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ABSTRACT. The spatiotemporal evolution of damage in marble specimens
under uniaxial compression is monitored using Pressure Stimulated Currents
(PSCs) and Acoustic Emissions (AEs). The novelty of the study is the use of an
integrated grid of sensors (instead of a single pair of electrodes) to detect the
weak electrical signals, emitted during loading. The use of such a grid of sensors
does indeed enhance the capabilities of the PSC technique providing valuable
information about the initiation and propagation of micro-fracturing at the
interior of the specimens. The experimental results indicate that both the im-
proved b-value of the AE hits and the energy of the PSCs offer information
about the proximity of the applied stress to that causing fracture. It is thus
concluded that both quantities could be considered as pre-failure indicators.
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INTRODUCTION

interesting, though demanding, task of Mechanics of Materials and Engineering. Its importance becomes evident by
taking into account that, in case damage evolution is propetly monitored, the respective data could be used, among
others, as tools for assessing the element’s remaining life or, equivalently, as valuable pre-failure indicators.

l Ij nlightening the spatiotemporal evolution of damage at the interior of structural elements under mechanical load is an
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The quest for pre-failure indicators attracts long ago the interest of engineers and researchers from quite a few scientific
fields, ranging from Civil Engineering to the Management of Natural Hazards and Natural Disasters. The key concept in
studies dealing with pre-failure indicators is to understand the mechanisms leading to damage evolution within the volume
of loaded structural elements. It is obvious that traditional strain/displacement sensing techniques used in Mechanics of
Materials (like, for example, electric strain gauges, caustics, photoelasticity, Moiré fringes, interferometry etc.) are not suitable
for such applications. Indeed, such techniques can only provide data from the external surface of the loaded members while
it is definitely known that, well before any kind of damage is detected at the membet’s outer surface, internal damage mech-
anisms have been already activated at the member’s interior, guiding in fact the phenomena observed on the member’s sur-
face. The same is true for some modern (and flexible for many other purposes) sensing techniques like, for example, Digital
Image Cortrelation [1] and Direct Strain Imaging [2]. In this context, description of the mechanical response of materials is
usually achieved with the aid of analytic and numerical models, based on experimental data concerning the macroscopic
mechanical properties of the material (or of its constituent materials in case of composite structures).

In the direction of overcoming the above difficulties, various experimental techniques have been developed during the last
decades, aiming to the quantitative description of the structural changes, which take place at the interior of mechanically
loaded structures (both before and during the initiation and propagation of micro-fracturing processes). Among them, the
Acoustic Emission (AE) technique (i.e., the detection and analysis of the characteristics of transient elastic waves caused by
the rapid release of strain energy during mechanical loading when micro-fracture phenomena take place) is, perhaps, the
most mature and widely used one. It is based on firm and well understood physical principles [3-7].

Recently, another promising experimental technique, permitting insight at the interior of loaded materials, has been intro-
duced [8, 9], based on the detection of weak electrical current emissions, usually called Pressure Stimulated Currents (PSCs).
These currents (the magnitude of which is of the order of pA), produced during mechanical loading, are detected using
extremely sensitive electrometers. This technique, known as PSC technique, has been successfully used for both natural
building stones [10, 11] and artificial materials, like cement-based ones [12, 13]. It is already adopted by many researchers
[14-16] worldwide while other researchers employ techniques [17, 18] based on the same natural principles.

The two sensing techniques mentioned above (AE, PSC) ate here employed in a combined manner in order to monitor
damage evolution within Dionysos marble specimens subjected to uniaxial compression until fracture. The novelty of the
study (besides the combined use of the two techniques and the comparative analysis of the respective data) is that the PSC
technique is applied, for the first time, using a grid of sensors rather than a single pair of electrodes. The specific system
permits gathering data from multiple electrical current channels. Valuable information is, thus, gained, concerning the spatial
and the temporal distribution of micro-cracking processes, which precede final catastrophic crack propagation.

The combined analysis of the experimental results indicates that the specific arrangement of electrical sensors provides a
clear overview of the spatiotemporal evolution of damage at the interior of the loaded specimen. Moreover, it is indicated
that the time evolution of the improved b-value (I4-value) [15, 19] of the AE hits and the enetgy of the PSCs provide reliable
indicators of of upcoming catastrophic failure.

EXPERIMENTAL PROTOCOL

The material and the specimens

he specimens of the present experimental protocol are made of Dionysos marble, an extremely fine-graded white

marble quarried from Mount Dionysos in Attica region. It is extensively used, among others, by the scientific per-

sonnel of the restoration project of the Athenian Acropolis monuments for the construction of copies of lost or
destroyed members. Dionysos marble is composed by about 98% of calcite, 0.5% of muscovite, 0.3% of sericite, 0.2% of
quartz and 0.1% of chlorite [20]. It is emphasized here, that the extremely low quartz content is crucial for the present
protocol, since it ensures that the electrical currents recorded are by no means related to the familiar piezoelectric effect. The
specific and apparent densities of Dionysos marble are equal to about 2730 kg/m? and 2717 kg/m?3, respectively. The thermal
expansion coefficient between 15 °C and 100 °C is 9x10¢ °C-1. The coefficient of absorption by weight is about 0.11%. Its
porosity is extremely low, ranging between 0.3% (virgin state) and 0.7% (superficial porosity) [20]. Its low porosity is another
crucial aspect for the present study, since it blocks any electrokinetic effects (due to the existence of natural moisture) that
would affect the behaviour of the electrical currents detected and recorded during the experiments.
From the Mechanics of Materials point of view, Dionysos marble is of orthotropic nature. Data for its mechanical properties,
reported in literature, vary between very broad limits [21-24]. Based on a long series of experiments Vardoulakis et al. [21,
24] drew the conclusion that the mechanical properties along two of the anisotropy ditections ate close to each other and
therefore the material is usually considered as transversely isotropic, described with the aid of only five elastic constants.
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In addition, these experiments indicated that Dionysos marble is slightly non-linear (both under tension and compression)
and, also, slightly bimodular (the elastic modulus under compression exceeds that under tension by about 15%).

The specimens prepared were prismatic of square cross section 40x40 mm?. Their length was equal to L=100 mm. Special
attention was paid during the preparation of the specimens for their longitudinal axis to be normal to the material layers,
in an attempt to avoid scattering of the experimental results due to the anisotropy of Dionysos marble.

The excperimental set-up

The main experimental protocol consists of a series of uniaxial compression tests with a specially designed loading scheme.
The specific loading model was chosen due to its increased practical importance for quasi-brittle rock and rock-like materials.
An additional factor taken into account, in order to choose compression tests, is the fact that the orientation of the fracture
planes (along which increased acoustic activity is expected after a load threshold) is more or less cleatly predefined.

The force was applied normally to the material layers. The experiments were catried out using an INSTRON-DX 300 load-
ing frame of capacity equal to 300 kN under quasi-static loading conditions. Preliminary tests indicated that the compressive
strength, oy, of the specific block of Dionysos was equal to about 67=63.8 MPa.

Concerning the PSC technique, the sensing system consisted of an ultra-sensitive programmable electrometer (Keithley,
06517A) resolving currents ranging from 0.1 fA to 20 mA in 11 ranges. The system was further supported by an electrical cur-
rent 10-channel scanner card (Keithley 6521). The data of the electrometer were stored in a computer using a GPIB inter-
face. The sensing system consisted of five pairs of electrodes, installed along the loading axis, enabling the collection of
electric emissions as close as possible to any potential source of electric current (or, equivalently, to any point where damage
occurs). The distance of the uppermost and the lowest pairs of electrodes from the upper and lower bases of the specimens,
respectively, was 10 mm and the distance between two successive pairs of electrodes was 20 mm (Fig.1).

For the detection of acoustic emissions the 2-channel PCI-2 AE detection system was used (Physical Acoustics Corp). Two
R150 acoustic emission sensors (150 kHz resonant frequency) were placed at the positions shown in Fig.1a. The AE sensors
were propetly attached on the specimens by means of vacuum grease. Preamplifiers with 40 dB gain were used. The thres-
hold of the AE amplitudes was set at 40 dB.

In addition to the electrodes and the AE sensors, an electric strain gauge was glued at the center of one of the free lateral
surfaces at the mid-height of the specimens, in order to measure the axial strain developed. Kyowa strain gauges were used,
together with the Microlink 770 resistor bridge. Both the force exerted and the strain developed were digitized and stored
to a computer using the KUSB-3100 (manufactured by Keithley) A/D data acquisition module.

Special attention was paid in all tests for the minimization of friction. The specific factor is of crucial importance, as it was
pointed out by Labuz and Bridell [25]. In addition, Drescher and Vardoulakis [26] and Read and Hegemier [27] have defi-
nitely indicated that little can be inferred from non-lubricated tests. In this direction, two sheets of Polytetrafluoroethylene
(PTFE) were interposed between each loading platen and the respective base of the specimen. In addition, steatic acid was
spread between both the specimen's surface and the ‘external’ PTFE sheet and also between the two PTFE sheets. A similar
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Figure 1: (a) Sketch of the experimental set-up (1: Specimen, 2,3: Lower and upper acoustic sensors, 4: Strain gauge, 5(+) to 9(+): Positive
edge of the five successive channels (chan0O-chan4) of the electrometer, 5(-) to 9(-): Negative edge of the five successive channels, 10:
Load cell, 11: Loading platens). (b) Photo of a typical specimen and the position of the sensors of the PSC technique.
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lubrication technique was used by van Vliet & van Mier [28] with excellent results. It is mentioned here that the PTFE
sheets provided also electrical insulation, a crucial parameter for the application of the PSC technique.

The main experimental protocol and the loading scheme

The specimens were subjected to sequential, load-control, loading-unloading-reloading loops, up to stress levels very closely
approaching the compressive fracture strength of Dionysos marble. In fact, the stress level attained was equal to about
98% to 99% of the compressive strength, as it was determined during the preliminary tests. After the specific stress level
(equal to about 62.7 MPa) was attained for the first time the externally applied compressive force was kept constant for a
relatively long time interval equal to about tr=150 s. This step is considered necessary in order for the PSC to return to its
initial background level and also for the activity recorded by the AE sensors to be eliminated. After this time interval the
mechanical load was removed and the specimen remained unloaded for a time interval equal to about ty=50 s. This pro-
cedure was repeated until the fracture of the specimen, which usually occurred during the second or the third loop. A
typical loading protocol is shown in Fig.2, in which the axial stress is plotted versus time in juxtaposition to the respective
axial strain. The specific specimen collapsed suddenly during the second loading loop in its constant force branch.
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Figure 2: The time variation of the applied stress and the corresponding axial strain during the whole experimental procedure.

The respective axial stress - axial strain pairs, for the as above experiment, are plotted in Fig.3a. An almost perfectly linear
region characterizes the first loading branch up to a stress level exceeding 50 MPa. The elastic modulus calculated from
this branch is equal to about E1=76.2 GPa, in very good agreement with results of similar previous experimental projects
[21, 24]. The non-reversible strain recorded after the load removal, equal to about 2x104, is, also, in good agreement with
the respective results from previously published works with Dionysos marble [29, 30]. As it is expected, during the loading
branch of the second loading loop, the linear region of the stress-strain curve extends at higher stress levels (approaching
85% of the maximum compressive stress attained). In addition, the corresponding value of the elastic modulus becomes
lower, equal to about E»=61.8 GPa, again in good accordance with previously published data by Kourkoulis et al. [30],
who have described the damage evolution in Dionysos matble in terms of the decrease of its elastic modulus versus the
non-reversible portion of the strain, as recorded after successive loading-unloading-reloading loops. Taking advantage of
their data, Fig.3b is plotted. In this figure the modulus of elasticity is plotted against the non-reversible part of the total
strain, eperm. On the same figure, the pair of eperm and E» values obtained from Fig.3a (i.c., eperm=2x10 and E2=61.8 GPa)
are indicated (see the red arrowed lines) clearly concluded that the damage level imposed during the first loading branch of
the two-loops loading procedure approached very closely the terminal damage level that can be sustained by Dionysos
marble. This close approach justifies the sudden collapse of the specific specimen during the second loading loop, even at
its constant force branch.

Concerning the fracture mode, it is interesting to note that all specimens failed by almost axial splitting rather than along
inclined planes, as it is suggested by the classical Mohr-Coulomb theory. In other words, in the specific series of tests the
familiar Moht’s cones were almost totally suppressed. Although such behaviour is not common in standardized laboratory
tests, it can be attributed to the excellent lubrication conditions achieved. The specific behaviour was long ago observed ex-
perimentally by Vardoulakis et al. [31] (Fig.3c). To explain this observation the so-called “post-peak stress diffusion” theory
was introduced, that is capable of describing fracture of brittle materials by axial splitting rather than along inclined (with
respect to the load axis) planes [31]. The theory is based on an alternative normalization approach: Instead of normalizing the
axial stress over the area of the specimen’s cross-section (which according to Van Vliet and van Mier [32] is inadequate for
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Figure 3: (a) The applied stress versus the corresponding axial strain during the two loading branches. (b) The degradation of the
elastic modulus of Dionysos marble in terms of the non-reversible strain, eperm [30]. (c) A specimen made of Dionysos marble loaded
up to fracture under monotonic axial compression. The lubrication system used (combination of PTFE sheets and steatic acid) was
suggested by Vardoulakis et al. [31]. It is clear that Moht’s cones are almost completely suppressed.

the description of the compression test beyond the peak stress), the axial stress is normalized over its peak value, and it is
plotted versus the post-peak axial displacement. Describing the experimental results in this way provided very good cor-
relations [32]. The main advantage of the “post-peak stress” diffusion theory is that it is totally independent of the strain
concept, which is meaningless in the post-peak regime. In addition, it is quite advantageous that this theory permits de-
scription of the experimental results with a minimum number of parameters.

EXPERIMENTAL RESULTS AND DISCUSSION

Spatiotemporal variation of the PSC

n previously published studies, in which the PSC technique was employed, a single pair of electrodes was used as
I sensing tool. In spite of this limitation, it was definitely concluded that, when marble specimens are subjected to

compression, the electric activity within the volume of the specimens starts almost simultaneously with the damage
processes. It is then gradually intensified with increasing stress level and reaches its maximum value when final fracture is
impending [33]. After this maximization, a steep decrease of the PSC is systematically observed, designating exhaustion of
the specimen’s load carrying capacity, even though the specimen is not yet macroscopically fragmented.
In the present study the five pairs of electrodes attached on the specimens (Fig.1) permitted, in addition, a (more or less)
accurate matching of the electrical signals detected to the locus at which they were generated. The main reason for using
five pairs instead of a single one is based on the simple argument that an electrical signal that is generated within the mass
of the specimen will reach an electrode of the electrometer attenuated, in accordance with the path that it followed, i.c., to
the distance from the electrode. Assuming that the specimen is, more or less, homogeneous (and therefore it has the same
electric resistance all over its volume) it can be concluded that when a damage event occurs in the vicinity of an electrode,
the specific electrode will record higher electrical signal level while the electrodes at longer distances will also receive the
signal but they will record it with lower amplitude. In this direction, all the channels of the electrometer are levelled and
calibrated with a common reference in order to record electrical signals of the same source amplitude as equal.
The time variation of the axial stress and strain as well as the electrical signals received from each one of the five channels
is shown in Fig.4, for a typical specimen that failed during the second loading loop (the specimen for which the loading
scheme is shown in Fig.2). The experimental results indicated that during both loading branches (i.e., with increasing stress
level) a systematic PSC increase is recorded from all the electrometer channels. When the applied stress reaches its maximum
value, and it is then kept practically constant, the PSC emission follows a restoration process back to a background level,
in agreement with previously published works [34, 35].
The fact that during the loading branch of the first loading loop the PSC emission is initially recorded stronger by channels
1, 2 and 3 (i.e., the ones located closer to the area around the mid-height of the specimen) indicates that for the specific
specimen mechanical damage starts in the vicinity of its central cross section and it is gradually developed towards its
bases. During the second loading loop, and while the mechanical stress was kept constant for about 100 s (i.e., at the time
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Figure 4: Time variation of the axial stress and the axial strain (a, g) and the corresponding behaviour of the electrical current emissions,
as recorded by the PSC channels 0-4 (b-f, h-/), for the first (left column) and the second (right column) loading loops.
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instant with t=140 s in Fig.4) a gradual increase of the PSC was detected from all electrodes, designating the upcoming col-
lapse of the specimen, which occurred about 30 s later, under constant external load. It is worth noting that, contrary to
what happened during the loading branch of the first loop, the PSC increase was now stronger at the edge electrodes (i.c.,
channel-0 and channel-4). It is thus indicated, that catastrophic cracking started at points closer to the bases rather than at
the mid-height area of the specimen (although at the initial loading steps damage was more intense around the specimen’s

mid-height).

The time variation of the AE data

The time variation of (i) the amplitudes of the AE hits recorded from both the AE sensors used (Fig.1a), and of (ii) the
rate (per second) of the AE hits is shown in Figs.5(a,b), respectively, for the first loading loop, for the as above mentioned
specimen. The corresponding plots for the second loading loop are shown in Figs.5(c,d). Comparing the behaviour of the
amplitudes of the AEs recorded during the two loading loops, it is clearly seen that the loading branch of the second loop
is accompanied by AEs of significantly lower amplitudes. This observation clearly supports the dominance of the Kaiser
effect [36]. In addition, it becomes clear that, during the first loading loop and after the maximum stress level is attained,
the AEs recorded are of lower amplitude. On the other hand, during the second loading cycle, and after reaching the
maximum stress level, the number of AE hits increases and it is kept almost constant for about 100 s (Fig. 5d). From this
point on, the number of AE hits rate starts increasing and their amplitudes become gradually higher until the final fracture
of the specific specimen, which occurred at a time instant around t=170 s. Recapitulating, the AE activity is much weaker
during the loading branch of the second loading loop, as it is well established in literature [37-39].

1stloading 2 ]oading
75 | 100 & 75 § © 1100
S ¢ = g ° ° 2,
z 80 3 2 80 .
§ 25 60 & § 60 e
7 g & g
0 40 = 0 <
0 10 80 120 160
t[s]
600 600 -
‘o 400 ‘o 400 ()
E 200 E 200
< <
0 , 0
0 50 100 150 200 0 40 80 120 160
tfs] t[s]

Figure 5: Time variation of (a, c) the axial stress and the corresponding amplitudes of the AE hits, and, (b, d) the corresponding behaviour
of the rate of the AE hits (s!), for the first (left column) and the second (right column) loading loop.

Similar conclusions can be drawn for the time variation of the rate of the AE hits during the two loading loops, which is
plotted in Figs.5(b,d). Indeed, during the loading branch of the first loop the rate of the AE hits is significantly higher
than the respective rate during the second loop, reaching a maximum value of about 600 AE hits/s. The corresponding
value for the loading branch of the second loop is limited to only 200 AE hits/s, demonstrating again the existence of the
Kaiser effect. It is interesting to notice the sudden increase of the AE hits rate only a short while after the maximum stress
value is attained during the second loading loop (although the stress level is kept constant). This is a clear sign that some
kind of dynamic process is activated, which will soon lead to the final fracture of the specimen. The sudden increase of
the rate of the AE hits, a little before the final fracture, is another pre-failure indicator that is worth to be highlighted.

Correlation between PSC and AE data

The correlation between the data regarding electric and acoustic emissions is here attempted in terms of the PSC energy and
the corresponding time variation of the AE I4-value. More specifically, the PSC energy is calculated according to Eq.(1),
after applying proper de-noise and background elimination filters on the signals recorded:
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In order to compare the PSC energy for each one of the electrode pairs and estimate the source location of the electrical
emissions, as well as their time variation, Matlab scripts were prepared. The results of this procedure are presented (in
juxtaposition to the respective time variation of the axial stress and axial strain, which are plotted again in Figs.6(a,d) for
convenience) for both loading loops in Figs.6(b,e). The colour variation in these figures corresponds to the level of the
PSC energy (according to the scale shown in the figure embedded between Figs.6b and 6¢) while the y-axis represents the
x-location on the specimen.

From Fig.6b it is cleatly seen that during the loading branch of the first loading loop and for stress values which do not
exceed about 50% of the respective maximum value attained, electrical signals of relatively low energy are recorded. These
signals may be well attributed to the pore closing process. Increasing further the stress level, high energy PSC emissions are
recorded approximately at the mid-height of the specimen spreading gradually towards its bases. While the axial stress is
then kept constant at its maximum level, the PSC energy is relaxed back to a background level although the strain recorded
does not exhibit significant variations.

During the second loading loop the maximum values of the PSC energy were lower compared to the corresponding ones of
the first loop (Fig.6¢), as it could be perhaps expected according to the Kaiser effect [36]. It is to be noticed here that during
this second loading loop, and while the stress is kept constant at its maximum level, the corresponding strain keeps increasing
though at a relatively low rate. However, what is astonishingly interesting in Fig.6e is that, well before the final fracture of the
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Figure 6: Time variation of the axial stress and the axial strain (a, d), the spatial distribution of the PSC energy (b, e), and the I1/-value
(c, 1), for the first (left column) and the second (right column) loading loop.
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specimen (almost 10 s earlier), the electrodes closer to the specimen’s upper and lower bases start suddenly recording PSC
signals of high energy. This observation is in accordance with what was concluded from Figs.4(h-/). During this last time
interval only minor emissions are recorded from the area around the specimen’s mid-height. This sudden electric activity,
which starts almost 10 s before the specimen’s collapse could be considered as an interesting pre-failure indicator, especially
due to the time distance from the specimen’s collapse.

Concerning the amplitudes of the AE events, they were processed in the direction of conducting b-value analysis for both
loading loops. In this context, the improved b-value (I5) was calculated for each one of the two loading loops according to
well-known formalisms [5, 19, 40, 41]. The time variation of the I/-value calculated in this way during the two loading loops
is plotted in Figs.6(c,f). Concerning the first loading loop, the I4-value (after a slight increase) decreases with increasing axial
stress. This decrease is abruptly terminated when the stress attains its maximum value and an abrupt increase is observed.
From this point on, the I4-value remains practically constant at a relatively high level (equal to about 2.0), implying that no
sttong AE events are recorded. During the second loading loop, the I/-values exhibit a similar behaviour. The most
important observation during the second loading loop is that about 70 s after the stress has reached its maximum value (and
is kept constant) the I/-value starts decreasing gradually implying that new AE events of higher amplitudes occur. Then a
characteristic drop of the I4-value at levels approaching 16=1 is observed, slightly before the specimen’s collapse, in excellent
accordance with the respective behaviour of the PSC energy.

CONCLUDING REMARKS

cording to a combined manner, in order to study the mechanical response of marble specimens subjected to
successive compressive loading-unloading-reloading loops at stress levels very closely approaching the compressive
strength of the specific marble variety. The two techniques were here combined for the first time (to the authors’ best know-
ledge) in order to assess the spatiotemporal damage evolution and at the same time to explore the applicability of their data
as estimators of proximity to fracture.
In this direction, the PSC technique was here developed further by using a grid of electrode pairs, aiming to the collection
of PSC emissions from multiple sensors. It was cleatly shown that the updated PSC technique provides valuable information
regarding the location of the PSC source and the spatiotemporal evolution of damage within the specimens.
The correlation of the two techniques was here implemented in terms of the PSC energy and the improved b-value (15) of
the AE events. The comparison indicated very good qualitative and quantitative agreement between the results obtained by
the two techniques.
Moreover, it was proven that both the as above mentioned quantities (PSC energy and I4-value) provide clear indicators of
the proximity to fracture: The PSC energy starts increasing abruptly well before the specimens’ collapse while at the same
time the I/-value exhibits a characteristic steep drop towards the 14=1 critical limit.

T he Pressure Stimulated Cutrents (PSC) and the Acoustic Emission (AE) experimental techniques were employed ac-
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