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An experimental protocol, including the combined application of both innovative and tradi-
tional sensing techniques, is described aiming to explore the mechanical response of marble
and also to check the possibilities of detecting precursor phenomena designating upcoming
catastrophic fracture. The protocol consisted of three-point bending tests with notched pri-
smatic beams made of Dionysos marble, the material extensively used for restoration of
the Acropolis of Athens monuments. The sensing system improvised included techniques
relying on completely different physical foundations, which permit simultaneous detection
and recording of the Pressure Stimulated Currents, Acoustic Emissions, three dimensional
displacement fields and Notch Mouth Opening Displacements. Analysis of the results re-
vealed interesting features of the mechanical response of Dionysos marble and indicated,
also, that classical Continuum Fracture Mechanics fails to describe accurately the response
of marble, at least in the presence of notches. In addition, strong correlations between the
Pressure Stimulated Currents, the rate of acoustic hits and the rate of change of the opening
of the pre-existing notch have been enlightened. Moreover, the onset of catastrophic crack
propagation appears following distinguishable changes of the Pressure Stimulated Currents
recorded. Therefore (and taking into account the very small size of the respective sensors
as well as the simple complementary equipment needed), it is concluded that the specific
technique could be considered as a simple and reliable tool for an alternative approach to
the in-situ Structural Health Monitoring of classical stone monuments.

Keywords: marble, monuments, notch mouth opening displacement, three-point bending,
pressure stimulated currents, acoustic emissions, 3D-digital image correlation

1. Introduction

The remaining life and the remaining load-carrying capacity of structural elements seriously con-
cern the engineering community, especially in the case of already damaged or cracked elements.
The need for a clear answer to this problem is imperative, among others, for scientists working
for conservation projects of ancient stone monuments, given that quite often their structural
members are cracked and any extension of pre-existing cracks could be fatal to the structural
integrity of the whole monument.

Answering the above question is usually attempted within the frame of Fracture Mechanics
by applying various criteria which predict both the load leading a pre-existing crack to initia-
tion and, also, the direction towards which the crack is going to propagate. Such criteria, widely
used in engineering praxis, are based on the maximum tangential stress (Yoffe, 1951; Erdogan
and Sih, 1963), the strain energy density (Sih, 1973), the maximum energy release rate (Wu,
1978), the maximum dilatational strain energy (Theocaris et al., 1982) etc. In the restoration
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praxis of stone monuments, however, the problem is far more complicated due to the aniso-
tropic nature of building materials and the fact that the loading schemes acting on a given
element are not easily represented according to standard load-simulation schemes used in the
laboratory. Therefore, the classical crack initiation criteria of Fracture Mechanics are not direc-
tly applicable, and it is not realistic to expect that closed analytic answers could be obtained.
In addition, the direct “transfer” of results from laboratory experimental studies to the struc-
tural engineering field is questionable due to the “size effect” (Bazant, 1984; Carpinteri, 1989),
i.e., the dependence of material properties on the specimen size. The “size effect” is extremely
pronounced in rock and rock-like materials like, for example, those used for the construction of
classical monuments of Cultural Heritage in Greece (Sulem and Vardoulakis, 1990; Kourkoulis
and Ganniari-Papageorgiou, 2010).

Taking into account the above difficulties, it appears that in-situ continuous Structural
Health Monitoring (SHM) of stone monuments is the only preventive tool that could provide
on-time warning about upcoming changes, which could be harmful for the structural integrity
of such monuments. However, it should be clarified from the very beginning that SHM of monu-
ments of Cultural Heritage is not a trivial task. In order to understand the challenging character
of the venture, one could consider the Parthenon Temple in Athens. The structural elements
of the most emblematic monument of the “Golden Age of Pericles” (epistyles, column drums,
capitals) were made of marble blocks quarried from the Pentelic Mountain. As it can be seen in
Fig. 1a, quite a few of these elements are seriously cracked and their load-carrying capacity is
questionable (Korres and Bouras, 1983; Zambas, 1994), rendering continuous SHM an imperati-
ve demand. The coexistence of authentic and substitute marble (Fig. 1a) together with metallic
connectors and cement paste (used to fill the grooves (Fig. 1b) in which the metallic connectors
are placed) causes additional difficulties. This coexistence creates internal (hidden) interfaces,
along which failure/damage mechanisms are firstly activated, well before any crack extension
(or any other damage mode) is observable at the outer surface of the member.

Fig. 1. (a) Typical epistyles of the Parthenon Temple showing the degree of damage and, also, the
coexistence of authentic elements (made of Pentelic marble) with patches made of the substitute
material (Dionysos marble) joined together by means of invisible metallic elements. (b) The grooves
sculptured by ancient Greeks to host the metallic elements used to keep series of epistyles in place

In the frame of the above argumentation, it is easily concluded that questions related to
the remaining load-carrying capacity of restored structural members of stone monuments could
not be answered unless data from the interior of the element are pumped. Moreover, it is clear
that such data can only be pumped using sensors of very small size (to avoid harming the
aesthetic harmony of the monument) and also of low cost (considering the number of sensors
required to monitor all the cracked structural elements of a given monument, which for the
case of the Parthenon Temple are too many). Such sensing systems, widely used today, both in
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laboratory and structural scale, include detection of acoustic events, application of optical fibers,
quantification of electric resistance changes etc. Their in-situ application is relatively difficult,
and for some of them their application necessitates interventions on the monument members,
which are usually not permissible.

In this direction, the present study aims to comparatively assess the efficiency of a relatively
novel sensing technique, which is based on the detection of extremely weak electric currents,
known as the Pressure Stimulated Currents (PSC) (Triantis et al., 2006, 2012). Among the
critical advantages of the PSC technique is the very small size of the respective sensors and their
low cost as well as the simple complementary equipment of the set-up, rendering the technique
quite attractive, especially for long term monitoring of many structural members.

For the study to be accomplished, notched prismatic marble beams are subjected to Three-
-Point Bending (3PB). The PSC produced is recorded as a function of time, in parallel with the
data provided by the Acoustic Emission (AE) technique, which is considered a well-founded and
mature sensing technique, widely used worldwide. In addition, the displacement field developed
is recorded using the 3D-Digital Image Correlation (3D-DIC) technique while the Notch Mouth
Opening Displacement (NMOD) is also recorded using a clip-gauge extensometer.

The data obtained from this combined “attack” (i.e., with both innovative and traditional
experimental techniques) are comparatively studied in the direction of correlating critical aspects
of their time evolution. Interesting conclusions are drawn about the mechanical behaviour and
failure of Dionysos marble, while the possibility of using the critical Notch Opening Displacement
(NOD) as a simple easy-to-apply fracture criterion is discussed. Moreover, strong correlations
between the PSC, the AE as well as the data obtained using the 3D-DIC technique (properly
assessed against the ones of the traditional clip-gauge extensometer) are highlighted. The time
evolution of the above quantities was proven to follow internal damage processes in a satisfactory
manner. In addition, indications were provided, according to which the time evolution curves of
all the quantities mentioned above exhibited changes (either clear or imperceptible) that could
be considered as pre-failure indicators well before macroscopic crack initiation.

2. The experimental protocol

2.1. The material and the specimens

The specimens of the experimental protocol were cut out from an almost cubic block of
marble quarried from Dionysos Mountain in Attica region. Given that the specific variety of
marble is usually considered as a transversely isotropic material, every effort was made for all
the specimens to be cut along the strong anisotropy direction and the load to be applied normally
to the material layers, in the direction of minimizing the scattering of the results. In general,
every effort was made to control (if not to eliminate) the factors responsible for the scattering
of the experimental results. All specimens were cut out from the same marble block and they
were carefully inspected for visible defects. Moreover, they were cut along the same direction
with respect to the material layers, and the notches were machined carefully and by a single
technician. After completion of the experimental protocol, Chauvenet’s criterion was used to
exclude from the elaboration of the results all tests for which the deviations were unacceptably
increased. As a result, the final scattering of the tests included in the analysis was quite affordable
(at least for tests with specimens made of a brittle rock-like material).

The specimens were beam-shaped with a rectangular cross section and overall length equal
to L, = 100 mm. Two classes of specimens were tested concerning the dimensions of the cross
section: a class with width-to-height ratio equal to b x h = 20 x 20 mm? and the second one with
b x h =25 x 25 mm?. The specimens were mechanically notched at their mid-span with the aid
of a cutting disc of thickness §, = 2.5 mm and rounded cutting edge. The length of the notch
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was constant and equal to o, = 4 mm resulting to two notch length-over-specimen height ratios,
i.e., ap/h =0.20 and «,/h = 0.16, respectively, in an effort to check also the role of the relative
notch length. The geometry and dimensions of the specimens are shown in Fig. 2b.
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Fig. 2. (a) A typical specimen before testing. (b) The geometry and dimensions of the specimens

Dionysos marble was chosen because it is the material used by the scientific and technical
personnel of the restoration project of the Athens Parthenon Temple for constructing copies
of missing structural elements and also for preparing patches for partially destroyed members.
The project is still in progress and is implemented by the “Acropolis Restoration Service” under
the auspices of the “Committee for the Conservation of the Acropolis Monuments”, an interdi-
sciplinary committee of the Greek Ministry of Culture, established in 1975. The methodology
adopted and the restoration techniques developed in the frame of the project are worldwide
recognized for their pioneering nature and the strict commitment to the restoration principles
of “The Venice Charter” (1964).

The properties (mechanical and physicochemical) of Dionysos marble are very similar to
those of the authentic building stone of the Parthenon Temple, i.e., Pentelic marble. It is an
extremely fine-graded white marble consisting of calcite (about 98%) and very small amounts
of muscovite, sericite, quartz and chlorite. It is of almost white colour with a few thin ash-green
veins along the marble’s schistosity. Silver areas are detected due to the presence of chlorite
and muscovite. Its porosity is very low (varying between 0.3% and 0.7%). Its density is equal to
about 2730 kg/m? and its absorption coefficient by weight varies around 0.11%. The coefficient
of thermal expansion is 9 - 107%°C (between 15°C and 100°C). The grain size varies around
0.43 - 1073 mm and the crystals are polygonic of almost uniform size (between 900 ym x 650 pm
and 950 um x 874 pm) (Tassogiannopoulos, 1986).

The mechanical properties of Dionysos marble reported in literature vary within broad limits.
This is because they depend, among others, on the exact quarrying point and depth as well as
on the orientation of the specimens with respect to the anisotropy directions. The numerical
values adopted in this study are based on an exhaustive experimental study by Vardoulakis and
Kourkoulis (1997) and are recapitulated in Table 1, for the strong anisotropy direction, which
is of importance for the present study.
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Table 1. Mechanical properties of Dionysos marble along the strong anisotropy direction (Var-
doulakis and Kourkoulis, 1997)

Property|  Young’s modulus Tensile | Compressive | Nominal tensile| Poisson’s
strength strength strength ratio
Test Tension | “OP~ | gpp | Lension- | Uniaxial 3PB Tension-
ression -Brazilian | compression -compression
Unit GPa GPa | GPa MPa MPa MPa -
Value 75 84 109 9.1 78.4 18.4 0.23

2.2. The sensing techniques used

2.2.1.  Pressure Stimulated Currents

It has been long ago observed that mechanical stress is responsible for generation of electric
signals in brittle materials like rocks. It was Whitworth (1975), in a pioneering work, who
demonstrated such an effect in alkali halides. It is worth mentioning, also, that electric signals
are generated when brittle non-piezoelectric materials (the porosity of which does not favour
electro-kinetic phenomena) are subjected to an abrupt increase of the level of mechanical stress.
Nowadays, the most widely accepted model describing qualitatively the generation of these
weak electrical signals is the one introduced by Slifkin (1993). The specific model was further
developed by Vallianatos and Tzanis (1999) and is commonly designated as the Moving Charged
Dislocations (MCD) model.

According to the MCD model, motion of charged dislocations produces a transverse electric
polarization P directly related to the electric current density J and, in turn, to the mechanical
strain rate, de/dt

B 0P de

T

(2.1)

The above transient electrical signals are detected in the form of electric currents, known
as Pressure Stimulated Currents (PSC), and the respective experimental technique is known as
the PSC technique (Triantis et al., 2006). It was used for the first time by Varotsos (2005) in
the direction of describing the polarization or depolarization of electric signals, as a result of
pressure variations on solids that contain dipoles due to the existence of defects. According to
Eq. (2.1), it is expected for the PSC to be related to the accumulation of deformation and more
specifically to be proportional to the mechanical strain rate (de/dt).

The technique has been applied successfully to rock samples (made either of marble (Stavra-
kas et al., 2003) or amphibolite (Triantis et al., 2007)), submitted to monotonically increasing
compressive load until fracture. Later on, it was applied, also successfully, to cement based
specimens under compression (Kyriazopoulos et al., 2011; Triantis et al., 2012).

Experimental studies indicate that the PSC emitted during mechanical loading has a de-
terministic form and can be used as a tool for detecting the upcoming fracture. Moreover, the
form of the PSC can be used to distinguish whether plasticity (non-reversible deformation of
the specimen) has appeared or whether fracture is impending (Anastasiadis et al., 2007). It is
generally observed that the PSC emissions increase intensively when the applied mechanical
stress approaches the strength limit of the tested specimen (Triantis et al., 2012). Experiments
with specimens made of cementitious materials indicated that mechanical straining due to axial
compression induces electric signals, providing qualitatively similar results with those in rocks
and rock-like materials (Kyriazopoulos et al., 2011). However, the PSC recorded is significantly
stronger than that in rocks, reaching amplitudes at the nA scale. Moreover, recent experiments
with prismatic specimens made either of marble or mortar and subjected to 3PB revealed that
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proper evaluation of the electric current emission recordings may provide useful information re-
garding the proximity of the applied mechanical load to the ultimate stress level of the specimens
(Stergiopoulos et al., 2015).

In the laboratory, the PSCs are detected by using extremely sensitive electrometers. The sen-
sors consist of pairs of gold-plated electrodes attached on the specimen’s surface by means of a
conductive paint. In the present study, the measuring system consisted of an ultra-sensitive pro-
grammable electrometer (Keithley, 6517 A) resolving currents from 0.1 fA to 20 mA in 11 ranges.
The data of the electrometer were stored in a computer using GPIB interface. The electrodes
were installed in the notch and on the upper side of the specimens (Fig. 3a). The overall arran-
gement of the equipment of the PSC system used is shown in Fig. 4.
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Fig. 3. (a) A specimen placed on the metallic rollers just before testing. (b) A detailed sketch of the
knife-edges used to keep the clip-gauge in place. (¢) A schematic representation of the position of the
Acoustic Emission sensors

2.2.2.  Acoustic Emissions

The Acoustic Emission (AE) technique detects acoustic events taking place within a material
during mechanical loading, since deformation and failure of materials are accompanied by a
sudden release of strain energy. The energy released generates elastic stress waves which travel
within the material towards the boundaries of the specimen, where they are detected by proper
transducers (usually piezoelectric sensors converting elastic waves to electrical signals). The main
advantage of the AE technique is that it can monitor failure processes during the whole loading
scheme of either a specimen or a whole structure by just attaching a number of sensors on it.
Recalling that acoustic emissions depend mainly on irreversible deformations, it is concluded
that this technique is suitable for structural health monitoring. Another advantage of the AE
technique is related to its ability to determine the spatial coordinates of the acoustic source
employing usually the travel-time-difference method (Sachse et al., 1991).

The underlying principle of the technique is dated back to 1933, when the process of shock
occurrence in a wood specimen under flexural loading was studied by Kishinoue with the aid
of a phonograph pick-up and a steel needle. His original article (in Japanese) was translated
into English by Ono in 1990 (Kishinoue, 1990). The first studies concerning the acoustic emis-
sions in geomaterials were carried out by Obert (1941). Till today, the AE technique has been
applied to various materials, i.e., rocks, concrete, mortars, metals etc. under various loading
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Fig. 4. An overview of the experimental set-up. (a) The equipment for recording the PSC. (b) The
arrangement for the application of the DIC technique

modes. Maji and Shah (1988), for example, determined the fracture process zone in pre-cracked
concrete specimens under tension by means of the source location of acoustic emissions. Labuz
et al. (2001) quantified the intrinsic process zone in cementitious specimens of various size sub-
jected to diametral compression (Brazilian-disc test) and 3PB. The dimensions of the fracture
process zone based on the location of the acoustic events were determined also for rock speci-
mens (Muralidhara et al., 2010). Another very interesting application of the AE technique is the
estimation of the critical values of the SIF and the J-integral, dated back to 1984 (Blanchette et
al., 1984). Later on, Hashida (1993) applied the same approach for rock-like materials. Recently,
the AE technique has been used for the classification of the failure modes, also, in rock-like
materials. For example, bending tests were carried out by Aggelis et al. (2013) in marble speci-
mens, in an effort to correlate the frequency and the waveform shape of the AE with the fracture
mode.

Quite often the data recorded by the AE sensors are analyzed using the b-value (Rao and
Prasanna Lakshmi, 2005), correlating events of high amplitude and lower frequency with events
of low amplitude and higher frequency. Nowadays, an “Improved b-value” concept (Ib-value),
proposed by Shiotani et al. (2001), is employed. It is based on statistical parameters (such
as the mean and standard deviation of the AE amplitude), which vary during the test. The
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time variation of the Ib-values is considered as providing valuable indications concerning the
proximity of the system to its “critical stage” (impending failure). The Ib-value is defined as

b— logg N (1 — ar0) —logyg N (p + az0)

I
(Oq + 042)0

(2.2)

where o is the standard deviation and p is the mean value of the AE amplitude distribution.
Moreover, a; is related to the smaller amplitude while «o is related to the fracture level. The
numerical values of ay, ag vary within broad limits (0.5 < a1, ag < 5.0). Attributing to them
values within this range does not significantly affect the Ib-value (Shiotani et al., 1994). In this
context, it is here assumed that a; = ay = 1.0.

Besides providing valuable information concerning the intensity of the internal damage pro-
cess and its spatiotemporal evolution, it is generally accepted, nowadays, that the data recorded
by the AE technique offer interesting information concerning the nature of the source of acoustic
signals (Ohno and Ohtsu, 2010; Ohtsu, 2010; Aggelis, 2011; Aggelis et al., 2013). More speci-
fically, the relationship between the RA parameter (Rise Time/Amplitude) and the Average
Frequencies (AF) (counts/duration) permits classification of the cracks formed during loading
to Mode I and/or Mode II. According to this approach, acoustic emission signals of high AF and
low RA values are due to “tensile” (mode I) cracks. On the other hand, acoustic emission si-
gnals of low AF and high RA values are due to other crack modes (mode II crack or mixed-mode
cracks) or even due to shear phenomena (friction).

In the present study, four acoustic emission sensors were properly attached on the free trans-
verse sections of the specimens with the aid of silicone. Three of the sensors were of the R15«
type while the fourth one was a pico-sensor. The positions of the sensors are shown schematically
in the sketch in Fig. 3c.

2.2.3.  Digital Image Correlation

The third innovative technique used is the Digital Image Correlation (DIC). It is based on
the combined use of two high definition cameras. Its theoretical background is dated 30 years ago
(Sutton et al., 1986), and it has been since then continuously developed further (Sutton et al.,
2000). For its application, the surfaces monitored are covered by a dense grid of paint dots the
displacements of which during loading are used to calculate the full-field 3D displacement-field.
DIC has been already used for the determination of Crack Tip Opening Displacement and Stress
Intensity Factors (SIFs) of brittle materials (Brynk et al., 2012).

In this study, a novel 3D-DIC system (LIMESS Messtechnik & Software GmbH, Germany)
with two cameras (of resolution 1624x1234 pixel) was used. The 3D-DIC active field was a
rectangle of dimensions 44 x 27 mm?. The size of the pattern dots was equal to about 0.08 mm.
The frequency was set to 1 photo every 3 seconds. The 3D-DIC system used in the present study
is shown in Fig. 4.

2.3. The experimental set-up and the experimental protocol

The experiments were implemented using an MTS-INSIGHT loading frame of capacity 10
kN. In parallel to the above mentioned techniques, a traditional clip-gauge extensometer (IN-
STRON 2670-120) with a 5mm gauge length and 2mm range was properly mounted to the
notch mouth (Figs. 3a,b) to measure the Notch Mouth Opening Displacement (NMOD). It was
calibrated using a micrometer calibrator (High Mag). The TDS-530 data-logger was used for
data acquisition and storage. An overview of the whole experimental set-up is shown in Fig. 4.

The specimens were placed on two metallic cylinders of an INSTRON 3PB fixture (Fig. 3a).
The diameter of the supporting cylinders was 25 mm and their distance was adjusted (and kept
constant for all tests) to L = 90 mm, resulting to a span-over-height ratio approaching 4. The
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specific value is considered as the lower limit for which the Bernoulli-Euler technical bending
theory gives acceptable results, permitting one, in the first approximation, to ignore the influence
of shear forces.

The tests were quasi-static realized under displacement-control mode at a rate equal to
0.01 mm /min. The load was applied monotonically until fracture of the specimens. It was linearly
distributed along the width of the specimens with the aid of the third steel cylinder of diameter
10mm (Fig. 3a).

3. Fracture characteristics of Dionysos marble under 3PB

All specimens tested were fractured in the same way: A crack was initiated at the tip of the
notch and propagated towards the load application point, almost parallel to the direction of the
applied load (Fig. 5a). In some specimens, the crack path deviated slightly (Fig. 5b) indicating
some kind of asymmetries of the whole configuration. Considering that every attention was paid
to the experimental set-up to be symmetric, it can be concluded that those deviations were due
to inevitable local inclinations of the material layers of marble with respect to the specimen’s
longitudinal axis. The fracture surfaces were almost planar (although slightly wavy) and normal
to the longitudinal axis of the specimens, as it can be seen in Figs. 5¢ and 5d. In general,
the fracture plane is very sensitive to local material imperfections (typical for most marble
varieties), called “kopués” at the era of Parthenon builders. These imperfections define locally
weak material planes. Obviously, such specimens were not taken into account while elaborating
the results of the experiments.

(a)

Fig. 5. Typical fractured specimens with fracture planes either parallel to the loading axis (a) or slightly
inclined with respect to this axis (b). The wavy shape of typical fracture surfaces (c), (d)

Typical raw data for the variation of the load imposed versus the respective deflection of
the central cross section (as provided by the translation of the frame traverse) are plotted in
Fig. 6, for some characteristic specimens belonging to both specimen classes. Ignoring inevitable
bedding errors, all curves are more or less similar to each other, approaching linearity in a quite
satisfactory manner for the whole loading procedure. The fracture load for both specimen classes
(around 600 N for the class with bx h = 20 x 20 mm? and around 1100 N for the class with bx h =
25x 25 mm?) exhibited relatively low scattering in spite of the increased number of unpredictable
parameters that could increase scattering for materials like marble (inhomogeneity, anisotropy,
internal defects etc.). The maximum deflection of the central cross section was determined equal
to about 0.10 mm for the specimens of the first class and equal to about 0.16 mm for those of
the second class, again with a relatively low standard deviation.
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Fig. 6. Raw data of some characteristic experiments of both classes of specimens: variation of the load
induced against the displacement of the loading frame traverse

The variation of the Notch Mouth Opening Displacement (NMOD), as it was obtained by
the clip-gauge, normalized over the initial distance between the knife edges of the clip-gauge
(Fig. 3b), is plotted in Fig. 7 with respect to the maximum “nominal” axial stress developed,
also, for some characteristic specimens. The “nominal” stress was calculated by the familiar
formula of the classic Bernoulli-Euler technical bending theory (taking into account the effective
cross sectional area)

3PL,

— 1
Onom 2b(h — a0)2 (3 )

where P is the force applied. It is seen that after a more or less linear portion these graphs
become non-linear, contrary to what is perhaps expected for a material of an increased brittleness
like Dionysos marble. It is here clarified that the data of Fig. 7 for the NMOD are plotted
up to the maximum stress value. Clearly, the clip-gauge continues recording even after the
peak stress is reached, since the fracture of the specimen and its fragmentation into two pieces
is macroscopically observed with some delay after the stress attains its maximum level. This
phenomenon is the origin of quite a few problems, related to the accurate determination of
the critical value of NMOD, in case the latter is considered as a critical quantity (criterion)
describing the fracture. Due to its importance, the specific point will be discussed further in
Section 5. The average value of the dimensionless critical NMOD for Dionysos marble was found
equal to about 7.5 - 1074

The average value of the “nominal” axial fracture stress, in the presence of a notch, was
14.04 MPa with a relatively low (considering the brittleness of the material) standard deviation.
The differences between the specimens of the two classes are negligible, indicating that it is the
presence of the notch itself rather than its length that dictates the final outcome. The respective
value for the “nominal” axial fracture stress of intact Dionysos marble beams under 3PB, as it
was determined by Vardoulakis et al. (1997), is equal to 18.4 MPa. Both values (i.e., for notched
and intact specimens) are considerably higher than the respective one determined from direct
tension tests, reported again by Vardoulakis et al. (1998), which for the strong anisotropy direc-
tion was equal to 9.1 MPa (Table 1). This conclusion supports further the indications concerning
the inappropriateness of the 3PB test as a substitute of the direct tension test.

What is to be noted, also, from Fig. 7, is that the stress-NMOD curves deviate from linearity
from relatively early load levels, contrary to the respective load-deflection curves. This could
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Fig. 7. The variation of the longitudinal “nominal” axial stress against the Notch Mouth Opening
Displacement as obtained by the clip-gauge. The values of NMOD are normalized over the initial
distance d between the knife edges of the clip-gauge

be explained by the fact that the NMOD strongly depends on the stress field at the immediate
vicinity of the notch crown, where the so called “process” zone is formed and the material locally
ceases obeying the linearity assumption. On the other hand, the overall deflection depends on
the global stress field all over the specimen. Taking into account that the maximum size of the
process zone for Dionysos marble is of the order of only a few millimetres (Kourkoulis et al.,
1999), it is reasonable to assume that it cannot drastically influence the overall response of the
specimen.

In addition, it should be emphasized that the slope of the experimentally obtained stress-
NMOD curves is much more abrupt compared to that obtained analytically using the familiar
formula for the stress-NMOD relation for a beam with a crack, as it is provided by classical
Fracture Mechanics for a beam with length-to-height ratio equal to four (Tada et al., 1973)

5= 40%)/,,104‘/1(%)
Vl(%) —0.76 — 2.28(%) n 3.87(%)2 _ 2.04(%)3 + % &8
1-%

In Egs. (3.2) E' is the equivalent Young’s modulus of the beam material (depending on whether
plane stress or plane strain conditions prevail). The difference exceeds 100%, and it is quite
impossible to be addressed to any type of experimental error or to the fact that the length-
-to-height ratio of the specimens tested was not exactly equal to four for the second class of
specimens (it was equal to 3.6). In fact, Eq. (3.2) is only valid for “mathematical” cracks (zero
distance between the crack lips) and only approximately describes the stress-NMOD relation in
the case of notched specimens. Therefore, it should be used with caution, since it ignores the
role of the radius of curvature p (see Fig. 2b) of the crown of the notch, which under specific
circumstances could be critical (Markides and Kourkoulis, 2016). Moreover, as it was pointed
out by Vardoulakis et al. (1998) and Kourkoulis et al. (1999), 3PB of beams made of Dionysos
marble should be described in the frame of gradient elasticity, taking into account the internal
microstructure of the specific material. The latter is the only approach permitting description
of the size-effect, which is quite pronounced for the specific material.
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Before concluding this Section, two additional aspects of the mechanical behaviour of Dio-
nysos marble should be mentioned, which render the theoretical analysis of 3PB in the frame
of Linear Elastic Fracture Mechanics even more prone to large discrepancies from experimental
reality. The first one is the slight non-linearity characterizing the axial stress-axial strain curve
of the specific marble type. The second one is its bimodularity, i.e., the fact that its elastic
modulus under tension is not identical to that under compression (Exadaktylos et al., 2001).

Interesting conclusions about the deformed shape of the specimens just before fracture can be
drawn from Fig. 8 in which the deflections of both the upper and lower edges of a typical specimen
are plotted for its central part from either side of the notch. The deflections are obtained from
the data of the DIC system. Any rigid body translation and rotation was removed. It is observed
from Fig. 8 that the deformed contours of the upper and lower edges are not self similar. This
behaviour could be attributed to:

(i) The presence of the notch and

(ii) The decrease of the specimen height due to the relatively short length of the specimen
(and the way the load is applied, i.e., to the punch effect).
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Fig. 8. The vertical (parallel to the load direction) displacement of the upper (filled cycles) and lower
(empty triangles) edges of a typical specimen for its central part, as they were obtained with the aid of
the 3D-DIC technique (rigid body translations and rotations are removed)

Both these factors are responsible for generation of compressive vertical normal stresses along
the height of the central part of the specimens. In Fig. 8, the best fit curves of the experimental
data are also shown (continuous lines). For both the upper and lower edges, it is concluded that
their deformed shapes are simulated by second order functions of the form

y=c12® + cox + 3 (3.3)

with a very satisfactory correlation factor R? ranging from 0.97 to 0.99. In Eq. (3.3) ¢1, ¢ and c3
are constants obtained numerically with the aid of commercial software.

As the next step, the experimental data for the NMOD, as obtained from both the DIC
technique and the clip-gauge, are discussed. A typical view of the field of axial displacements u,
(used for the indirect determination of NMOD) is shown in Fig. 9a, as it was captured by the
DIC technique just before the final macroscopic fracture of a typical specimen. The impending
cracking path is clearly detectable as the locus of zero wu,-values. In order to take advantage
of the specific DIC data, two small polygons were isolated on both sides of the notch at its
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lowest level and the distance between them was determined as a function of time. Removing
the initial distance between the centroids of the two polygons and also removing any rigid body
displacements, one obtains the NMOD. The raw data for the time variation of the NMOD as it
is obtained from both the DIC technique and the clip-gauge are plotted in Fig. 9b for a typical
specimen. Careful inspection of this figure indicates that, although the DIC data are qualitati-
vely similar to the respective ones of the clip-gauge, some quantitative differences exist, mainly
for relatively low load levels, where the DIC data appear underestimating the respective NMOD
values recorded by the clip-gauge. However, at the ultimate load steps (which are of utmost
importance for the determination of the critical NMOD value) the data of the two techniques
are very close to each other. In general, according to both techniques, it is only during the very
last load steps that the NMOD starts increasing rapidly according to an almost exponential law,
and the respective graphs become almost vertical. As a result, the determination of the critical
NMOD becomes extremely difficult. Similar conclusions were obtained experimentally by An-
drianopoulos et al. (1997) for some Metal Matrix Composites under direct tension, although they
adopted a completely different recording technique. Saragas et al. (1996) published additional
data supporting the present conclusions and, moreover, they provided some exponential laws
describing accurately enough the dependence of NMOD on the stress level.
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Fig. 9. (a) Axial displacements as recorded by the 3D-DIC technique. The crack path to be followed is
visible as the locus with the zero axial displacement. (b) The time variation of the NMOD as it was
measured by the clip-gauge (continuous line) versus that recorded by the 3D-DIC system (empty
rhomboid symbols)

The deformed notch contour can be deduced from Fig. 10a, in which the horizontal displace-
ments of the points of a locus s, closely surrounding the notch are plotted against the variable s
(the contour of the specific locus approaches the actual boundary of the notch as close as it is
permitted by the resolution of the DIC system). It is interesting to observe that the flanks of
the notch remain linear, thus justifying a geometric extrapolation of the NMOD values in order
to obtain the Notch Opening Displacement (NOD). The maximum value of this quantity is in
fact the geometry-independent parameter that could be potentially used as fracture criterion.
Taking advantage of Fig. 10a, it can be concluded that the critical NMOD for Dionysos marble
(at least for the block tested in the present protocol) is equal to about 7.5 ym (after removing
the initial distance between the knife-edges of the clip-gauge). Then, adopting the procedure
shown in Fig. 10b (Knauf and Riedel, 1981) with ¢ = 60°, the respective value for the critical
NOD (which according to some fracture criteria could be considered as a material constant) is
found equal to about 4.4 ym.
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Fig. 10. (a) Axial (horizontal) displacements of a linear locus s closely surrounding the notch (as close
as the resolution of the DIC system permits). (b) The procedure adopted to determine the Notch
Opening Displacement based on data for the respective NMOD

4. Acoustic and electric activity during three-point bending
4.1. An overview of the whole loading procedure

The time variation of the PSC, recorded during the whole loading process, is plotted in
Fig. 11a, in juxtaposition to the respective variation of the load induced, for a representative
specimen with a cross section equal to b x h = 20 x 20 mm?. It is seen that during the initial
loading steps (i.e., for load levels lower that 50% of the fracture load) the PSC increases very
smoothly, in fact it is almost constant. At a load level equal to about 50% of the fracture load
(point A in Fig. 11a), the magnitude of the PSC starts increasing at a different (much higher)
rate while the respective load-time plot exhibits an imperceptible slope change (see the shadowed
rectangle in Fig. 11a). According to the literature (Triantis et al., 2006, 2007), the onset of an
intense PSC increase designates the onset of micro-cracking within the volume of the specimen
and, therefore, it can be concluded that point A corresponds to the onset of intense damage
processes. Moreover, at a time instant t;, a little before the load attains its ultimate value,
it is observed that the value of PSC holds back instantaneously (point B in Fig. 11a). The
specific point indicates the generation of a local macro-crack which interrupts instantaneously
the local electric paths. From this point on, it is considered that the system (specimen) entered
its “critical stage”, and final fracture is impending (Stergiopoulos et al., 2015; Triantis et al.,
2012).

In Fig. 11b, the aforementioned quantities are plotted for a characteristic experiment of the
second class, i.e., with a specimen of the cross section equal to b x h = 25 x 25 mm?. Although
the PSC-time curve exhibits qualitatively similar behaviour to that of Fig. 11a, there are some
interesting differences: While at the very early loading levels the PSC-value is again almost
constant, it starts increasing relatively earlier (see point A in Fig. 11b), following an “anomaly”
of the respective load-time curve. This “anomaly” is characterized by a slight drop of the load-
-time curve, which then keeps increasing but with a clearly different slope (see the shadowed
rectangle in Fig. 11b). Again, at a time instant ¢1, a little before the load attains its ultimate
value, the PSC holds back instantaneously (point B in Fig. 11b), indicating again that the
system entered its “critical stage” and fracture is impending.
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Fig. 11. The time evolution of the load induced in juxtaposition to the respective one of the PSC
recorded for a specimen with b x h =20 x 20mm? (a) and b x h = 25 x 25mm? (b)

Considering the overall behaviour of the two specimens just discussed (and besides any
differences which are expected due to the inhomogeneous and anisotropic nature of the material
studied), it can be concluded that the time-variation of the PSC offers characteristic indications
concerning both the onset of intense micro-cracking within the specimen volume and also the
entrance of the system (specimen) to its “critical stage”. Moreover, it is worth noticing that the
above indications are not accompanied by similar indications of the load-time curve, which is
more or less a continuous and monotonous line (see also Fig. 6) with imperceptible slope changes
which do not offer clear hints of the upcoming catastrophic failure.
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Fig. 12. The time evolution of the load induced in juxtaposition to the respective one of the NMOD, as
recorded by the clip-gauge for a specimen with b x h = 20 x 20mm? (a) and b x h = 25 x 25mm? (b)

In an effort to detect a purely mechanical quantity that could, perhaps, offer such hints (i.e.,
warnings of upcoming catastrophic fracture), the time-variation of the NMOD, as obtained from
the clip-gauge, is plotted in Fig. 12 in juxtaposition to the respective load-time variation (for
the same as previously two specimens). In good qualitative accordance with the variation of the
PSC-values, the NMOD-time curve consists, for both specimens, of three well distinguishable
intervals: one of smooth and almost linear increase, a second one, which is again more or less
linear but of definitely higher slope and, finally, a third one with very steep slope (as the load
induced approaches its ultimate value).
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4.2. Focusing attention on the very last loading stages

The analysis of the PSC and NMOD data recorded during all tests of the present experimental
protocol indicated clearly that the most dramatic changes of both quantities take place during
the very last loading stage (and the same is true for the time variation of the acoustic activity, as
it will become evident in next Sections). The duration of this stage does not exceed 10% of the
tests duration. Given that the changes within this interval are very abrupt, it is quite possible
that critical details of damage evolution could be shadowed by the extremely “condensed” nature
of the events. It was thus decided to focus attention on this ultimate time-interval by taking
advantage of an alternative mode for representing the respective experimental data. In this
direction, the time evolution of PSC, NMOD and also of the acoustic activity are considered
versus the (ty — t) parameter in semi-logarithmic scale, where ¢; is the time instant at which
the specimen failed by catastrophic crack propagation.

Following the above concept, the time variation of the load and the PSC (both normalized
over their respective maximum values) are plotted in Fig. 13 versus the (t; —t) parameter in
juxtaposition to the acoustic activity as it is represented by the time rate of the number of
acoustic hits detected by the acoustic sensor located just above the notch. The plots are drawn
in a semi-logarithmic scale for the two specimens discussed in the previous Sections.
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Fig. 13. The time evolution of the load induced (normalized over its maximum value) in juxtaposition
to the respective ones of the PSC recorded (also normalized over its maximum value) and of the number
of hits recorded per second for a specimen with b x h = 20 x 20mm? (a) and b x h = 25 x 25mm? (b).

The quantities are plotted in semi-logarithmic scale against the (¢ — t) parameter to better enlighten

the phenomena at the very last loading levels

Figure 13a corresponds to the specimen with b x h = 20 x 20 mm?. Concerning the acoustic
activity, it can be seen that the specimen is almost “silent” for ¢t; —¢ > 10s. The number of
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hits recorded per second is almost equal to zero. Then, at the time instant ty —¢ = 10s, the
rate of acoustic hits recorded by the acoustic sensor starts increasing dramatically. It is very
interesting to observe that the specific time instant corresponds to a clear decrease in the slope
of the respective time-PSC curve (see the shadowed ellipse in Fig. 13a).

The overall time evolution of the above quantities (load, PSC and rate of acoustic hits)
is qualitatively similar also for the specimens of the second class (i.e., the ones with b x h =
25 x 25 mm?), as it is shown in Fig. 13b. However, the precursor phenomena designated by the
changes of the PSC and the rate of acoustic hits appear now somehow earlier, i.e., at about
ty—t =100s. Indeed, the specimen is now “silent” for the time interval ¢t; —¢ > 100s. Then, the
acoustic activity starts increasing relatively smoothly, and only at ¢ty —¢ = 10 s it starts increasing
dramatically. Again, the time instant at which the acoustic activity is amplified for the first time
(i.e., the instant ¢y —t = 1005s) is very close to the time instant at which the respective time-PSC
curve changes its slope (see the shadowed ellipse in Fig. 13b). Indeed, while for t; —¢ > 100s the
PSC increases monotonically (following the respective behaviour of the load), at ty —¢ = 100s
the rate of the increase of the PSC changes and its value tends to be stabilized. For this specific
specimen, at the onset of “explosive” amplification of the acoustic activity (at ty —¢ = 10s)
the value of the PSC has been already stabilized and it starts decreasing, indicating, obviously,
generation of cracks of a higher order (due to the coalescence of already existing cracks of smaller
length) which interrupt the electric paths.

Along the same lines, the time variation of the acoustic activity is plotted in Fig. 14 in
juxtaposition to the respective variation of the time rate of the NMOD recorded with the aid of
clip-gauge. The plots are again considered versus the (¢; —t) parameter in semi-logarithmic scale
for the same specimens as previously. The identity of the curves corresponding to the acoustic
activity and to the rate of change of the NMOD-values is quite striking.
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Fig. 14. The time evolution of the NMOD rate in juxtaposition to the respective one of the number of
hits recorded per second for a specimen with b x h = 20 x 20mm? (a) and b x h = 25 x 25mm? (b). The
quantities are plotted in semi-logarithmic scale against the (¢; —t) parameter to better enlighten the
phenomena at the very last loading levels

Concerning now the Ib-value, its time variation is plotted against the (t; — t) parameter
(again in semi-logarithmic scale), in Fig. 15a, for a characteristic specimen, belonging to the
first class. It is seen that the I'b-value starts decreasing towards a level equal to one (considered
as an indication that the system enters its “critical stage”) at about the same time instant of
the slope change of the respective (t; — t)-PSC plot. The respective graph for a specimen of
the second class, shown in Fig. 15b, is qualitatively similar. The main difference is that now
the decrease of the Ib-value towards levels equal to one starts somehow earlier, i.e., at (ty —t)
values around 100s (again in accordance with the slope change of the respective (t; —t)-PSC
plot).
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Fig. 15. The time variation of the Ib-value in juxtaposition to the respective one of the PSC for a
specimen with b x h = 20 x 20mm? (a) and b x h = 25 x 25 mm? (b)

4.3. Classification of the cracking modes

Taking advantage of the characteristics of the acoustic activity, an attempt is now made
to classify the cracks generated during the whole loading procedure, focusing again attention
on the very last loading stages. Following Ohno and Ohtsu (2010) and Aggelis (2011), the
Average Frequency of the acoustic hits is plotted in Fig. 16 either against the RA (Rise Time per
Amplitude) parameter (left column of figures) or against the Rise Time (right column of figures)
for the above two specimens. It is clear from Fig. 16a (corresponding to the specimen of the first
class) that during ¢ty —t > 10s time interval the acoustic activity is definitely due to exclusively
tensile micro-cracking (recall that t; —¢ = 10s corresponds to the time instant at which the
dramatic changes of the electric and acoustic activity appear for the specific specimen). Indeed,
in this time interval the values of both the RA-parameter and the respective Rise Time are very
small (tending to zero). It is only during the last ten seconds that events with increasing RA and
Rise Time values appear while, at the same time, their average frequency decreases significantly,
indicating that Mode II cracking or shear phenomena appear. This phenomenon is even clearer
during the very last second of the loading procedure (t; —¢ < 1s).

The existence of a significant number of non-tensile cracks is, perhaps, somehow astonishing,
especially for 3PB tests with pre-notched specimens for which fracture is attributed to tensile
stresses around the crown of the notch. A possible explanation could attribute the existence
of Mode II and mixed mode cracking (as well as of other type of shear phenomena) to the
layered structure of the specific marble type. Indeed, the material layers are somehow wavy and,
therefore, they are not uniformly oriented with respect to the loading axis resulting to irregular
crack paths (mainly at the microscopic but also at the macroscopic level). These paths, at a
given time instant, may be parallel to the material layers (within them), and a few moments
later they may become normal to them. As a result, a variety of cracking modes appears (either
tensile or shear or mixed mode), in spite of the fact that the macroscopic overall stress field
consists of normal stresses (either tensile ones prevailing at the lower portion of the specimens, or
compressive ones prevailing at the upper portion). The above described sequence of activation of
damage mechanisms is in general agreement with what is widely accepted concerning the fracture
of structural materials and the sequence of cracking modes (Aggelis et al., 2013), i.e., that “tensile
stresses induce initial micro-cracking and later shear phenomena dominate as damage is being
accumulated”.
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Fig. 16. The Average Frequency of the AE signals recorded versus their RA (Rise Time per Amplitude)
parameter (left column) and versus their Rise Time (right column) for a specimen with
bx h=20x20mm? (a) and b x h = 25 x 25 mm? (b)

The conclusions drawn for the specimen of the second class are almost identical, as it can
be seen in Fig. 16b. The only difference is that now the generation of Mode II cracking or shear
starts earlier, i.e., at about ¢ty —t = 100s (again in full accordance with what was observed for
the changes of the electric and acoustic activity and the time evolution of the NMOD rate).
Exclusively for clarity reasons the duration of the specific test was split into four intervals.
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5. Concluding remarks

The response of notched marble beams to mechanical loading under 3PB conditions was stu-
died experimentally, using both traditional and innovative sensing techniques, in an effort to
enlighten some critical aspects of their mechanical response and also to check whether it is po-
ssible to detect precursor phenomena that could act as signalling effects designating upcoming
catastrophic failure.

Concerning the mechanical response, it was concluded that the NMOD-stress relation de-
viates from linearity from relatively early load levels, contrary to the respective load-deflection
relation which is almost linear for the whole loading procedure. The above difference indicates
the crucial role of the process zone developed around the crown of the notch. In spite of its very
small relative size, this zone affects significantly the evolution of NMOD since the latter depends
on the local stress field around the crown of the notch. On the other hand, due to its small size,
this zone cannot influence the overall stress field which remains almost linear, explaining the
linearity between load and deflection.

Along the same lines, it was pointed out that the slope of the stresssNMOD curve at its
linear portion is significantly different from the respective slope predicted using the classical
Fracture Mechanics tools. Although some differences were expected due to the fact that in the
present protocol notched rather than cracked beams were tested, the magnitude of this difference
(exceeding 100%) was astonishing. Following Vardoulakis et al. (1998), this huge difference is
attributed to the existence of an internal structure, which does not permit characterization of
Dionysos marble as an amorphous material. As a result, such materials should be described using
tools of gradient elasticity rather than traditional tools of Continuum Mechanics and Fracture
Mechanics.

Another interesting finding of the present protocol is that the fracture stress determined
by the 3PB tests (with either intact or pre-notched specimens) significantly overestimates the
tensile fracture stress obtained by direct tension tests. This observation should be carefully
taken into account by engineers since it is a common practice to determine tensile properties
of very brittle geomaterials (like rocks and rock-like materials) using bending tests, since their
laboratory implementation is quite simple.

Interesting conclusions were also drawn regarding the deformed shape of the specimens just
before fracture. Indeed, it was quantitatively pointed out that the deformed shapes of the upper
and lower edges of the beams were different. Although such a result should be expected due
to the influence of the point load, it was the first time that this difference was experimentally
quantified for a material like Dionysos marble, which is extensively used for construction of
structural elements subjected to bending schemes.

Regarding the notch itself, it was concluded that its flanks remain linear with excellent
accuracy. This observation permits a linear extrapolation of the data recorded at the mouth
of the notch (i.e., the NMOD-values recorded by clip-gauges attached at the mouth of the
notch) to its tip. As a result, techniques like that proposed by Knauf and Riedel (1981) for
the determination of COD and its critical value for completely different materials can be used,
also, for the determination of NOD and its critical value for brittle geo-materials like Dionysos
marble.

Recapitulating, it became clear that although Dionysos marble is a very brittle material and
its overall mechanical response in terms of classical strength of materials is more or less linear,
its mechanical behaviour in the presence of notches cannot be adequately described in terms of
linear elastic Continuum Fracture Mechanics.

Concerning now the second target of the present experimental protocol, i.e., the detection
of precursor phenomena designating impending fracture, interesting conclusions were drawn for
all three quantities considered, namely mechanical, electric and acoustic ones. To recapitulate
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these conclusions, all three quantities considered, i.e., the PSC, the rate of cumulative acoustic
hits per second (dN/dt) and the rate of NMOD, are plotted in Fig. 17 versus the “nominal”
stress for a typical specimen of the class with b x A = 20 x 20 mm?. The similarity of all curves
is striking: In spite of their completely different nature (electrical, acoustic and mechanical), all
three quantities behave almost according to the same manner with respect to the stress level
(or equivalently to the load induced). Initially (i.e., for low stress compared to the fracture one),
they are either almost constant (PSC) or they increase very smoothly and, in any case, linearly
(dN/dt and NMOD). Then, at a stress level equal to about two thirds of its ultimate value, a
dramatic change is observed and the respective curves start increasing according to a completely
different slope, tending to become almost vertical.
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Fig. 17. The evolution of the electric and acoustic activity versus the axial “nominal” stress in
juxtaposition to the respective one of the NMOD for a typical specimen with b x h = 20 x 20 mm?,
highlighting the existence of mutually compatible precursor indicators

Considering the above experimental evidence, it is obvious that a relation exists between
the mechanical response of Dionysos marble and the respective electric and acoustic processes
taking place within the specimen volume. This is schematically shown in Fig. 17 where the
narrow shaded elliptic area encompasses all three phenomena:

(i) Deviation of the stress-PSC plot from its almost constant portion, represented by line aa’
(point A).

(ii) Deviation of the stress-dN/dt plot from its linear portion, represented by line bb’ (point B).

(iii) Deviation of the stresssNMOD rate plot from its linear portion, represented by line cc/
(point C).

Taking now into account that the increase of the PSC definitely designates the onset of intense
micro-cracking (Triantis et al., 2006; Anastasiadis et al., 2007) and also that the quantity dN/dt
is directly related to the number of micro-cracks generated within the specimen’s volume, it can
be safely concluded that: At least for the tests of the specific experimental protocol, irreversible
processes start taking place at load levels equal to about two thirds of the fracture stress, at
rates definitely different from those of the earlier loading stages.

The second very interesting conclusion (which was drawn by considering the very last loading
stages through the alternative (inversed) representation of the “time arrow”, see Figs. 13-15) is
that a little before the final fracture, the time-PSC plot exhibits well distinguishable changes
(in good accordance with the remaining quantities considered), that could be related to the
generation of fatal cracks all along the active cross section of the specimen, indicating the
exhaust of its load-carrying capacity. From this point on, and in spite of the fact that the load
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level will increase slightly (perhaps due to inertia effects), the specimen should be considered
fractured. Therefore, these changes of the PSC readings could be used for the determination of
the critical NMOD, curing the problems mentioned previously in Section 3, regarding the actual
point of the NMOD-stress curve that corresponds to the critical NMOD value.

Along the same lines, it is very interesting to note that the above mentioned changes of the
time-PSC plot, designating the exhaust of the specimen’s load-carrying capacity, are in good
agreement with the respective hints provided by the time evolution of the Ib-value.

Concluding, it can be said that taking advantage of innovative experimental techniques,
interesting data can be pumped from the interior of loaded elements, uniquely related to failure
mechanisms activated well before any macroscopic fracture is observed.

Research in progress, with double edge notched (DENT) dog-bone marble specimens under
direct tension, definitely supports the conclusions of the present study (Kourkoulis et al., 2018).
What is more important is that the potentialities of the PSC technique are also supported
by a protocol in progress with much more complex structures, as it is for example marble
epistyles mutually interconnected with the aid of titanium elements and suitable cementitious
materials subjected to pure shear. Although this project is still in progress (given that quite a
few difficulties generated by the existence of interfaces are to be overcome), the results are quite
encouraging (Pasiou et al., 2018).

Taking into account the conclusions just mentioned, it is indicated that it is worth exploring
further the potentialities of the PSC technique to be used as an alternative Structural Health
Monitoring tool. This statement is further supported by taking into account the very low cost of
the sensors required to record the electric current and also their relatively small size. Especially
for restoration projects of ancient monuments, these characteristics of the PSC technique are
very attractive because usually there are too many elements restored (thus many sensors are
required) and also the aesthetic aspect (and, therefore, the small size of the sensors) is of utmost
importance. The excellent agreement of the output of the PSC technique with the respective ones
of the AFE technique provides a very reliable calibration tool for the PSC technique, considering
that nowadays Acoustic Emission is a mature, widely used sensing technique based on well
founded natural basis.

Clearly, before definite conclusions are drawn, the qualitative correlations enlightened in the
present protocol must be further studied for a much wider class of materials and tests (tension,
compression and shear) in the direction of providing quantitative rather than qualitative corre-
lations that could permit calibration of the outcomes of the PSC technique against those of the
Acoustic Emissions technique.
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