The electric excitation triggering the pulser was
one cycle of 150 kHz. The received signal was digitized with
10 MHz sampling and the ﬁrst detectable disturbance of the
waveform was picked manually. The measurement corresponds to the longitudinal waves which are the fastest type.
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Pulser

Table 1 – Pulse velocities and elastic moduli for both
granite types.

Receiver

Granite specimen

Type

Longitudinal wave
160 mm

Fig. 3 – Schematic representation of ultrasonic test with
longitudinal waves.

Specimen

Pulse
velocity (m/s)

Elastic
modulusa (GPa)

Giallo Rusty

G2AB
G2BB
G2CB

4969
5333
5031

61.0
70.3
62.6

Tropical Black

G6AB
G6BB
G6CB

5735
6084
6061

85.9
96.7
96.0

a

Elastic modulus E, was calculated through relation E = rC2, where
r is density and C the pulse velocity.

Pulse velocity was calculated by the length of the specimens
(160 mm) over the wave transit time.

3.2.

3.

Results

3.1.

Ultrasonic and mechanical results

Table 1 includes the results of the ultrasonic pulse velocity
test. Specimens of type G6 exhibited values close or above
6000 m/s, while G2 lower, around 5000 m/s. This implies
higher stiffness for G6. Indeed based on the densities of the
materials and the measured wave velocities, the elastic
moduli values are between 60 and 70 GPa for type G2 and
around 90 GPa for type G6, as seen in Table 1. The maximum
loads for both bending and shear tests for the intact and the
repaired version of the specimens are included in Table 2. The
intact Tropical Black (G6) specimens exhibited steadily higher
bending load which is in accordance with its higher ultrasonic
pulse velocity. In the shear test, there is again a difference in
favor of G6 in average (approximately 1 kN), but with overlap
between the populations. Concerning reloading after repair, all
specimens maintained their initial fracture surface and for the
bending test there is a noticeable restoration of approximately
50–75% of the initial strength. For the shear, the restoration is
much lower between 30 and 40%. This is for both types of
granite indicating that after repair by epoxy, the material is
more susceptible to shear, while for bending the order of load
that can be carried is quite restored to the ‘‘virgin’’ state,
though not completely. Photographs of typical specimens after
fracture are seen in Fig. 4.

Acoustic emission activity – bending test

Before presenting the differences of AE descriptors based on
the mode of test, the curves of the cumulative AE events
activity vs. time can be seen in Fig. 5. These curves reveal the
rate of nucleation/propagation of cracks and help to assess the
time or load during which most of the damage is occurring.
The left column concerns bending of three healthy specimens
and right concerns the reloading of the same specimens after
repair by epoxy. The depicted activity concerns the ‘‘events’’
and not the whole number of recorded AE hits. Speciﬁcally, by
applying two sensors, it was possible to activate ‘‘linear
localization’’. Practically, by the time delay between acquisitions of two successive signals by the two sensors, the actual
location of the source can be calculated. Localization makes
use of the ultrasonic pulse velocity that was measured
beforehand. This way, the activity concentrated in a zone of
10 mm around the crack was isolated in the speciﬁc analysis.
This serves two purposes; one is to eliminate possible sources
of noise that may contribute to the overall recorded activity but
they are not actually due to the fracture in the intended mode
and location. The second is to avoid contributions by the
attenuation and dispersion of the material: isolating the origin
of the events in a narrow zone of 10 mm, it is sure that the path
of propagation was very similar for all the different events
until being recorded by the sensor. Therefore, possible
inﬂuence by attenuation and material heterogeneity is kept
to a minimum. The information presented in this analysis
comes from the sensor closer to the crack in order, as

Table 2 – Maximum load for two granite types for both test modes.
Type

Specimen

Bending (kN)
Healthy

Repaired

Strength
restoration (%)

Specimen

Shear (kN)
Healthy

Repaired

Strength
restoration (%)

Giallo Rusty

G2AB
G2BB
G2CB

3.626
3.883
3.836

2.303
1.882
2.759

63.5
48.5
71.9

G2DS
G2ES
G2FS

5.491
3.626
4.074

1.513
1.395
1.138

27.6
38.5
27.9

Tropical Black

G6AB
G6BB
G6CB

5.286
4.89
4.444

3.527
2.989
2.287

61.8
51.1
73.8

G6DS
G6ES
G6FS

4.222
7.209
4.771

1.576
2.152
1.693

37.3
29.9
35.5

Last letter ‘‘B’’ in the codenames denotes ‘‘bending’’ and ‘‘S’’ denotes ‘‘shear’’.
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Fig. 4 – Typical specimens after fracture (a) bending, (b) shear.

aforementioned, to clear the waveforms from effects of
distortion from the additional propagation of 40 mm, even
though the distance is quite short.
The plots start at time zero when the central loading point
touched the specimen. This contact resulted in a small
number of hits, but not in events as it did not originate from
the fracture zone and it was not related to the fracture process.
After a period (A) of silence indicating no cracking activity due
to negligible stresses, a few events were recorded (point B).
Another plateau followed (C) and at point D a moderate
activity started to be noted, continuing throughout period E.
Finally, there is an increase of AE rate (stage F) leading to the
ﬁnal fracture of the specimen. All healthy specimens seem to
follow a more or less similar pattern of AE activity. The only
remark is that stage ‘‘E’’ for the specimen G2CB exhibits much
less activity than the other two specimens. These plateaus in
the AE activity have been observed in compression experiments of granite as well [25], and more speciﬁcally, two zones
of ‘‘avalanche-like’’ activity interrupted by a long period of
acoustic silence. This is related to initial micro cracking which
is restrained, while the material accumulates elastic energy
before mechanisms of larger scale become active.
The behavior of the same specimens at reloading after
repair does not seem as uniform and cannot be described with
the same stages. This is not surprising as the homogeneity of
the material has been irreversibly changed leading to stronger
experimental scatter between different samples. Indicatively,
the second specimen (G2BB repaired) did not even exhibit a
plateau once the emissions started at 31 s, while the last
specimen (G2CB repaired) exhibited a large plateau between 35
and 55 s. On the other hand, the ﬁrst specimen (G2AB repaired)
had a stage of moderate activity.
The behavior of specimens from granite type G6 is shown in
Fig. 6.
For the specimens of this granite type the same succession
of stages seems to hold (especially the two last healthy
specimens). Concerning the repaired, again there is not a
unique trend, as the ﬁrst specimen exhibited a long silence
plateau, the second an exponential increase of AE and the last,
a stage of moderate activity instead of plateau or exponential
increase. One detail that can be mentioned is that the initial

plateau was slightly longer for the repaired specimens than
the healthy in both categories. For the repaired version of the
specimens this silent period was between 30 and 40 s, while for
the healthy it was equal or shorter than 25 s. This can be
attributed to the elasticity of the epoxy resin which is one order
of magnitude lower than elastic modulus of granite. Therefore,
under a certain displacement rate, it can strain for longer
period of time before emitting acoustic signals due to
irreversible cracking.

3.3.

Acoustic emission activity – shear test

The corresponding AE activity for specimens G2 tested in shear
is shown in Fig. 7. The behavior of the intact specimens, is
shown at the left. All specimens exhibited a continuous line
once the activity starts, without plateaus like the corresponding bending tests. It seems that shear micro-cracking was
continuous without periods of stress build-up as was the case
for bending. For the repaired specimens at the right of Fig. 7,
the whole duration was shorter since the specimens failed at
much lower load. The initial period of silence remains of the
same order followed by a more or less linear path until failure.
The AE behavior of granite G6 is shown in Fig. 8. The trends
remain similar for the healthy specimens, with the AE activity
building up in a more or less linear way until failure. In this
case, the repaired specimens showed a more uniform
behavior, including an initial plateau, an increase of the rate
followed by a slight decrease before the rise of the slope up to
failure. The linear development to failure was not followed by
the repaired specimens.

3.4.

AE waveform parameters analysis

Apart from the total activity, AE parameters shed light in the
fracture process and speciﬁcally have been used to characterize the fracture mode [26–28]. Therefore, it is deemed very
important to check the values of AE parameters as it has been
shown that they are sensitive to the different type of loading
and the resulting fracture pattern. Of particular importance in
this study is the rise time, RT, as shown in Fig. 2, which showed
the most drastic changes between the two fracture modes. In
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Fig. 5 – Accumulated AE activity of granite G2 vs. time for the bending test: left healthy, right repaired specimens.

order to analyze the development of the AE parameters during
loading, indicative parts of the whole population were isolated
as shown in Fig. 9. One part was taken during the early stage of
the loading when the AE rate was still moderate (below 50% of
ultimate, class 1, green) and the second just before ﬁnal failure
when the AE recording rate was much faster (class 2, blue).
The populations from all three specimens of each type were
added together to produce a larger database of AE signals,
received at initial loading stages (class 1) and before failure
(class 2) separately for bending and shear loading. Fig. 10
shows the density distribution of the values of RT of the early
class 1 for bending and shear of granite G2 (top) and G6
(bottom). Concerning bending of G2, most of the RT values are

below 40 ms (see Fig. 10a), having a peak at 20 ms. For the shear
type of loading, the distribution moves to higher values up to
100 ms (again Fig. 10a), while there is also a small peak at
180 ms. The picture is quite similar for granite G6 in Fig. 10c;
bending load results in RT mostly below 40 ms, while the
corresponding distribution for shear extends up to 200 ms. This
is a very direct indication of the inﬂuence of the stress tensor
(normal-shear) to the AE exhibited during fracture and has
never been measured in granite so far. In addition to the whole
distributions as depicted in Fig. 10, the averages of the
populations are very indicative; Bending of G2 and G6, results
in average values of RT of 45.1 ms and 42.5 ms respectively,
while for the shear tests the corresponding average RT values
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Fig. 6 – Accumulated AE activity of granite G6 vs. time for the bending test: left healthy, right repaired specimens.

are 210.8 ms and 229.7 ms, being four to ﬁve times higher. The
reason can be related to the different wave modes (longitudinal or transverse) that are triggered by the motion of the
crack sides under the dominant mode [30]. This enables the
assessment of the type of stresses acting on the material by
passive AE monitoring of the initial loading stage without
inducing serious damage in the material (e.g. less than 50% of
maximum load).
For the repaired version of the specimens things do not
seem to change considerably (see Fig. 10b and d). For both
material types, bending RTs are limited up to 40–60 ms, while

shear ones extend to 200 ms or more. In the case of Fig. 10d
concerning granite G6, even though the highest peaks of RT
distributions coincide at 20 ms, the shear distribution extends
to higher values and the average value is at 126 ms compared to
57 ms of bending. This shows that the intended fracture mode
is followed even after repair conﬁrming that AE is a suitable
technique for passive characterization of the stress built-up
and fracture accumulation. It should be mentioned that apart
from the populations up to 300 ms which are shown in the
graphs, there are systematic differences in the higher regimes.
Speciﬁcally, for the bending tests of both granites, only 2% of
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Fig. 7 – Accumulated AE activity of granite G2 vs. time for the shear test: left healthy, right repaired specimens.

the RT population is included above 300 ms, while for shear this
percentage is 10% leaving a substantial part of the population
to higher values. This behavior of higher RT values corresponds to the different stress ﬁeld, which as aforementioned
targeted the shear type of failure and has been seen in
materials like mortar and concrete [16,17]. Measuring the
waveform parameters enables conclusions on the fracture
mode simply using one sensor (essentially the 2nd is for noise
removal in this case), while a more elaborate approach would
be the moment tensor analysis (MTA) that requires multiple
sensors. Though the results of MTA are quite detailed [31],
application may not be practical in all situations since the
number of at least six sensors is necessary for recording of
each AE event.

It is interesting to note that these differences in the activity
of class 1 were obtained much earlier than ﬁnal fracture, before
the load bearing capacity of the specimens has been
compromised. Therefore, it is possible that after suitable
study, a proof test with simultaneous recording by AE can
reveal the dominant stress component as well as indicate the
suitability of the repaired material to withstand the same
loading pattern.
The behavior of the AE populations at higher load (class 2) is
shown in Fig. 11. It is interesting to see that the differences
between bending and shear in this case are much smaller. For
granite G2, the density distribution of shear RT values has its
peak at the same point (i.e. up to 20 ms) but is wider reaching to
values up to 200 ms (Fig. 11a). For G6 the distributions are
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Fig. 8 – Accumulated AE activity of granite G6 vs. time for the shear test: left healthy, right repaired specimens.

essentially the same (Fig. 11c). This ﬁnding shows that after
the initial micro-cracking is developed according to the
different loading pattern (bending or ‘‘shear’’), at the ﬁnal
stage of loading the material fractures nearly in the same way
independent of the type of loading. This behavior, although
should be further investigated, it has been evidenced in similar
media where the regime near the load peak ‘‘is characterized
by a strong strain localization, independent of the actual
failure mechanism’’ and the energy dissipation is ‘‘a surfacedominated phenomenon, analogously to the tensile behavior’’
[5,32]. It is compatible with the assumption that the shear
fracture occurs by the coalescence of tensile micro-cracks.
Most of the systematic differences therefore, are seen in the
early behavior, while later fracture (even from the ‘‘shear’’ test)

resembles tensile behavior, which justiﬁes the low RT values
during high load. It will be interesting to use FEM to simulate
the stress ﬁeld during fracture, in order to reveal how the
dynamic stress tensor changes after the crack initiation,
relatively to the initial stress ﬁeld revealed by static simulations [17]. The repaired specimens' behavior is similar, with
the ‘‘shear’’ distributions peaking at the same point but
usually expanding to slightly higher values than ‘‘bending’’
(Fig. 11b and d). The above show that simple analysis can
reveal the preliminary fracture mechanism and the tendencies
that will be followed throughout loading. Experimental scatter
is inherent with AE and therefore, it is almost impossible to
completely separate the data hit by hit regarding their origin.
However, taking into account an indicative group, the relative
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differences can be well identiﬁed and shed light in the damage
process since, as shown the population distributions are quite
different.

4.

Fig. 9 – Cumulative history of events and indicative class
separation using the Noesis software [29].

Discussion

In this section some speciﬁc issues are discussed after the
basic results were presented. The ﬁrst point concerns the
characterization of the fracture mode. This characterization is
based, as aforementioned, on the initial static stress ﬁeld as
simulated by FEM analysis. For the so-called ‘‘shear’’ experiment, the ratio between shear and normal is more than 2 at
the point of the notch [17]. Therefore, it is highlighted that
although shear stress is high, this is not pure shear. We use the
term ‘‘shear’’ for simplicity to denote mixed mode with
stronger shear components. It is also highlighted that the
microstructure of the material may well change the conditions
of crack propagation from what is macroscopically calculated
even in the static case, let alone the dynamic crack propagation. The present manuscript considers the initial ‘‘macroscopic’’ static loading conditions and not how the fracture
process develops after crack initiation. From the moment the

Fig. 10 – Density distributions of RT for AE populations at moderate load (class 1). (a) G2 Healthy, (b) G2 Repaired, (c) G6
Healthy, (d) G6 Repaired.
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Fig. 11 – Density distributions of RT for AE populations at high load (class 2). (a) G2 Healthy, (b) G2 Repaired, (c) G6 Healthy, (d)
G6 Repaired.

fracture starts, the process zone is affected ‘‘by the stress ﬁeld
generated by the fracture itself’’ [33] and simulations become
much more difﬁcult and would need more details to yield
reliable results. Thus, it is argued that the stress ﬁeld is
dynamic and changes continuously after each crack propagation event compared to the initial static ﬁeld. However, due to
the different starting points of fracture (high normal stress in
the one experiment and high shear in the other), there are still
considerable changes in the fracture behavior as monitored by
the AE parameters.
In the ‘‘shear’’ experiment, in order for the fracture to be
developed in the speciﬁc intended way, the notches were
necessary. After breaking some specimens it was made clear
that notches were important to achieve the fracture in the
predeﬁned zone. Else, several specimens were fractured again
near the middle, where the shear stresses are lower and
normal are higher. By making the notches, the cross section is
reduced in the targeted zone and the fracture zone is dictated
to occur at the point where shear stresses are higher. Thus the
comparison between the bending and ‘‘shear’’ test was
possible. Additionally the notches were essential for the
reliability of the AE measurements. In order to be able to

collectively study all experiments, the distance between the
fracture zone and the sensors should be similar. Else if the
location of crack was random, due to attenuation and
distortion of the signal, a few additional cm would not allow
studying the signals as one group. In order to check only the
effect of fracture mode, it was necessary to ﬁx the other
parameters (like propagation distance between source and
receiver) so that they do not crucially inﬂuence our result. The
ﬁrst sensor was in all cases 2 cm from the zone of the crack.
The second was another 4 cm away. The reason that both
sensors were at the same side, is that this gives the
opportunity in the near future to check the AE parameters
in terms of their additional propagation distance from one to
the other receiver. Since all sources are from the same side of
the sensors, this additional distance can be useful for
characterizing how the AE parameters change by the additional propagation of 40 mm between the two receivers.
Concerning the difference in the cumulative AE behavior
between shear and bending it is difﬁcult to state a speciﬁc
reason. Failure under the shear loading registers a nearly
constant AE rate until failure without plateaus. The reason is
difﬁcult to conclude from this experimental study. This cannot
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be related to literature since previous works do not target two
distinct tests like herein, but a single test type (usually
compressive) which leads to all different fracture events
(tension, shear, mixed). In most of the cases these modes
coexist [5,23,31,33]. This behavior seems to be a ﬁnding to be
explored further.
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references

5.

Conclusions

The paper describes and discusses the fracture behavior of two
granite types under different modes. Tests were accompanied
by ultrasonic assessment before loading and acoustic emission monitoring during loading. The two granite types
exhibited quite consistent behavior either in bending or shear
exhibiting the similar trends in AE cumulative history and AE
parameter values. This cannot be said for the adhesively
repaired version of the specimens during the second loading
as each specimen behaved in a unique way. Apart from the fact
that ultrasonic pulse velocity is considerably higher for higher
strength granite, the basic conclusions are mentioned below:
i) The characteristics of AE waveforms are directly sensitive
to the loading pattern (bending or shear). When preliminary damage is building up during moderate shear loading,
AE signals have much longer RT than the corresponding
bending damage. This direct correspondence between the
initial stress ﬁeld and the AE waveform parameters has not
been explored in granite before. It allows to get information
on the fracture very early in loading and before serious
damage starts to be inﬂicted.
ii) Shear loading produces a more continuous acoustic
activity compared to bending. This implies that while
bending damage resumes after periods of silent stress
build-up, the shear goes on without serious ‘‘plateaus’’.
iii) Repair by means of epoxy in between the crack faces,
restores the load bearing capacity up to 70% for bending
and up to 40% for shear loading.
iv) Repaired specimens exhibit longer initial silent periods in
bending. This behavior is attributed to the elasticity of
epoxy which allows straining longer before starting to have
irreversible damage than granite itself.
This study shows that passive monitoring by AE can
provide information on the stress ﬁeld and the fracture pattern
which cannot be provided by other non invasive techniques.
The research continues with several other types of granite as
well as marble materials. The effect of attenuation due to
damping will be studied through the results of multiple
sensors, something that will help to upgrade the test to larger
geometries.
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