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« v, values distribution provide information related to evolution of damage in rocks.
« A non-homogeneous distribution of damage inside the rock specimens was observed.

« Using a unique value for v, for localization may lead to unrealistic analyses.
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An improved algorithm for acoustic emission source localization with P-wave velocity v, calculation and
an enhanced methodology for P-wave onset time determination, called CLAPWaVe [1], is applied to ana-
lyze the distribution of damage within rock specimens under diametral compression. The analyses
allowed the identification of four zones of damage accumulation within the specimen volume, each of
them with different cracking levels, absolute energy release and associated v, values. The observed

non-homogeneous damage distribution confirms that using a unique v, value for the localization of all
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AE sources, as usually adopted, is not representative of the real condition of the specimen.
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1. Introduction

The tensile stresses generated by local stress concentration at
microscopic flaw scale inside quasi-brittle materials are responsi-
ble for the initiation and development of their rupture process.
The determination of cracking patterns inside the specimens of
brittle materials is not yet well understood; such characterization
should be done by using real brittle specimens (rock or rocklike).

The crack propagation process inside brittle materials releases
energy as elastic waves, known as acoustic emission (AE) [2]. The
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AE monitoring is a non-destructive technique that enables the
complete observation of the cracking process inside the volume
of the specimen during all the test, without inducing any
disturbances [2-4]. Given the characteristics of the initiation of
the damage process, experimental analysis of specimens subjected
to tensile stresses, monitored with AE, is an adequate option to
achieve real understanding of this process.

Monitoring of crack propagation has been carried out by using
different AE parameters (for example, AE energy, amplitude, raise
time, average frequency, AE counts, AE events) together with
b-value analysis [5,6]. However, such research works have not
included spatial analyses of the cracking pattern inside of the
specimens by using three-dimensional localization of AE sources.
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The distribution of damage inside a specimen under loading can
be obtained by the localization of AE sources. Localization of AE
sources together with some AE parameters [7], with moment ten-
sor analyses [8] or with b-value analyses [9] has been applied to
assess the evolution of the damage process in concrete specimens.
Complementary evaluations of the cracking process by including
three-dimensional localization, AE parameters and b-value analy-
ses has been applied to concrete specimens [10]. Three-
dimensional localization algorithms proposed in the literature still
need improvement. Several works have reported the three-
dimensional localization of AE sources [2,11-16], but they consider
vy as a known value, that remains unchanged while damage is
induced in the specimen. This assumption is not realistic and
may affect the accuracy of the localization process and the accu-
racy of the AE sources pattern obtained. The v, value calculation
in the three-dimensional localization algorithm has been included
in some research works [17-19], however, they used such informa-
tion just for the adjustment of the localization process [17] or they
adopt a separate group of sensors specifically for measuring v,
[18]. Li and Dong [19] proposed a solution for the three-
dimensional localization of AE sources with v, calculation, but
their algorithm requires previously known information about the
onset of signal to each sensor.

Improved cracking pattern analyses in brittle materials by using
different cluster methodologies have been reported in the litera-
ture. [16,20-22]. Carpinteri [20] carried out b-value analysis to
study the damage process inside concrete specimens subjected to
compression. Those authors also correlated the b-value analyses
with the fractal dimension D to characterize the spatial distribu-
tion of damage by means of AE monitoring. Rodriguez and Celes-
tino [16] report on the cluster the AE sources by using their
intensity levels measured as AE energy in rock specimens sub-
jected to diametral compression tests. Iturrioz et al. [21] conducted
b-value analyses [9] by dividing the test into different stages of
loading (linear and deviations from linear behavior) to better
assess the damage process in concrete specimens subjected to uni-
axial compression tests and three-point bending tests. Manthei
[22] analyzed the cracking process in a cylindrical rock salt speci-
men under tensile load by using the fractal dimension D of the
events. Those authors conducted such analyses by defining time
and distance clustering parameters [22].

Because both the P-wave arrival time and the v, value are dom-
inant factors involved in the accuracy of the three-dimensional
localization of AE sources, an algorithm incorporating improve-
ments for both aspects, called CLAPWaVe (Crack Location by
Acoustic emission with P-Wave Velocity determination) [1], is
applied in this manuscript. CLAPWaVe is an iterative three-
dimensional localization algorithm, that includes a more efficient
searching algorithm, an improved methodology for P-wave arrival
time determination, independent of a predefined amplitude
threshold, and calculates the coordinates of each AE source as well
as the associated v, value [1]. In addition, CLAPWaVe incorporates
and improved visualization tool to obtain enhanced cracking pat-
terns, based on the general tendency of each group of data (x, y,
z, vp). The clustering of the AE sources based on their intensity
levels, i.e., on their levels of absolute energy released (Ea), is an
appropriate way to highlight the main damaged areas in specimens
under any loading condition [1]. A similar clustering tool was con-
sidered in Rodriguez and Celestino [16], but in this research the AE
Energy was considered instead of E4.

This manuscript reports on the application of CLAPWaVe for the
characterization of the cracking process, the cracking pattern and
evolution of integrity within two different types of rocks, marble
and monzogranite, under monotonic displacement-controlled
diametral compression tests. The characterization process is per-
formed using complementary analyses of the pattern of localized

AE sources, and the distribution of both v, and E, inside the spec-
imen volume during the loading process.

2. Materials and methods
2.1. Test setup

A stiff servo-controlled testing system with maximum loading
capacity of 2700 kN was used. The procedure suggested by Celes-
tino et al. [23,24]| was adopted to allow controlling the post-peak
region of diametral compression tests. An eight-channel system
and six wide band piezoelectric AE sensors, developed by Physical
Acoustics South America (PASA), were used to monitor the crack-
ing process (three on each face of the rock specimens). A dual aver-
aging extensometer was used to control the displacement along
the diameter perpendicular to the loading direction. Fig. 1 shows
the typical test setup used for all the tests in both rocks.

For the purpose of result interpretation, besides the coordinates
(x, y, z) of each AE source and their corresponding v, value, a rele-
vant AE parameter was calculated for each AE signal (henceforth
called waveforms) used in the three-dimensional localization pro-
cess, which is the absolute energy, E4. The absolute energy (a]) of a
signal is calculated as the integral of the square of the voltage V(t)
divided by the impedance of the AE system, R. Waveforms were
recorded using AEwin® software from PASA [25], and the gain
was set to 40 dB. The acquisition rate for waveforms collection
was adjusted to 1 MHz.

2.2. Specimens

Disc-shaped rock specimens with 100 mm diameter and 50 mm
thickness were subjected to displacement-controlled diametral
compression tests. Two types of rock specimens were selected
for this research: marble and monzogranite. Marble specimens
were collected from the Italva Group, Brazil, and monzogranite
specimens were collected from the Cantareira Batholith, Brazil.
Both rocks exhibit macroscopic homogeneity in its intact condi-
tion, but different mechanical behavior and geological features.
Marble is an essentially monomineralic metamorphic rock (cal-
cite), that exhibits a high number of natural microcracks (cleavage
planes). Monzogranite is a polymineralic igneous rock with an
imbricated crystalline structure and low number of natural micro-
cracks, without any preferential path for crack propagation [16].
Therefore, those rocks evolve in different cracking patterns, when
they are subjected to loading. Such differences in behavior enable
better visualization of the results provided by CLAPWaVe. The
same concepts are applicable to other similar materials.

3. Theoretical concepts

Three-dimensional localization with CLAPWaVe includes both
the calculation of coordinates of each AE source (x, y, z) and the
corresponding v, value [1]. The localization algorithm requires
information of the coordinates of each sensor, i, located on the
specimen surface and the relative arrival times of the P-wave at
each sensor i, measured from the moment the trigger sensor
receives the first signal. CLAPWaVe can perform the localization
by using a network of at least five sensors distributed on the sur-
face of the specimen, even better when six or more sensors are
used.

Usually, the methods used for the localization of AE sources
require definitions of v, and the wave amplitude threshold value,
which must be provided at the beginning of the test [1]. The v,
value imposed as an input value for the localization remains
unchanged whether or not cracking has already initiated in the



P. Rodriguez, T.B. Celestino/Construction and Building Materials 231 (2020) 117086 3

3 €?<— Loadcell D)
() _,

LVDT
(v displacement)

H__ platens

=~ AE

A
[

Dual averaging —

Loading

Sensors

extensometer
(u displacement) /_ (
i i ]
< AE
- amplifiers

Fig. 1. Test setup and instrumentation for AE monitoring and displacement control of brittle failure under monotonic diametral compression test. a) Schematic setup. b)

Typical setup.

specimen. Different from other typical localization algorithms,
CLAPWaVe determinates v, together with the coordinates for each
AE source along the time, therefore, four unknown variables are
calculated and at least five sensors are required for localization
with v, determination. In addition, CLAPWaVe adopts an appropri-
ate methodology for the determination of the P-wave arrival time
(henceforth called AIC-TC1.1) independent of a predefined wave
amplitude threshold. Typical search methodologies included in
localization algorithms only work by evaluating the objective func-
tion at different points so as to find the minimum, i.e., the Simplex
algorithm [26,27]. The search algorithm applied in CLAPWaVe
include the introduction of a gradient for the fast definition of
the optimum search direction.

AIC-TC1.1 includes concepts of the AR-AIC method [28,29] to
define the noise segment of the signal without the previous defini-
tion of a wave amplitude threshold. A variable amplitude threshold
based on the characteristic of the noise segment of each specific
waveform is estimated, by using the concepts proposed in the TC
method [30]. The AIC-TC1.1 method searches for the first peak in
intensity of the waveform, higher than the noise level. In compar-
ison with the Autoregressive Akaike Information Criterion (AR-AIC)
method, the Threshold Crossing (TC) method and the First Thresh-
old Crossing (FTC) method [29,31], the proposed methodology for
detection of the P-wave arrival time has shown to be the more
accurate for applications of AE source localization and determina-
tion of P-wave velocity.

Current methodologies for three-dimensional AE source local-
ization include: i) the Simplex search algorithm which requires
the definition of a threshold value; ii) the First Threshold Crossing
(FTC) method for P-wave arrival time detection; and iii) the v,
value as a constant value, defined at the beginning of the test.
The accuracy of localization of the before mentioned algorithms
was compared with CLAPWaVe. It was observed that the mean
error of localization obtained with the former methods was of
the order of 107 s, while with CLAPWaVe, such value was reduced
to about 107 "%s.

For the purpose of analyses, the P-wave velocity of the intact
specimen v,_, is obtained before the test. Such value is estimated
by inducing artificial AE sources based on pencil lead breaking [32].
The wave trajectories considered for v,_i; should include one sen-
sor on each face of the specimen in order to guarantee wave prop-
agation across the specimen volume.

Because the localization process searches for four unknown
variables (x, y, z, vp), such v, value characterizes the mean proper-
ties of the specimen volume, defined along the trajectories
between the AE source and each of the AE sensors that receive
the signal emitted by this AE source. Therefore, the trend of the
average v, values, associated to each AE source allows the analysis
of the distribution and evolution of damage, strength and stiffness
inside the volume of the specimen during the loading process.

4. Results and discussion

4.1. Typical behavior in monzogranite under diametral compression
tests

Fig. 2 shows the cumulative spatial distribution of AE sources
and their corresponding v, values, from the beginning of the test
up to each loading stage. Fig. 2 displays seven control points, 1 to
7, representing loading stages, at which the location of AE sources
and corresponding v, values are presented (see load-time relation-
ship at the bottom-center of the figure). The control points 1 to 3
are located at 50, 75, and 100% of the peak load, respectively. The
control points 4 to 7 are typical of different post peak stages of
loading, including the end of the test. The different ranges of v, val-
ues inside of the specimen are represented by a color scale, which
is shown at the bottom left of the figure. The size of the dots,
shown in images 1 to 3 of Fig. 2, was increased to enable a better
visualization of the pattern at the first loading stages, where only
a few AE sources were localized. At the end of the test (Image 7),
the large number of localized AE sources might hinder a complete
visualization of the pattern of v, values in the XY plane. For the
sake of clarity, a lateral view at the same stage (YZ plane) is shown
at the middle right of the figure.

Image 1 of Fig. 2 shows only two localized AE sources at the
region of contact between the specimen and the loading platens.
Their location and the low levels of E4 released at this stage, as fur-
ther discussed later, suggest that they are not related to the initia-
tion of microcracking, but to the process of adjustment between
loading platens and specimen during initial loading stages.

From control point 2 onwards, AE sources with v, values lower
than that of the intact condition (vp_j, = 4659 m/s) accumulate at
the center of the specimen. Their v, values and the higher levels
of E4 released (see Fig. 4h) suggest that they are associated with
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Fig. 2. Typical cumulative spatial distribution of AE sources and their corresponding v, values, from the beginning of the test up to each loading stage during monotonic
displacement diametral compression test on a monzogranite specimen (results obtained by application of CLAPWaVe).

the initiation and propagation of microcracking. The load dropping
stage after peak (from control point 3 to 4 in Fig. 2) is quite short.
Natural microcracks in the material are quite small and not neces-
sarily are they favorably oriented for propagation, with respect to
the maximum tensile stresses on the diameter parallel to the load-
ing direction. The test can be stable if the load is controlled accord-
ing to the rule of constant diametral displacement along the
diameter perpendicular to the loading direction [23,24]. When
the peak is reached, the crack opens, significantly increasing the
diametral displacement. At the final stages of the test, the load
even increases as the crack reaches the confined region affected
by the contact with the loading platens. Images 2 to 7 of Fig. 2
show that, during the test, a central damage core is generated. Such
zone concentrates AE sources with v, values much lower than that
of the intact condition, and lower than any other zone of the spec-
imen. Images 7 (planes XY and YZ) show the clear damaged core
zone, while the region of contact between the specimen and the
loading platens shows v, values similar and even higher than that
of the intact condition. Also, the region close to the faces of the
specimen shows v, values that oscillate around that of the intact
condition.

The presence of AE sources with v, values lower, similar and
higher than that of the intact condition (v,_j, = 4659 m/s) suggest
that, more than one effect acts at this contact zone that generates
AE sources: 1) The transference process between the specimen
and the loading platens can create some AE sources, which are asso-
ciated to the noise produced at the contact zone, because of the
small irregularities at the surface of contact between the specimen
and the loading platens; 2) The confinement induced by the loading
platens to the specimen at the vicinity of the contact zone produces
AE waves that travel from the source to the sensors through a con-
fined region, exhibiting associated v, values higher than that of the
intact condition. The theoretical expressions [33,34] and the
numerical simulations [35], both performed considering specimens
of homogeneous materials subjected to diametral compression,

showed that stresses along the X-axis are compressive close to
the region of contact between the specimen and the loading pla-
tens. Also, in diametral compression tests, when a compressive load
is applied along the Y-axis of the specimen, the higher stiffness of
the loading platens, in comparison with the rock specimen, induces
compressive stresses along the Z-axis in the region of contact
between both materials. Therefore, a three-dimensional confine-
ment effect develops in that region, which increases with loading.
The confinement increases the stiffness of the specimen in this
zone, which in turn reduces the time of traveling of AE waves
through that region, producing v, values similar to or even higher
than those of the intact specimen condition, even when that zone
has been damaged. 3) Local failure of the less confined region of
the contact zone, which occurs at later stages of the test. At those
stages of the test, the central core of the specimen concentrates ten-
sile stresses, resulting in more damaged zone, and producing stress
redistribution inside of the specimen. Along the loading axis, the
central core is the most damaged zone and the contact zone is less
damaged. The less damaged regions located along the loading axis
receive the higher portion of the load, which could lead to the local
failure of the specimen at the external region of the contact zone,
where the influence of confinement by the loading platens to the
specimen is lower. The AE sources associated to the effect 3 are gen-
erated at the less confined contact zone, and the waves travel
through a less confined region with different levels of damage.
Therefore, the travel times between the source and the sensors
increase and the v, values decrease.

In images 1 to 2 of Fig. 2, the AE sources localized at the contact
region, with v, values lower or equal to that of the intact condition,
suggest predominance of effect 1 beforementioned. Image 3 of
Fig. 2 shows the initiation of the effect 2, and at Image 4 that effect
has been clearly defined (v, values higher than that of the intact
condition). From that point on, effect 2 is still predominant, but
between control points 5 and 6, the accumulation of AE sources
at the lower contact zone, with associated v, values lower than
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that of the intact condition, are observed (yellow, cyan and green
dots). The location of those AE sources, at the edge of the bottom
contact zone, and their v, values suggest that they are associated
to the effect 3.

The localized AE sources and the distribution of v, values,
shown in images 1 to 7 of Fig. 2, clearly show that cracking initiates
at the central core of the specimen, in consistence with the
expected damage pattern in this type of tests [36]. Fig. 2 also shows
that the damage is not homogenously distributed inside of the
specimen volume.

Fig. 3 shows the final cracked specimen. The faces of the speci-
men are identified by the number of the sensors placed on them.
Thus, on face 123, the AE sensors identified by the numbers 1, 2
and 3 were placed. The same is valid for the face 456. For a better
visualization of the cracked area of the specimen, Fig. 3 shows
detailed pictures where the central areas of the specimen are
enlarged. To improve the visualization of the damaged area in
the specimen, a thin layer of white chalk dust was used to cover
the cracked region, resulting in better contrast between the
cracked and intact areas.

Complementary analyses were performed by clustering the AE
sources based on their levels of absolute energy E4. The cumulative
spatial distribution of AE sources corresponding to each of the
seven control points shown in Fig. 3, highlighted by cluster boxes
representing accumulated E,, were obtained with the localization
data provided by CLAPWaVe. Such analyses enabled a better visu-
alization of the cracking pattern inside the volume of the specimen
by highlighting the main damaged areas [1]. By performing analy-

Fig. 3. Final cracking pattern on both faces of a typical specimen of monzogranite
(identified as faces 123 and 456) and magnified view of the cracked area on face 123
(yellow rectangle) and face 456 (blue rectangle). The cracking pattern was similar
on both faces of the specimen. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

ses of the v, values together with the beforementioned assessment
of the pattern of AE sources clustered by the E4 of each AE source,
four zones of damage accumulation with different characteristics
were identified: contact region (blue sources, Fig. 4a), internal core
(red sources, Fig. 4b), external core (green sources, Fig. 4c) and
boundary zone (pink sources, Fig. 4d). The contact zone contains
the AE sources located close to the region of contact between the
specimen and the loading platens; the internal core contains the
AE sources located in a close vicinity of the center of the specimen,
and the external core contains those located in the central region of
the specimen, but close to its faces. Those three zones are located
along the loading axis, defining the typical failure surface observed
in diametral compression tests.

The v, values are calculated for each localized AE source by
means of a process that involves the minimization of the adjust-
ment error. In addition, each v, value is associated with a region
in the specimen volume defined along the trajectory between the
AE source and each of the sensors that receive the signal emitted
by this AE source. Therefore, the trend of the average v, values,
associated to each AE source allows the analysis of the distribution
and evolution of damage, strength and stiffness inside the volume
of the specimen during the loading process. The integrity of such
region changes with the loading process. Therefore, v, values
change along the process, even for data coming from the same
zone. Also, since v, values obtained with CLAPWaVe for each AE
source are calculated by using indirect measurements (AE signals),
some dispersion in the distribution of the v, values is expected.
However, the expected dispersion in the v, values does not hinder
the trend of such data. For that reason, analyses of v, values repre-
sentative of the different zones at different loading stages, shown
in Fig. 4e, g, i and k, are performed considering the trend of a mov-
ing average and not every single value. By using a moving average
(as adopted by Aggelis, [37]), instead of every single value, the
trend of v, for each of the four zones of damage is better repre-
sented. Since the number of AE sources localized at each test is dif-
ferent, the length of the window is defined as 1% of total number of
AE sources localized during the entire test. Such length is consid-
ered for analyses shown in Figs. 5 and 7.

For each of the four damaged zones the percentage of the total
of AE sources localized during the entire test was recorded. As
expected, the highest accumulation of AE sources was localized
at the core zone. Over half of the AE sources localized during the
test come from the internal core zone (54.6%). The contact zone
showed the second highest accumulation of damage, with over
one fourth of AE sources localized there (28.4%). The external core
zone accumulated 15.3% of the total of AE sources localized during
the test. An almost negligible number of AE sources (1.6%) were
localized at the boundary zone. Despite small variation in percent-
ages, the same trend was observed in all the diametral compres-
sion tests performed in monzogranite.

Fig. 4e shows that the AE sources are first localized at the con-
tact zone. The values of v, associated with the first AE sources are
close to that of the intact material, but as the load increases, v, also
increases, showing the effect of confinement induced by the load-
ing platens in the specimen. As the load increases, so does the dam-
age at this contact zone (see Images 3 to 7 of Figs. 2 and 4e and f);
therefore, the v, value stabilizes instead of increasing through the
end of the test.

Fig. 4g and h suggest the generation of a damaged central core,
with the lowest v, values of the specimen (much lower than that of
the intact condition), and the highest levels of E, release. As
expected for this type of test, the central core zone shows the main
concentration of damage (approximately 55% of the AE sources
localized throughout the test) and the highest stiffness decrease.

In the external core zone (Fig. 4i), the associated v, values
oscillate around the v, of the intact material, even though



6 P. Rodriguez, T.B. Celestino/Construction and Building Materials 231 (2020) 117086

a) Contact zone b) Internal core zone

2000 i i i ; i ; i 0o -~
9) 0 1000 2000 3000_ 4000 5000 6000 7000 8000
2000 . .Tlme (s) -
©» 1500 1602
£ 1000 {40
S ®

500 : : - ' =120 ©
: : T i

o 8000 : |
£ 6000 160g
~ 4000 14035
=" 2000 11420 §
0 i i i i i i i 0 -4
0 1000 2000 3000 4000 5000 6000 7000 8000

Time (s)

c) External core zone d) Boundary zone
50

. 8
<
uf 2
0 " . i i i
h) 0 1000 2000 3000 4000 5000 6000 7000 8000
9 Time (s
A2_0x10 A t( L., S 80
XL 4 B e
<1.0 : : g ’ ] 140 5
05 P p——— 1420 8
0 H i i H i H 0o —
i) 0 1000 2000 3000 4000 5000 6000 7000 8000
8 Time (s
40 S 5( ) -
33 og
N~ 2 - =
W = -2°§
0 i H H i i i 0 =
0 1000 2000 3000 4000 5000 6000 7000 8000
) 4ox10” — " Time (s) :
~ 8 i é i
86 —
< 4 : : : : : :
w ¥ " :
2 R P o e g : : {
0 ; ; : i ; ; ; —l o —
0 1000 2000 3000 4000 5000 6000 7000 8000
Time (s)

Fig. 4. Distribution of damage obtained by application of CLAPWaVe to a monzogranite specimen subjected to diametral compression test. Identified zones of damage (a to d),
distribution of v, and E, for contact zone (e and f), central core (g and h), external core (i and j) and boundary zone (k and 1).

microcracking progresses in this zone (high levels of E, in Fig. 4j).
This behavior is explained by considering that the waves generated
in the external core zone must travel through highly damaged
zones and other almost undamaged zones to reach the sensors.

The natural microscopic heterogeneity of the specimens
explains the slightly asymmetrical distribution of damages on
the faces of the specimen (E, in Fig. 4f), and at its top and bottom
(Ea in Fig. 4j).

The boundary zone (Fig. 4d) is a region with secondary micro-
scopic cracking, generated as a result of the main damage process
developed through the failure surface. After the failure surface has
been created, following the loading axis of the specimen, the bend-
ing of its two halves may induce tension at the external borders.
Fig. 4 shows scarce AE sources localized at this boundary zone
(1.6%). The secondary microcracking is consistent with the exis-
tence of AE sources in this zone only at later stages of the test (after
damage has progressed through the other three zones), and with
the low level of E, associated to them (100 times lower than those
of the internal core, and 10 times lower than those of the external
core or contact region). The low number of AE sources in this zone,
and the influence of the other three zones on the trajectory of
waves from the source to the sensors do not allow the visualization
of a clear pattern of v, values.

4.2. Typical behavior in marble under diametral compression tests

Similar to Fig. 2, Fig. 5 shows the spatial distribution of AE
sources and v, values associated to each AE source, during the test

performed, in a marble specimen. The formatting for this figure is
the same as in Fig. 2.

Image 1 of Fig. 5 shows AE sources localized at the central zone
of the specimen volume (yellow and some green dots). Such AE
sources accumulated at the center of the specimen are associated
with v, values lower than that of the intact material (4355 m/s),
and lower than any other zone of the specimen. The v, values asso-
ciated to the AE sources localized at the center of the specimen and
their higher levels of E4 released (see Fig. 7h) suggest that, they are
associated with initiation and propagation of microcracking. Dif-
ferent from monzogranite, such pattern is observed from control
point 1 in marble specimens, which suggests that the cracking pro-
cess in marble initiates earlier than in monzogranite. The number
of AE sources localized at the central zone of the specimen
increases and they spread along the loading axis, as in monzogran-
ite. The AE sources localized at the central zone of the marble spec-
imen (Images 1 to 7 of Fig. 5) generate a central damaged core zone
similar but more pronounced than that observed in Images 2 to 7
of Fig. 2 for monzogranite. Thus, the distribution of AE sources
obtained with CLAPWaVe shows that, for marble specimens
(Fig. 5), the failure surface has been already defined at the peak
load, different from monzogranite specimens (Fig. 2).

Images 7 of Fig. 5 (planes XY and YZ) show the cracking pattern
at the end of the test. Like the monzogranite specimens, a clear
damaged core zone is observed in marble. Image 7 (plane YZ)
clearly shows such region. The pattern of damage observed at
the core zone of the specimen is consistent with the region of max-
imum tensile stress, resulting from the theoretical analyses of
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diametral compression tests in isotropic and homogeneous materi-
als [33,34,38].

In addition to the AE sources localized at the central region of
the specimen, at control point 1 of Fig. 5, AE sources localized at
the region of contact between the specimen and the loading pla-
tens are observed. From control point 1 to 3 (peak load) of Fig. 5,
most of the AE sources localized at this contact region show vj, val-
ues lower than that of the intact material (4355 m/s). From control
point 4 onwards, most of the AE sources localized at that region
exhibit v, values higher or similar to that of the intact material,
as observed in the monzogranite.

The pattern of v, of AE sources localized at the contact zone in
images 1 to 7 of Fig. 5 shows that the three effects explained in sec-
tion 4.1 for monzogranite are also observed in marble: 1) the load
transfer between the specimen and the loading platens; 2) confine-
ment induced by the loading platens to the specimen at the vicin-
ity of the contact zone; 3) local rupture of the less confined region
around the contact zone at later stages of the test. Until control
point 3 (images 1 to 3 of Fig. 5), AE sources localized at this contact
region mainly reflect the first effect. At control point 4 (Image 4 of
Fig. 5), a combination of the first and the second effects is observed.
From control point 5 onwards, effect 3 dominates. The lateral view
(YZ plane) of the specimen at the end of the test (Image 7 of Fig. 5)
shows accumulation of AE sources with associated low v, values
(yellow dots) right above the edge of the specimen, close to the
region of Z=25 mm and Y = 50 mm. The trend of the v, values of
such AE sources and their location suggest that they are mainly
associated with effect 3. As expected, AE sources associated with
effect 3 begin to accumulate from control points 4 or 5, when the
general failure surface has been defined inside of the specimen.
Such effect is observed earlier in marble, as a result of the earlier
process of microcrack propagation in this rock, in comparison with
the monzogranite.

Fig. 6 shows the final cracked specimen. The faces of the speci-
men are identified as explained in Fig. 3. The formatting is the
same as in Fig. 3. To improve the visualization of the damaged area
in the rock specimen, the color of the chalk dust was changed to
pink to obtain a better contrast between the cracked and intact
areas.

Fig. 6 shows that in this specimen, the cracking pattern was
more concentrated in one of the faces (face 456). As the distribu-
tions of AE sources obtained with CLAPWaVe (Fig. 5) represent
the cracking pattern in the rock specimen, the comparison
between Figs. 5 and 6 show that the cracking pattern obtained with
CLAPWaVe (Fig. 5) is consistent with the real damaged specimen at
the end of the test (Fig. 6). Both the real damaged specimen and the
cracking pattern obtained with CLAPWaVe show main concentra-
tion of microcracking at the same face. During the test, a centered
and vertical crack only appeared on one of the faces of the speci-
men (face 456). Such non-homogeneous distribution of damage
on both faces of the specimen is related to the natural heterogene-
ity of rock specimens.

Fig. 7 shows that the same four zones of damage accumulation
were identified for the marble, as for monzogranite: contact region
(blue sources, Fig. 7a), internal core (red sources, Fig. 7b), external
core (green sources, Fig. 7c) and boundary zone (pink sources,
Fig. 7d). The figure format is the same as for Fig. 4.

The percentage of AE sources localized at each of the four dam-
aged zones was recorded. The highest accumulation of AE sources
was localized at the internal core zone of the marble specimen, as
shown for monzogranite. However, in marble specimens, a higher
proportion of AE sources was localized at the internal core during
all the tests (63.3% in marble versus 54.6% in monzogranite). The
almost monomineralic structure of the marble, the presence of
cleavage planes in their calcite crystals and the higher number of
natural microcracks at its intact condition may explain the higher
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Fig. 5. Typical spatial distribution of AE sources and average v, values at different stages of loading during monotonic displacement diametral compression test on a marble

specimen (results obtained by application of CLAPWaVe).
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Fig. 6. Final cracking pattern on both faces of a typical specimen of marble
(identified as faces 123 and 456) and magnified view of the cracked area on face 123
(yellow rectangle) and face 456 (blue rectangle). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)

concentration of damage at the central core in this rock specimen,
when compared with the monzogranite specimens. The latter are
characterized by a polymineralic and imbricated structure without
weakness planes for microcrack propagation, with a low number of
natural microcracks. Similar to monzogranite, the contact zone
showed the second highest accumulation of damage in marble,
with 29.6% of the total of AE sources localized there (versus
28.4% for monzogranite). The external core zone accumulated
6.0% of the total of AE sources localized during the test, which is
lower than in monzogranite (15.3%).

The sum of the percentages of AE sources localized in the inter-
nal and external core is 69.3% and for marble and 69.9% for monzo-
granite. Thus, both rocks show that the main accumulation of
damage is located at the central part of the specimen, as expected
for this type of test. However, in marble specimens, such damage
was concentrated mainly in the core (central core zone), while
monzogranite specimens showed higher proportion of damage dis-
tributed at the external core zone. Because the crystalline structure
of monzogranite is more resistant to microcrack propagation, the
less confined zone (external core zone) should concentrate a higher
proportion of damage, which is consistent with the observed pat-
tern. Also, such pattern is consistent with the progressive develop-
ment of damage in monzogranite. Similar to monzogranite, an
almost negligible number of AE sources (1.0% in marble and 1.6%
in monzogranite) is localized at the boundary zone.

Fig. 7e shows that, during the earlier stages of microcracking
(before and around control point 1 defined in Fig. 5), the v, values

associated with the AE sources localized at the contact zone are
lower than that of the intact material (4355 m/s), because of the
effect 1 explained in section 4.1. As the load increases, v, also
increases, showing the effect of confinement induced by the load-
ing platens in the specimen (effect 2 explained in the analysis of
Fig. 5). As the load increases, the increasing damage at the contact
zone (Images 3 to 7 of Figs. 5 and 7e and f) results in v, values with
a decreasing trend through the end of the test. The earlier initiation
and propagation of microcracks in marble specimens, and the ear-
lier definition of the failure surface along the loading axis, explain
the pronounced decreasing trend in v, values at the post peak
stages (in comparison with monzogranite specimens as shown in
Fig. 4e).

Fig. 7j shows that energy release occurs essentially at one of the
faces of the specimen (light green line, plane XY for z=-10 to
—25 mm in Fig. 7c), which is consistent with the observed cracking
pattern obtained with CLAPWaVe in Image 7 of Fig. 5, and with the
final cracked specimen in Fig. 6 (face 456 is associated to AE
sources in light green in Fig. 7c). Because there is more damage
concentrated on one of the faces of the specimen, lower v, values
are expected at that face.

Comparison of Fig. 4f, h, j and | with Fig. 7f, h, j and | shows that
the levels of E, at each of the four zones are lower in marble
(approximately 100 times lower). The lower levels of E4 are consis-
tent with materials with the pre-existing cleavage planes.

Further research is still needed to determine the main reasons
for the large variation of P-wave velocity observed in both type
of rocks. The possible causes are: i) nonlinearity of the wave prop-
agation process leading to the dependence of v, on the E, level; ii)
velocity tends to be lower in a zone subjected to the tensile stres-
ses due to microcrack opening, and higher in the compressed
zones; iii) once a crack opens in a tensioned zone, tensile stresses
are released, and the velocity may increase again.

Complementary analyses performed by clustering the AE
sources based on their levels of absolute energy E4 and cited in
section 4.1 enables an improved visualization of the cracking pat-
tern in both rocks during all the test [1]. Although the patterns of
the regions of damage accumulation are similar for both types of
rocks (central core, external core, contact and boundary), the pro-
cess of microcracks propagation at each zone is different for mar-
ble and monzogranite. Such conclusions are not contradictory.
The marble and monzogranite specimens subjected to diametral
compression tests exhibited different stages for microcrack initia-
tion and progression of damage during the test. However, the
same zones of damage accumulation are observed in both types
of rocks. The polymineralic and imbricated internal structure of
the monzogranite, the random distribution of minerals and the
existence of few natural microcracks, do not leave clearly pre-
defined paths for growing microcracks, which explains the diffi-
culty in crack propagation through the rock specimen [16]. As a
result, the crack propagation process is brittle, explosive, localized
and followed by higher levels of E4 release. In contrast, in the
monomineralic, non-imbricated structure of marble, the existence
of three perfect cleavage planes in calcite crystals and the exis-
tence of many natural microcracks enhance crack propagation.
Thus, when cracks propagate in marble, the process is slow,
steady and followed by lower levels of E4 release. Despite the
microscopic heterogeneity of the monzogranite structure and
the presence of many naturally oriented microcracks in marble,
both rocks exhibit macroscopic isotropy. Such aspect may be
associated with the same loading conditions and the homogeneity
of the macroscopic structure of both rocks. This suggests that the
features of each rock influence the internal process of generation
and propagation of damage, while the general pattern for regions
of microcrack accumulation is mainly defined by the features of
load transfer to the specimen.
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Fig. 7. Distribution of damage obtained by application of CLAPWaVe to a marble specimen subjected to diametral compression test. Identified zones of damage (a to d) and
distribution of v, and E, for contact zone (e and f), central core (g and h), external core (i and j) and boundary zone (k and 1).

5. Conclusions

An improved algorithm for localization of AE sources with v,
calculation and an enhanced methodology for the determination
of P-wave onset time, called CLAPWaVe, is applied here to assess
the distribution of damage within two different types of rock spec-
imens subjected to diametral compression tests.

The determination of the average v, values associated with each
localized AE source provided important information related to the
distribution and evolution of damage and stiffness variability,
within the volume of the specimens, during the loading process.
The complementary analyses of the pattern of AE sources and their
associated v, values and E, showed a non-homogeneous distribu-
tion of damage, changing the characteristics of the specimen in
comparison with its initial intact condition. Therefore, the use of
a unique value for v, equal to that of the intact material to localize
all AE sources throughout the test is not representative of the real
condition of the specimen, and may lead to unrealistic analyses.
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