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Abstract: Acoustic emissions (AEs) and weak electrical signals, also known as pressure stimulated
currents (PSCs), were concurrently recorded in order to investigate their behavior and detect precur-
sory indicators when cement mortar specimens were subjected to mechanical compressive loading,
emphasizing the behavior of the AEs and the PSC signal in the vicinity of fracture. The axial com-
pressive loading protocol incorporated a constantly increasing stress, from early stress values up to
the vicinity of fracture and a sequential stress stabilization until the time the specimen collapses, due
to severe growing internal damages. Concurrent recordings of the electrical and acoustic emissions
were performed. The AE recordings were analyzed, by incorporating the recently introduced F-
and P-functions, and the well-known b-value. The experimental results highlight strong similarities
regarding the variations of the PSC signal, the AE hits occurrence rate (F-function), and the AE hits
energy release rate (P-function). The above was also confirmed with another similar experiment in
an identical specimen. It is noteworthy that, during the stay of the specimens under a constant load
regime near their strength levels, a peak appears in the above quantities, which is directly related
to an increased rate of axial deformation. The temporal evolution of the b-values is also presented.
Results show that the local minima appearing at values close to b ~ 1.0 correspond to the local
maxima of the PSC signal. It is straightforwardly concluded that when both the PSC signal and the
AE data are combined, they provide clear pre-failure indicators.

Keywords: pressure stimulated currents; acoustic emissions; cement mortar; uniaxial loading;
pre-failure indicators

1. Introduction

Fracture in heterogeneous materials such as cementitious materials and composite
structures is a complex process. The fracture process includes, amongst other processes,
the nucleation, growth, and coalescence of microcracks into macrocracks, which ultimately
leads to failure. These processes, until failure occurs, include several stages that interact
in a complex way and with many types of feedback. Laboratory recordings of acoustic
emissions in such materials aim to investigate the development and interaction of cracks
and the subsequent failure under stress. Fracture in materials can be considered a process
that has many similarities with earthquake rupture. Therefore, one can assume that these
phenomena are governed by similar statistics [1,2]. Given this analogy, acoustic emissions
(AEs) can be exploited to identify a precursor critical phase—a state just before the final
fracture. The use of the AE technique constitutes a non-invasive, passive non-destructive
testing. A large number of researchers and practicing engineers use this method to monitor
crack growth in concrete and asphalt mixtures [3-6]. In a quasi-brittle material, such as
concrete, when subjected to mechanical loading until its fracture, the AE monitoring system
can record a great number of parameters related to the acoustic signal. It is accepted
that the systematic and ever-increasing AE activity, observed as the specimen approaches
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imminent failure, is strongly correlated with the deterioration of its mechanical properties.
Several parameters and statistical quantities of AEs, such as the cumulative energy, the
cumulative counts, the frequency of occurrence of acoustic hits, the energy release rate,
the distribution of acoustic amplitudes, the b-value analysis, and more, after appropriate
analysis, can provide vital information on the internal mechanisms of crack development
and the fracture processes that dominate within the materials just before the fracture [7-10].

Alongside the study of acoustic emissions, there has been an interest in the electrical
activity of brittle materials. The energy released during the fracture can be detected as
electromagnetic wave emissions [11-14], with the capability of recording at or near the
specimen’s surface. Also, with the newly created crack, the electrical polarization that
develops can be detected and recorded as an electric current flowing between two electrodes
on the specimen surface [15-18]. These currents are low and are referred to as pressure
stimulated currents (PSC) [19-24]. It is worth noting that the term PSC first appeared
in works by Varotsos et al. in the context of describing a transient electric signal due to
polarization or depolarization phenomena. Such signals can be considered to result when a
material that has electric dipoles and various types of defects is subjected to progressively
increasing mechanical stress until its fracture [25].

In this work, cement mortar specimens are subjected to uniaxial compressive loading
at a constant rate approaching fracture and then stabilized to a constant load level, and are
left to collapse, due to increased internal damage accumulation. In a previous work [26],
the electrical emission recordings (PSC signals) were studied in similar specimens under
a constant load regime near their strength levels. The recorded PSC excitations were
directly correlated with the increased strain rate. The current work aims to reproduce such
experiments with concurrent recordings of both the PSC signal and the acoustic activity.
The correlation of AE statistical quantities with the PSC electrical signal is attempted
here, in anticipation of emerging similarities between the acoustic activity and the PSC
electrical signal.

2. Theoretical Preliminaries
2.1. PSC Technique

A significant number of laboratory experiments have been conducted to investigate
precursor electrical signals before failure in quasi-brittle and heterogeneous materials.
Recording such low-level electrical signals has given enough information about the damage
processes involved. The creation of microcracks, during continuous loading until fracture,
are sources of electric charges that constitute electric dipoles [18] and most of the time, a
more complicated charged system [27]. The existence of such electric dipoles results in
the creation of an electric potential along the crack. Therefore, an electric current can be
detected and recorded. These electric currents, for which the term pressure stimulated
currents (PSCs) was established, are quite weak and, to be detected and recorded, require
the use of sensitive electrometers. The order of magnitude of the PSCs ranges from a
few pA to nA and is related to the type of the material, the degree of heterogeneity and
the complexity of the structure. To record PSCs through sensitive electrometers, a pair of
gold-plated electrodes are used as sensors, which are usually attached to the side surfaces
of the samples and to some complex structures at strategic points of the specimen/structure
under test. An initial physical and theoretical interpretation of the generation mechanism
responsible for these currents was attributed to the motion of charged dislocations (MCDs)
by Slifkin [28]. Further development of this model was carried out by Vallianatos and
Tzanis [29,30]. It should be noted that, according to the MCD model, a relationship has
been shown between the PSC and the strain rate [31].

The PSC technique, after the initial encouraging results that were shown by studying
marble specimens [19,23,32] and then in cement-based specimens [26], is further developed
and is being applied even today, either by the original research team who introduced
it [23,33] or by other researchers [18,20-22,24]. Variations of the PSC technique have been
presented by other researchers [17,34,35]. By studying the temporal evolution of the PSC
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signal, and especially when the specimens approach the fracture area, pre-failure indicators
related to those provided by the analysis of AE activity are risen [20,23,33,36,37].

2.2. F-Function

The F-function [38] was introduced in order to study more precisely the acoustic
activity related to the production rate of the acoustic hits or events, usually expressed as
hits/events per sec. The F-function expresses the average frequency with which the AEs
are recorded. A number of n consecutive hits or events are selected, the average value of
the interevent times is calculated and the resulting inverse form constitutes the F-function.
The immediately following F-function values are obtained through sliding by 1 hit or
event. Each value of the F-function temporally corresponds to the average value (7) of the
recording times for the 7 consecutive hits or events. Therefore, when the k'™ acoustic hit
occurs, the F-function is given by the relation:

L -1
X 1((5 )
—n+
F=——= 1

. M
where 6t; is each interevent time in a series of n consecutive interevent times {Jty, dty_1, ...
Oty_n4+1}1- The depiction of the acoustic activity if the F-function is utilized, instead of the of
the hits per sec depiction, provides a clearer picture regarding the way the acoustic activity
changes, during the last stages prior to fracture. This way of depiction has been adopted by
several researchers [39-42].

2.3. P-Function

In a fashion similar to the procedure followed for the determination of the F-function,
Triantis et al. [10] proposed the P-function, which represents the average power of the AE
hits emitted during a sliding window of n successive AE hits:

k
k L 1Ei
_ k—n+
P= —on 2)

where E; is the energy emitted during the occurrence of i hit, at the time instant t; and dt;
is the occurrence time difference between the first and last hit of the group of n successive
AE hits. It should be noted that each P-function value is associated with a time value (),
which is the average value of the times the n consecutive hits or events were recorded. The
P-function is measured in Watts (W), however, given that the energy of the acoustic hits is
expressed in aJ, the P-function will be attributed to submultiple units of pW (or fW).

2.4. b-Value

Considering that laboratory-scale fracture is a process analogous to the fracture that
occurs in earthquakes, the Gutenberg-Richter magnitude-frequency relationship can be
“transferred” to AE waves generated during the fracturing process in the laboratory or in
engineering structures, taking the form [8]:

log,y N =a—b-A(dB) (©)]

where now A(dB) is the peak-amplitude of the AE hits/events in decibels. The b-value
constitutes a well-established evaluation method of the damage accumulation in mechan-
ically loaded materials, based on the variation of the b-value. Many laboratory studies
have confirmed that the amplitudes of AEs increase progressively before fracture, which
is documented by the drop in the negative log-linear slope (b-value) of the cumulative
amplitude-frequency distributions [43,44]. Generally, high b-values occur when the system
is dominated by high numbers of small-amplitude AE hits/events that represent new crack
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formations and slow crack growth. In the case of low b-value results, faster or unstable crack
growth dominate the underlying physical response of the specimen and are accompanied
by a relatively large AE amplitudes, projected through intense acoustic activity [8,44]. It
should be noted that as the stress increases and the material is driven towards the imminent
fracture, a sharp decrease in b-values usually occurs. Sequentially and slightly before
failure, a stabilization trend with fluctuations in values close to 1.0 is observed [45-48].

3. Materials and Experimental Apparatus

Cement mortar cubic specimens of 75 mm edge dimensions were prepared. The
cement mortar specimens’ preparation process is described in Reference [26]. Preliminary
tests were conducted in order to estimate their axial compressive strength. The compressive
stress strength was found to be of the order of 53 £ 2 MPa. An Instron 300DX Static
Hydraulic Testing Machine loading frame of 300 kN capacity was used for the specimens’
loading. Also, an electric strain gauge was placed at the center of the specimens’ front
side in order to measure the axial deformation. After estimating the expected uniaxial
stress strength, the following loading protocol was conducted. Axial compressive stress
control was applied at a constant rate 0.4 MPa/s up to a stress level in the vicinity of failure.
Sequentially, the stress was maintained at a constant, and the specimens were left to collapse
due to severe internal damage accumulation and consecutive crack extension caused by
the excessive stress. For the first of the two experiments that will be presented next, after
the applied stress was increased linearly up to 54.5 MPa approaching the specimen’s total
strength, it was then kept constant, awaiting the final fracture. Indeed, the specimen
collapsed after the 180 s.

Figure 1 is a sketch of the experimental installation. It shows the locations of all the
sensors on the specimen’s surfaces and the way the measurement systems are connected
and synchronized. Three subsystems constitute the complete experimental apparatus,
namely, the loading, the PSC, and the AE subsystems. Each one is supported by its own
acquisition device to collect the corresponding data. In order to be able to synchronize
the collected data, the level of applied load is shared with all the acquisition subsystems.
The loading subsystem comprises the load frame and the control (i.e., Bluehill® software).
The INSTRON 300DX loading frame is equipped with the appropriate extension card,
to achieve both load and displacement control and output the level of the applied load
to be shared with other acquisition devices. The PSC subsystem is equipped with the
Keithley (6517A), a strain measurement resistor bridge (Mikrolink 770), and the Keithley
A/D (KUSB 3108) unit that is used to guide the strain level and the shared mechanical load
level to the acquisition device (i.e., Agilent Vee® software). The AE subsystem consists of
the pre-amplifier 0/2/4 PAC, the PCI-2 AE acquisition system (Physical Acoustics Corp-
PAC), and the parametric unit, that is also used to record the shared mechanical load level.
The AE system is handled with the aid of the PAC AE Win® software. In order to avoid
manual or time-marked data synchronization, the values of the shared mechanical load
level were used to synchronize the data of all three subsystems. The PCI-2 AE acquisition
system was used for the monitoring and recoding of the AEs, aided by one R15a acoustic
sensor (manufactured by PAC, resonant at 75 kHz) that was attached at the center of the
specimen’s back-side. Silicone was used as a coupling medium between the specimens’
surface and the sensor. For the detection of the PSC signal, a pair of copper gold-plated
electrodes was used. The electrodes were attached at the remaining lateral sides of the
specimens perpendicular to the axis of the applied stress (see Figure 1), so as to reduce
friction effects with the loading system and minimize the subsequent electric noise. A pair
of suitable springs was used in order to ensure good coupling between the electrodes and
the specimens. Teflon plates with high electrical resistance were used to electrically isolate
the electrodes from the springs. In order to ensure best coupling conditions between the
PSC electrodes and specimen, and before the attachment of the electrodes, a thin layer of
conductive silver paste was applied on the specimens’ surface at the location the electrodes
were to be placed. A highly sensitive programmable electrometer Keithley 6517A (capable
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of detecting electric signals from 0.1 fA), accompanied by a low noise cable probe to avoid
any electromagnetic interference, was used for the recording of the PSC values. The data
output from the electrometer was stored in a computer using a GPIB interface.
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Figure 1. The experimental set-up for the concurrent recordings of the axial deformation, the PSC
and the AE.

It is noted that both the AE and the PSC systems were synchronized using the mechan-
ical stress as a common parameter that was continuously recorded not only by the internal
system of the loading frame, but also by both the PSC and the AE measuring subsystems.
Furthermore, during the loading protocol the mechanical stress, the axial deformation and
the PSCs were concurrently recorded at a sampling rate of 1 sample/s.

4. Experimental Results and Discussion

Figure 2 shows the temporal evolution of the PSC electrical signal (blue line) and the
imposed stress in juxtaposition with the corresponding axial deformation. In addition,
the linear fitting of the axial deformation is depicted with a dark green line to make the
transition from the linear to the non-linear elasticity region more visible. This transition
phase occurs at t = 120 s. For t < 120 s the PSC values are low, showing a small trend to
increase. In the time period from ¢t ~ 120 s to t ~ 139 s (the moment the load stabilizes
at 54.5 MPa), a strong increase in the PSC values is observed. Such an observation is
compatible with previous works [16,26], since, in this phase, the progressively increasing
uniaxial stress exceeds the linear elasticity limit. In the time interval 139 s <t < 1955,
the imposed uniaxial stress remains constant and the PSC shows a well-known decreas-
ing trend which has been repeatedly observed in cementitious materials [16,49], and in
geomaterials [21,49,50], while a small increase in axial deformation is observed, due to the
increased accumulation of internal damage. Then, during the 195 s < t < 220 s time interval
(yellow shaded area), the PSC exhibits a clearly visible temporary increase, which is in
agreement with the steeper increasing trend of the axial deformation (see Figure 2). Similar
excitations of the PSC were reported in previous related works [16,26], in which, however,
no acoustic emissions were recorded, so that there was a comparison between the PSC and
the AEs. The concurrent AE recordings in this work and the study of the behavior of some
statistical quantities, as seen later, will strengthen the opinion that the appearing peak of
the PSC is not random, but is directly related to physical parameters such as deformation
and the accumulation of internal damage, and at the same time is an indication that the
final fracture is imminent. Indeed, the PSC, after first showing a rather slow weakening,
begins its sharp increase 20 s before the final fracture, which is a consequence of the im-
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pending final fracture. Also, it is combined with the highest rate of increase in the axial
deformation. Finally, it should be noted that the incremental changes in the PSC signal
that are synchronized with corresponding increased rates of axial deformation, confirm the
hypothesis of the MCD model, according to which there must be a ratio between the PSC
and the rate of deformation.
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Figure 2. The PSC, the stress and the axial deformation variations, depicted with respect to time.

In order to identify qualitative similarities between the PSC signal and the AE tech-
nique, the AE data collected during the experiment were also used. A total of N = 3215 AE
hits were recorded. Figure 3 presents the temporal variation of the AE hit amplitudes in
juxtaposition with the axial deformation.
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Figure 3. The temporal variation of the AE hit amplitudes and the axial deformation variation,
depicted with respect to time.

Subsequently, the temporal evolution of the AE hit occurrence rate expressed through
the F-function, and the AE hit energy rate expressed through the P-function during the
entire experiment, were calculated and will be presented. It is noted that, for the needs of
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the present analysis, both the F- and P-functions were calculated using a group of n = 100
consecutive AE hits. Each subsequent value of the F- and P-functions, was calculated by
shifting the n AE hits window by 50 hits. Each calculated value of the F- and P-functions is
associated with a specific time instance, T, for presentation reasons. The time instance, 7,
corresponds to the average value of the occurrence times of the AE hits of each group. The
time evolution of the F- and P-functions, combined with the time evolution of the recorded
axial deformation, is presented in Figure 4. It is evident that the temporal variations of
the F- and P-functions throughout the experiment show qualitative similarities to those of
the PSC signal variations. The increase in F- and P-functions, after exiting the non-linear
elasticity region and until the stabilization of the uniaxial stress, is intense. After the
stabilization of the applied load, the occurrence rate of hits and the energy release rate show
an attenuation as a consequence of no further increase in the applied load, which has been
systematically reported in tests of cement-mortar beams under a constant flexural load
regime [51]. Similar variations regarding the F-function attenuation have been observed in
marble specimens under uniaxial compression [51-53]. This behavior is disturbed when,
in the time period between 195 s and 220 s, the axial deformation rate shows a transient
increase, as compared with the neighboring areas. As a consequence, in this time period,
both the F- and P-functions show a peak which is also compatible with the corresponding
peak presented by the PSC signal (see Figure 2). After the 300 s, the occurrence rate of hits
and the energy release rate increase quite strongly with the axial deformation rate, showing
a progressive increase, and this time, the final fracture occurs.

——F —=P -e-deformation —Iin. fit defor.
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Figure 4. Temporal evolution of the F- and P-functions in juxtaposition with the axial mechanical
deformation.

The temporal evolution of the b-values, in combination with the recorded mechanical
axial deformation, is shown in Figure 5. Correspondingly to the F- and P-functions, each
b-value was calculated using a group of 100 consecutive amplitudes of AE hits with the
next value calculated by shifting the hits window by 50 hits. Once again, each b-value is
associated with a time instance T, which corresponds to the mean value of the occurrence
times of the AE hits of each group that was used to calculate the b-value. From observing
Figure 4, it becomes clear that the b-value shows three sharp drops. During the initial
stages of the loading protocol, and while T < 120 s, the b-value attains values around
2.2, which can be considered as high. Sequentially, the b-values gradually lower and drop
rapidly while exiting the linear elasticity region, and internal damages occur in the bulk
of the specimens (see Figure 5). During this period of time and until the maximum level
of the applied stress was reached, the critical b-value of 1.0, which is indicative severe
damage has occurred, is approached for the very first time. Then, and while the axial
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stress remains constant, the b-value tends to rebound, approaching higher values close
to 2.0. Similar behavior in the variation of the b-values has been identified in previous
work in marble specimens under uniaxial compression [50]. But, in the time interval from
195 s < T < 120 s, the observed increase in the axial deformation rate again sinks the
b-value close to 1.0. Finally, in the last 20 s when the specimen is in the final fracture stage,
the b-value drops to its lowest value of 0.9.

——b-value —e—deformation —1Iin. fit defor.

Axial deformation [mm)]

05 & : : : :
0 50 100 150 200 250 300
T [s] for b-value
t [s] for axial deformation

0.0

Figure 5. Temporal evolution of the b-value in juxtaposition with the axial mechanical deformation.

Commenting on the behaviors of PSC, F-, P-function and b-value, the following is
noted: in the initial stages of loading, and while the deformation of the specimen is within
the linear elasticity region, any pre-existing failures and microcracks remain unexcited;
therefore, low acoustic activity and background values in the case of the PSC signal are
observed. When reaching the linear elasticity limit, and as the axial stress increases linearly
up to the maximum value of 54.5 MPa, the microcracks in the material are generated,
grow and propagate within the bulk of the specimen. This is because of both the observed
PSC signal and the acoustic activity excitations, but also in the corresponding emitted
acoustic power. Essentially, the specimen is severely damaged, with the b-value attaining
a value near 1.0 and any insignificant further increase in the axial stress would cause
the final fracture. During the period the specimen was subjected to constant stress of
54.5 MPa approximately, the peaks that the PSC, the F- and the P-functions show and
the corresponding sharp drops of the b-value, are related to the fact that the damage
mechanisms have intensified, thus facilitating the propagation of the network of cracks
within the material and the imminent final fracture is expected.

The above-described variations of the PSC signal, the acoustic activity, in terms of
the F-function, and the b-value during the last loading stages before fracture, were also
confirmed with another experiment, which will be presented, herein. After several tests
on similar specimens, failure was achieved when the specimen was kept under a constant
stress regime. In this experiment, the specimen was brought to a stress level of about
30 MPa. After a 30 s stay at 30 MPa, the PSC had already stabilized at background levels
(about 2 pA), while the AE hits occurrence rate was practically insignificant (less than
0.2 hits per sec). A stepwise stress jump from 30 MPa to 51 MPa was then performed at
a rate of 0.5 MPa/s. The stress level was kept constant at 51 MPa and, after 360 s, failure
occurred. The production rate of AE hits expressed through the F-function and the energy
rate of the AE hits expressed through the P-function, as well as the b-values, were calculated
in a fashion similar to the one described in the previous experiment. A brief presentation
of the temporal variations of the load, axial deformation, PSC, acoustic activity (F-function)
and b-values can be seen in Figure 6.
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Figure 6. Temporal variations of the applied mechanical load, the PSC, F-function in juxtaposition
with the axial mechanical deformation and the b-value.

It is noteworthy that, during the stay of the specimen under a constant load regime at
approximately 51 MPa, and before the final fracture occurs, the PSC signal in combination
with the F-function shows a transient sharp peak, while the corresponding b-values drop.
Focusing on this time phase (see Figure 7) an increased rate of axial deformation can be
found, as compared with the neighboring areas. Furthermore, in Figure 7, the P-function is
also depicted, which shows a similar behavior to the PSC and the F-function. Finally, 40 s
before fracture and while the axial deformation begins to increase more intensely, a new
and expected increase in the PSC signal and F-function is observed in combination with
the drop of the b-value in the vicinity close to 1.0.
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Figure 7. Temporal evolution of the F- function and the PSC in juxtaposition with the axial mechanical
deformation, during the stay of the specimen under a constant load regime until fracture.
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5. Conclusions

The correlation of the PSC signal with statistical quantities derived from acoustic
emission data was studied when cement mortar specimens were subjected to uniaxial
compressive loading and left to collapse due to increased internal damage accumulation.
The PSC signal was recorded throughout the experiment until the final fracture. The
acoustic activity was studied through the F-function, which expresses an average value of
the production rate of AE hits, and the P-function, which expresses an average value of the
energy rate of the hits. Using the cumulative frequency-width distribution of the AE hits,
the variability of the b-values was also studied.

The experimental results highlight that:

e Identical qualitative behaviors between the acoustic activity and the PSC signal
emerged in all stages of the loading experiment.

e  The peaks of the produced AE hit rates and energy rates are concurrent with the PSC
peaks and with the local minima of the b-values, which converge on the value 1.0.

e  Especially the appearance of the PSC signal, F- and P-function peaks during the
constant axial compressive stress application at a level near the total strength of the
specimen in combination with the b-values that descend close to 1.0, is an indication
that the final collapse of the specimen is imminent.

e The appearance of above-described behaviors is combined with an increased axial
deformation rate.

Finally, the appearing peak in the PSC signal is in agreement with the motion of
charged dislocations model, since it is combined with an obvious increased rate of axial de-
formation. In conclusion, both the PSC and the AE activity can detect upcoming significant
damage and provide pre-failure indicators.
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