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ABSTRACT. An experimental protocol is described including a series of uni-

axial compression tests of three brittle materials (marble, mortar and glass).
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INTRODUCTION

onitoring the mechanical response of various brittle materials under compressive loading is of great interest in a

range of application fields. Especially, monitoring their damage evolution is crucial since actions can be taken in

time in order to preserve the integrity of structures. In this context, a series of diagnostic methods have been
developed in order to assess damage and also to detect impending failure of the materials.
Acoustic emission (AE) technique is among the as above techniques [1]. When a material is loaded, transient elastic waves
are generated within the material (which are mainly depended on the material’s irreversible deformations) and travel along
the specimen. These waves are called acoustic emissions and they are recorded by sensors which are attached on the
specimen. The first studies of acoustic emissions in geomatetials were carried out in 1938. Monitoring a specimen/
structure during its whole loading history is one of the advantages of this technique since in general the increase of
acoustic activity, which is obsetved as the specimen approaches failure, is strongly correlated to the decay of the
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mechanical properties of the material. The improved b-value (Ib-value) is one of the acoustic characteristics which is
related to the impending failure [1-2] since its value changes during the failure process. Ib-value, firstly introduced by
Shiotani et al. [3], is defined as:

_ logN(,u - ala)—logN(,u + aZO')
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where p is the mean amplitude, o the standard deviation and a1, a2 constants (which are usually equal to 1 [1]).

Damage process is also well detected by the Pressure Stimulated Currents (PSC) technique [4] and more specific by the
weak electric signals emitted during the generation of micro-cracks in brittle materials when they are subjected to
mechanical loading [5-6]. More than ten years ago, electric signals were recorded by Stavrakas et al. [6] during mechanical
loading of marble. A few years later, electric signals were also recorded when specimens of rock materials and cement
based materials were tested [7-10]. The signal was captured by a pair of gold plated electrodes and it was recorded using a
sensitive electrometer. In all cases, when the applied stress was above 80% of the maximum stress, PSC increased rapidly
reaching a maximum value just before the specimen’s fracture [4, 10]. PSC technique is also used by other researchers [11-
14] while similar techniques are used [15-16] to detect cracking of rocks and concrete specimens. Some of the advantages
of the PSC technique are the low cost of the sensors and the easiness of sensors’ production as well as the fact that
electrodes don’t affect the specimens’ structure or the stress and strain fields.

The qualitative correlation of the aforementioned techniques has already been mentioned in previous studies during trivial
tests [17-18] as well as in more complex specimens (i.e. made of more than one material [19]). In the present experimental
protocol, specimens of three brittle materials (marble, mortar and glass) are subjected to uniaxial compression tests in
otder to confirm and quantify the correlation of PSC and AE techniques.

MATERIALS AND EXPERIMENTAL SET UP

Materials
ionysos marble is the stone exclusively used for the restoration of the monuments of the Athenian Acropolis. Its
D chemical composition is 98% of calcite, 0.5% of muscovite, 0.3% of sericite, 0.2% of quartz and 0.1% of
chlorite. Its grain size varies from 100 pm to 400 pm and its specific and apparent densities are equal to 2730
kg/m3 and 2717 kg/m?3, respectively. The absorption coefficient by weight of Dionysos marble is about 0.11% and its
thermal expansion coefficient is 9x10-6 /°C between 15 °C and 100 °C. Its very low porosity varies between 0.3% (virgin
state) to 0.7% (superficial porosity) [20].
The mechanical properties of Dionysos marble vary between broad limits [21]. The specific marble is of rather orthotro-
pic nature, i.e. it is characterized by three different anisotropy directions. However, it can be approximately considered as
a transversely isotropic material described adequately with the aid of five elastic constants as it was definitely concluded by
detailed experimental protocols including direct tension and compression tests as well as three-point bending and
Brazilian Disc tests [22-29]. The as above experimental protocols revealed also that Dionysos marble is slightly non-linear
(both in the tension and in the compression regime) and slightly bimodular, i.e. the elastic modulus in compression is
about 15% higher than the respective one in tension [24, 25].
Three marble specimens were used in the present study of prismatic shape with dimensions 40 mm x 40 mm x 100 mm.
The load was applied normal to the material layers, i.e. along the strong direction of Dionysos marble’s anisotropy.
The second material tested was a mortar which consisted of three parts of fine sand, one part of ordinary Portland cement
and half part of water. The grain size of the sand varied between 3 mm to 6 mm and its fineness modulus was equal to
2.8. In addition, its specific gravity was found equal to 2.6, its density was 2200 kg/m? and its porosity was evaluated at ap-
proximately 8% [10].
The constituents of the mortar were mixed at a low speed to enable better moisturizing of the cement grains while at the
end of the production process the mixture was agitated very fast for 1 min. Mortar was formed in three prismatic blocks
using metallic moulds of dimensions 50 mm x 50 mm x 70 mm the inner surfaces of which were oiled. The moulds were
mounted on a desktop vibrator in order to enable compaction. The mortar prismatic blocks were demoulded after 24 h
and they were cured in a room with constant ambient temperature of 22 °C and 75-80% humidity. The specimens were
stored for 100 days to reach 90-95% of their strength [30].
The third material studied in the present experimental protocol was one of the most common types of glass produced, i.e.
the soda-lime-silica one (or simply soda glass). One of its most important advantages is that it is nearly chemically inert,
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therefore it doesn’t react with other chemicals when they come into contact with it. Soda glass in usually used to make
windows, bottles, jars, vials and other laboratory equipment. The chemical composition of this type of glass is presented
in Tab. 1. In the present experimental protocol three prismatic blocks (30 mm x 30 mm x 80 mm) were used.

Components SlOz A1203 NaZO I(zo CaO MgO F6203 TlOz P205 ZIOQ
% 72.4 1.26 13.4 024 853 395 0.16 0.063 0.018  0.05

Table 1: Chemical composition of soda-lime-silica glass [31].

Experimental set up

Before testing, one Kyowa strain gauge (of 5 mm gauge length and of 120 € gauge resistance) was glued on the front
surface of the specimen (at the middle of its height and of its width as it is seen in Fig.1a) in order to measure the axial
strain during the tests. In addition, one acoustic sensor R15a (denoted by number 3 in Fig.1b) was coupled on the
opposite surface of the specimen by means of silicone and one preamplifier with 40 dB gain was also used (the equipment
and the softwatre used were by Mistras Group, Inc.). Finally, a pair of electrodes was attached on the two side opposite
surfaces of each specimen (orange ellipses in Fig.1a and numbers 1,2 in Fig.1b) in such a way so as the imaginary line
connecting them to be perpendicular to the loading axis. A sensitive programmable electrometer (Keithley, 6517A),
capable of resolving currents as low as 0.1 fA and as high as 20 mA in 11 ranges, was used to record the electric signals. It
should be underlined that thin teflon plates were placed between the specimen and the loading platens for the specimen’s
electrical isolation. All specimens were subjected to compressive loading under load control conditions (do/dt=0.3
MPa/s) simulating quasi-static loading.
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Figure 1: (a) A sketch of the experimental set up, (b) A typical marble specimen. The pair of electrodes (1, 2) and the acoustic sensor
(3) are also presented.

RESULTS AND DISCUSSION

Mechanical bebavionr
T ypical stress-strain cutves of each material are presented in Fig.2. The commonly observed “bedding error” during
compressive tests is obvious in all three materials. Ignoring this initial part, the curves of both marble and cement
mortar are mainly characterized by linearity up to about 80% of their maximum stress (points A and B in Fig.2a,b).
The mean value of the fracture stress is ~95 MPa for marble and ~50 MPa for cement mortar. The modulus of elasticity
obtained was equal to ~70 GPa and ~20 GPa for marble and mortar, respectively, which are very close to the respective
ones from literature [10, 22]. Afterwards both curves deviate from linearity. On the other hand, the stress-strain curve of
soda glass is linear almost up to 90% of the maximum stress of the specimens (point C in Fig.2c). Its modulus of elasticity
was calculated equal to ~70 GPa as it is also mentioned in [31, 32] and its maximum stress was found to be equal to ~20
MPa. It is also to be noted that ductility of soda glass specimens is one order of magnitude lower than the respective ones
of both marble and mortar. The mechanical characteristics obtained from all specimens are recapitulated in Tab. 2.
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Figure 2: Typical stress-axial strain curves for (a) marble, (b) mortar and (c) glass specimens. (d) The three aforementioned curves together

for comparison reasons.

Material Specimen Modulus of elasticity Fracture stress Peak axial strain
(GPa] [MPal [-]

M1 68.8 98.7 1.7-10°

Dionysos M2 71.2 92.5 1.9:103

marble M3 70.7 94.7 2.2:103
Mean value * standard deviation 702 + 0.2 953 + 0.5 1.9-103 + 0.3

C1 19.8 50.1 3.5:10°

Cement c2 18.1 46.4 2,410

mortar C3 233 51.7 31-103
Mean value * standard deviation 204+ 08 494+ 05 3.0-103 + 0.5

Gl 68.7 18.8 2.7-104

Soda G2 70.5 20.5 3.3-10+

glass G3 70.0 19.4 3.1-104
Mean value * standard deviation 69.7 + 0.2 19.6 3.0-104 + 0.3

Table 2: The mechanical characteristics of all specimens.

Electric signals
The electric signal produced during a typical compressive test of a marble specimen and the axial strain obtained

(normalized over its maximum value) versus the normalized stress are presented in Fig.3. A weak current (from 0.5 pA in-
creases slightly to 2 pA) is initially observed until point A in Fig.3(al) where the stress level equals ~75% of the maximum
stress and strain is ~55% of the fracture strain. This point almost corresponds to point A where the stress-strain cutve
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deviates from linearity. Afterwards, the electric current starts increasing with higher rate, indicating the onset of micro-
cracking. When stress equals about 97% of the maximum applied stress (point A"y in Fig.3(a2) where the stress-strain
curve tends to become horizontal) and strain equals about 80% of the maximum strain the increase of PSC is remarkable,
severe cracking takes place (not yet visible with naked eyes) and the specimen is just before collapse.

In case of mortar specimens, the first noticeable change of the PSC values is observed when strain equals ~55% of the
maximum strain and stress is ~60% of the maximum stress, point By in Fig.3b) although the material is still below its pro-
portional limit. The increase of the electric signal starts becoming significantly larger (point B’y in Fig.3b) when the
respective stress-strain curve deviates from linearity (~75% of the maximum stress and ~70% of the fracture strain, point
B in Fig.2b). PSC gets its maximum value slightly before the final fracture (~90% of the maximum strain and ~95% of
the maximum stress) indicating the impending failure.

Concerning soda glass, the variation of PSC could be clearly divided in three stages. In the beginning of the test, a weak
electric signal is detected until point Cy in Fig.3c where strain is equal to ~60% of the maximum strain and stress is ~60%
of the maximum stress. During the second stage (between points Ci and C'y in Fig.3c), the increase of PSC is considerable
while the increase rate becomes even higher during the last stage where the applied stress is ~85% of the maximum stress
and strain equals ~80% of the maximum strain. The maximum value of PSC is attained ~96% of both the maximum

stress and the maximum strain.
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Figure 3: The electric current and the normalized axial strain versus the normalized stress for a typical specimen of (a) marble, (b) mortar
and (c) glass.

PCS values in comparison with 1b-values

In all cases, groups of 70 hits were used for the calculation of the Ib-value. The first group included the first 70 hits while
each successive group contained 35 hits of the previous one and the next 35 hits. Each Ib-value corresponds to the instant
which was calculated as the mean time of the respective hits.

The vatiation of Ib-value in conjunction with the electric current is shown versus the normalized stress in Fig.4(al) for a
typical marble specimen. In the beginning of the test, until ~30% of the maximum strain and ~35% of the maximum
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stress, Ib has high values decreasing from ~2.4 to 1.7. This can be related to the closure of pre-existing micro-cracks of
the specimen ot/and to rubbing/friction [1]. Afterwards, Ib-value is almost constant with vatiance around ~2.0 indicating
the slow generation of new micro-cracks (until point A, in Fig.4(al) which corresponds to stress level ~80% of the maxi-
mum stress and strain ~60% of the maximum strain). This point coincides with the deviation of the stress-strain curve
from linearity. Slightly earlier, the first noticeable increase of the electric current was observed. Finally, Ib decreases sys-
tematically attaining at the end of the test values close to 1.0 (point A"z in Fig.4(a2)). This happens at ~95% of the maxi-
mum applied stress and ~75% of the maximum strain and it is related to a large number of cracks. During the decrease of
Ib-value, PSC increases further. At the final stage (after point A'»), Ib slightly decreases further due to the coalescence of
cracks which leads the specimen to the final fracture while the electric current increases dramatically reaching its highest

value.
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Figure 4: The electric current and the Ib-value against the normalized stress for a typical specimen of (a) marble, (b) mortar and
(c) glass.

In case of mortar, Ib-value (Fig.4b) is relatively high from the beginning of the test until ~35% of both the maximum
strain and the maximum stress while a period with almost constant Ib-value (~1.8) follows (until point Bz, ~60% of the
maximum strain and ~70% of the maximum applied stress). Afterwards, Ib-value decreases (while the increase of PSC
becomes significant) reaching the value of 1.0 (point B'2) when the respective stress-strain cutve ceases to be linear (~70%
of the maximum strain and ~75% of the maximum stress). Subsequently, the values of Ib become slightly lower than 1.0
remaining almost constant until the fracture of the specimen. During this stage, the electric current attains its peak value
indicating the impending failure.

The variation of the Ib-values for a typical soda glass specimen is presented in Fig.4c. Ib-value continuously decreases
until point Cz (~80% of both the maximum strain and the maximum stress), i.e. almost during the first two stages of the
PSC variation. The rate of Ib-value decrease is higher between ~40% and ~80% of both the maximum strain and the
maximum stress. Afterwards, Ib-value remains almost constant until ~90% of the maximum stress. From this point on
and up to the end of the test, Ib-value decreases further. It is worth noticing that in case of soda glass, Ib-value attains the
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value of 1.0 when strain is ~65% of the maximum strain and stress is ~65% of the maximum stress, i.e. relatively lower
compared to the other two materials.

It should be mentioned at this point that b-value is related, among others, to the heterogeneity of the material. As the
degree of nonuniformity of the material increases, b-value also increases [33]. This is consistent with the results of the
present study. The material layers of marble and the existence of sand in mortar make these structures quite heterogen-
eous compared to glass specimens and as a result the Ib-values obtained for marble and mortar are larger than the respect-
ive values of glass. In addition, the heterogeneity of both marble and mortar results to the generation of low acoustic
activity during the initial load levels leading to an almost constant Ib-value in these first stages of loading. The absence of
this constant segment in case of glass makes the variation of the respective Ib-value to be monotonic in contrast to the re-
spective variations of both marble and mortar.

Approach based on energies

Despite the fact that the correlation of PSC and AE techniques became clear in the previous section, an alternative
approach based on the released energy was decided to be used in order to quantitatively verify the correlation of the two
experimental techniques.

The absolute energy (measured in af) produced and recorded by the acoustic sensors charactetizes each acoustic hit and it
is calculated by the software as the integral of the signal voltage at a power of two over the reference resistance (10 kQ2).
In the present study, the sum of the energy released during each second of the tests, Ear, was calculated since it is a
measure of the size distribution of micro-cracks in such materials [34]. In case of PSC technique, the energy released was
calculated by the familiar expression:

1At
Epsc= J'PSCZ(;)df ey
t/
where At=1 s and t;= 0, 1, ..., n-1 (n is the duration of the experiment). Since PSC is measured in pA, the units of Epsc

are (pA)Zs. Finally, the strain energy density, SED, was calculated as the area below the stress-strain curves of the tests.

All three quantities were normalized over the respective maximum value and the results are presented in logarithmic scale
in Fig.5. For all three materials of the present experimental protocol both curves are formed by two almost straight
segments with different slope and a knee point is cleatly seen corresponding probably to the formation of more severe
cracks. In case of marble (Fig.5a), it is quite interesting that PSC technique seems to detect the internal damage of the
specimen earlier than AE technique. In case of marble, the PSCyncc poine and the AEince point correspond to about 70% and
80% of the maximum stress, respectively (i.e. about 50% and 60% of the maximum strain, respectively). The same is true
for mortar specimens (Fig.5b). The knee point from PSC technique is observed when stress equals about 60% of the
maximum stress (~55% of the maximum strain) while AEknce point cOrresponds to ~65% of the maximum stress and ~60%
of the maximum strain. In case of glass specimens (Fig.5c), the knee points formed by the two techniques are observed
almost simultaneously (~60% of both the maximum stress and strain).
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Figure 5: The energy calculated by both PSC and AE techniques versus the strain energy density for a typical specimen of (a) marble.
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Figure 5 (con’t): The energy calculated by both PSC and AE techniques versus the strain energy density for a typical specimen of
(b) mortar and (c) glass.

As a next step, an effort was made to investigate any correlation which might exist between the quantities Epsc and Eag
calculated by the two experimental techniques. In Figs.6(a-c) both energies ate presented in logarithmic scale for a typical
specimen for each material studied here. The solid dark blue circles represents the period where the electric current
produced is very weak without noticeable changes while the empty symbols corresponds to the increase of the PSC until it
reaches its maximum value. It is clear that the correlation is much better when the energy emitted increases considerably
(empty dark blue circles). Therefore, ignoring the period where PSC is almost constant or increases very smoothly, it was
found that the correlation of the energies calculated based on both experimental techniques obeys a power law, ie.

E ;o (E psC )’” , where m~0.8 for both marble and glass specimens while m~0.7 for mortar specimens (Figs.6(a-c)).
CONCLUSIONS

specific, it was found that when the Ib-value decreases, the electric signal detected by the PSC technique starts
increasing considerably indicating the formation of cracks. All three materials (marble, mortar and glass) enter a
critical state (i.e. Ib-value tends to 1.0) when strain is equal to about 65-75% of the maximum strain (stress level equals to
about 95% for marble, about 75% for mortar and about 65% for glass). The same stress level, at which the damage state
of Dionysos matble becomes critical, is also obtained by other researchers based on the variation of the b-value [35].
The alternative approach which was based on the energy released during loading of the specimens, although it makes very

T he correlation of both experimental techniques used in the present experimental protocol is highlighted. More
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Figure 6: The correlation of the energy calculated by both PSC and AE techniques for a typical specimen of (a) marble, (b) mortar and
(c) glass.
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clear the point where cracking becomes more severe, it seems to be more conservative. The knee points are observed
when strain equals about 50-60% of the fracture strain for all three materials studied here (while the stress level equals
about 70-80% for marble specimens and about 55-65% for mortar and soda glass specimens).

AE technique has already been mentioned as a valuable tool for detecting the impending failure paying attention either to
the general acoustic activity or to specific acoustic characteristics in accordance mainly to the stress induced on the
specimens [18-19, 35-30].

PSC technique is more recently developed compared to the AE technique and it is not yet fully standardized. It should be
mentioned that the specific technique cannot be applied in heavily distorted electromagnetic environments since very low
electrical currents (in the order of pA) are measured and the external electrical noise acts as additive electrical noise on the
actual signal. In order to minimize such effects special care must be given to the shielding of the experimental apparatus,
electrical ground and low noise cabling. Despite the aforementioned limitations, the electric current recorded using the
PSC technique has already been related to the mechanical behaviour of the tested material [4, 7.

Concluding, taking into account that strains are much easier to be measured, compared to the stress field developed, the
fact that the critical state is detected by both techniques and it is determined at almost the same strain level for all three
materials is an interesting finding which could be very useful for monitoring and assessing the integrity of structures.

In addition, in the direction of quantifying the correlation of the AE and the PSC techniques, a successful attempt is made
for the very first time in the present paper. Indeed a very good correlation exists between the energies measured by both
techniques, which obeys a power law with exponent equal to 0.7-0.8 for the materials studied here.
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