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Abstract: The temporal variation in terms of the “time-to-failure” parameter of the recordings of
the electrical resistance and the acoustic emissions from concurrent measurements in three cement
mortar specimens of prismatic shape that were subjected to a three-point bending test until fracture
are studied. The novelty of the work at hand lies in the demonstration that the electrical resistance is
described by a power law during the last stages of the loading protocols. The onset of the validity of
the power law is indicative of the specimens’ imminent fracture, thus providing a useful pre-failure
indicator. The above findings are supported by the analysis of the recorded acoustic signals in terms
of the F-function and the Ib-value formulations.
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1. Introduction

Understanding the fracture mechanisms and crack propagation processes when ma-
terials and structures are subjected to intense mechanical loading and the detection of
the fracture region entrance constitutes a vital issue in recent engineering problems upon
which current scientific research is focused. In this direction, many techniques have been
developed based on the variation of the electrical properties as well as the recording and
processing of acoustic signals [1-3] during the mechanical loading of materials until fracture.
Regarding the study of electrical properties, we should mention the techniques of recording
electromagnetic emissions [4,5] and weak electrical signals [6-8] as well as the variations in
the electrical resistivity that highlight the limitation conditions of the durability of materials
or the cause irreversible damages [9,10].

Mechanically loaded cement-based materials and structures have been studied in
the past with the aid of electrical resistivity measurements to provide an early estimation
regarding their mechanical characteristics, such as their durability [11] and pore struc-
ture [12], especially during their curing phase [13,14]. As cementitious materials age, their
measured electrical resistance increases [15]. This can be attributed to the reduction in
the moisture content in the cement pores, the closure of the intermediate pore space, and
the initial cracking due to the low tensile strength of the early-age cementitious materials.
Other factors that affect the electrical resistance are the composition of the cementitious
materials (i.e., water/cement ratio, aggregates size, and porosity) [15] and their mechani-
cal status [9,16]. Therefore, such measurements can provide real-time monitoring of the
damage development and the crack propagation processes. In particular, the electrical resis-
tance increases with the damage accumulation and decreases during healing processes [17].
Furthermore, the study of electrical resistance has been applied to fracture experiments in
rocks [10,18], ceramic composites [19,20], and cement-based materials [21,22].

Another non-destructive testing (NDT) technique is the acoustic emissions (AE) tech-
nique, which is based on the detection of the transient mechanical waves produced due
to the elastic energy bursts, released during the formation and propagation of cracks [23].
These waves travel within the volume of the material towards its surface in a spherical
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manner, where they are detected by properly attached piezoelectric sensors. Despite being
introduced nearly 90 years ago [24-26], the AE technique is still under further develop-
ment [27] and has gradually become a reliable NDT tool with successful applications both
at the laboratory scale and in the field for the estimation of the remaining service life of
full-scaled structures [28-33]. Several AE statistics, such as the rate of cumulative AE
energy, the cumulative number of counts, the occurrence rate of AEs, and the distribution
of the AE amplitudes, when properly analyzed, can provide useful findings regarding the
internal crack evolution processes dominating the material before fracture and the overall
response of the structures under mechanical load [34-37].

A popular evaluation method of the fracture evolution in materials is based on the
variation of the so-called b-value, which describes the scaling of the AEs” amplitude distri-
bution through the Gutenberg—Richter law [37,38]. Several studies have been conducted
for establishing a systematic change of the b-value during the different stages of a fracture
process, aiming to use the b-value analysis as a tool for assessing fracture evolution pro-
cesses [31,39,40]. Shiotani et al. [39] proposed an improved methodology for conducting
the b-value analysis without sacrificing significantly the accuracy of the results, using the
statistical parameters of the mean value and the standard deviation of the recorded AE
amplitudes considered. The improved b-value (Ib-value) is a parameter derived from the
AE’s amplitude’s distribution, and it is related to the impeding fracture, as its value changes
during the fracturing process [39]. It is accepted that the temporal variation of the Ib-values
is indicative of the system’s proximity to criticality (i.e., impending fracture) [39]. The
Ib-value is calculated according to:

_ logyy N(p — a10) —logy N(p + a20)

Ib
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M

with y being the average value of the AE amplitude distribution of a group comprising N
AE hits/events; o being the standard deviation of the same group; 4; is a constant related
to the smaller AE amplitudes; a, is a constant related to the fracture level. In the literature,
the values of the constants a; and a; lie between 1.0 and 2.0. Here, following the most
common approach, both constants were set equal to 1.0.

The F-function [8,41] constitutes an alternative way to analyze the acoustic activity
by exploiting the average frequency of the occurrence of the AE hits/events during a
window of a specific number of consecutive AE hits/events. The F-function is calculated
using N consecutive interevent times (time intervals between consecutive AE hits/events).
The number (N) depends on the total number of the recorded AE hits/events during the
experiment, with the minimum value of N being equal to 10. The respective value of the
F-function is defined as the inverse of the mean value of the N consecutive interevent times.
Each value of the F-function is associated with the average time value T of the occurrence
time instants of the consecutive AE hits/events, which are used to calculate the specific
value of the F-function. In general, during the occurrence of the kth AE hit/event (t; time
instant), the value of the F-function is calculated as the inverse of the average value of the
{0t, 8tk_1,...,0tk_Nn,1} interevent times:
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And itis associated to a time value T, which is the average value of the {t, tx_1,...,tx_n11}
time instants, since N + 1 consecutive AE hits/events are used for the calculation of N
consecutive interevent times. Contrary to the common way of depicting the acoustic
activity in terms of the “number of hits/events per second”, the temporal representation
of the F-function has been proven advantageous, because it highlights with greater detail
the variability of the acoustic activity, especially in the last stages prior to fracture. Since
most of the acoustic activity usually occurs in the last seconds before fracture, the temporal
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application

representation of the F-function is usually shown in (t - T) scale, where ¢ corresponds

to the time instant of macroscopic fracture. This method of presentation and analysis of
the recorded acoustic activity in fracture experiments has already been adopted by several
researchers [42-45].

In a previous work [46], cement mortar specimens were subjected to consecutive
loading and unloading stages of three-point bending until their fracture, while concurrent
electrical resistance and AE recordings were conducted. The qualitative results in [46] and
the present work show significant compatibility mainly on the fact that a steep increase
in both the acoustic activity and the electrical resistance is recorded upon the specimens’
entrance to their fracturing region. In the work at hand, concurrent recordings of both
the electrical resistance and the AEs when prismatic cement mortar specimens were sub-
jected to a three-point bending (3PB) load are presented. The adopted herein loading
protocol was quite different from the corresponding one in Reference [46], under the as-
pect of the mechanical behavior of the specimens. Specifically, the repeated mechanical
loadings/unloadings may be used to study the possible memory effects at both electrical
resistance and AE, but they cannot reveal information about the loading strength of a
specimen or the remaining life of it. The variation of the electrical resistance was studied
in the reverse time “time-to-failure” frame, focusing on the near failure region as well as
in contrast to the AE activity. For the first time, the raw AE activity was also presented
in terms of temporal variation and in juxtaposition to the corresponding load level. The
comparative study of the temporal evolution of the electrical resistance and the acoustic
activity in terms of the Ib-value and the F-function clearly show that they can provide
pre-failure indication regarding the proximity to the impending mechanical failure.

2. Experimental Setup

Three cement mortar specimens made from ordinary Portland cement subjected to 3PB
load were tested. The specimens were of prismatic shape with dimensions 50 x 50 x 200 mm?3.
Details regarding their preparation can be found in Reference [46]. The specimens were
placed on two solid metallic cylinders of 10 mm diameter, each one placed 85 mm from
the specimens’ center. The load was applied at the central cross-section (see Figure 1) of
the specimen via a third solid metallic cylinder. The experiments were conducted under
quasi-static conditions with constant loading rates of 22 N/s for Exp-LR1 and Exp-LR2,
while for Exp-HR it was 46 N/s. The loading system comprised an Instron 300 DX Static
Hydraulic Testing Machine loading frame of 300 kN capacity and controlled by the Bluehill
Universal software.

Synchronization via

Load cell unit

load sharing

Load

PCI-2 AE Synchronization via

acquisition system load sharing

PC acquisition System

High resistance meter | Synchronization via
(Keithley 6517)

load sharing

Figure 1. The experimental setup for the concurrent recordings of the electrical resistance and the
AEs during the presented 3PB tests.
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In order to record the electrical resistance, two gold-plated copper electrodes were im-
planted in the specimen during the preparation period ending in a thin (wire radius = 0.2 mm
approximately) wire leading at the surface of the specimen in order for the high resistance
meter to be connected. It is noted that the measured electrical resistance focused on the
bulk region where the failure was expected to take place. Provided the size of the specimen
and in order to avoid any impact on the mechanical behavior during the 3 PB tests, the
sheet electrodes were orthogonal with dimensions of 4 x 3 mm?, while their thickness was
on the order of 0.1 mm. It was expected during the 3 PB tests for the failure to take place
in the central cross-section of the specimen and, specifically, initiate at the lower side of
the specimen due to the excessive tensional stress. In order to be far from the expected
failure plane and interact mechanically with the specimen, the electrodes were implanted
parallel to the direction of the load and 40 mm from the cross-section (see Figure 1). The
electrical resistance was measured using a sensitive high-resistance /low-current Keithley
6517 electrometer.

The PCI-2 AE acquisition system (Physical Acoustics Corp., West Windsor Township,
NJ, USA) was used for the detection and recording of the AEs. One Ré6a sensor was properly
attached in the center cross-section (see Figure 1) of each specimen using silicone as the
coupling material, ensuring that most of the AE signals would be properly captured by
the AE sensor. Note that both the electrical resistance and the AE techniques, initiated
recording at the same time instant and were synchronized based on the applied load, which
was continuously recorded not only by the internal system of the loading frame but also by
both the electrical resistance and the AE measuring subsystems.

3. Results and Discussion

The presented experiments concerned three specimens of cement mortar of similar
dimensions that were subjected to 3 PB until fracture. The experiments were divided into
two categories depending on their loading rate. The first category included specimens
loaded with a rate of 22 N/s (low-rate Exp-LR1 and Exp-LR2), while the specimens of the
second category were subjected to 3 PB loading at a rate of 46 N /s (high-rate Exp-HR). The
rate variation method was adopted to investigate whether the rate had an impact on the
temporal evolution of electrical resistance and the generation rate of AEs or if a common
behavior emerged independently from the loading rates.

Figure 2a shows the temporal evolution of the recorded electrical resistance (R) in
juxtaposition to the load applied for the case of the experiment Exp-LR1. The overall
duration of this experiment was equal to approximately 141 s, and the maximum recorded
value of the electrical resistance was 590 M(). Throughout the experiment, the electrical
resistance (R) showed a constantly increasing trend, with a sharp increase occurring at the
last stages of the experiment. In order to obtain a clearer view during these last stages, the
temporal evolution of the electrical resistance (R) in juxtaposition to the load applied was

plotted along a logarithmic scale against the “time-to-failure” parameter (t - t) , where t¢
is the time instant when the macroscopic fracture of the specimen occurred (Figure 2b). As
can be seen, for (t e t) > 23's with the applied load attaining values greater than 2.6 kN,

and until the end of the experiment, the evolution of the recorded electrical resistance data
can be described by a power law of the form:

R(tf—t) :R1~(tf—t)n 3)

with R; being a constant, and # is an exponent equal to 0.065.

The observed sharp increase in the recorded electrical resistance in Figure 2a, which
corresponded to the aforementioned power law in Figure 2b, can be attributed to the
intense crack development within the specimen, especially in the last loading stages before
fracture. As the specimen entered its pre-failure region, a macrocrack network gradually
formed around the area where the catastrophic fracture was expected to appear, which



Materials 2022, 15, 4682

50f16

coincided with the area between the electrodes (i.e., the center of the specimen). These
cracks interrupted the existing conductive paths of the material, resulting in an increase in
the measured resistance. Thus, the increase in the number of cracks was accompanied by a
consequent increase in the measured resistance.

600 sT 3.5 __ 600 Y 3.5
c g .
z - 3.0 E - 3.0
%500 | ° R ;25 g s - - 25
g —Load - 208 S 20 %
2 = & =
& 158 8 ° R - 15 %
s 400 - 10 — = 400 - ----Power law 10 —
'§ - = —Load ]
g - 05 8 . - 0.5
: 2 R-0 =50 (-0

300 T T T T T T — 0.0 300 T T T 0.0

20 40 60 80 100 120 140 160 0.1 1 10 100

(a time [s] (b) (te-t) [s]

Figure 2. (a) The temporal evolution of the electrical resistance (R) in juxtaposition to the load applied
for the experiment Exp-LR1; (b) the respective temporal evolution of the recorded electrical resistance
(R) in terms of the “time-to-failure” parameter.

The temporal evolution of the amplitudes of the recorded AEs during the experiment
Exp-LR1 in juxtaposition to the load applied is shown in Figure 3 in terms of the (t = t)
parameter. The total duration of the experiment was 141 s. Notice that the majority of the
high amplitude AEs was recorded 10 s prior to the failure (i.e., for (t - t) > 10s) and for
load values greater than 2.8 kN.

o Amplitudes of AE hits

—Load
100

90
80
70
60
50
40

AE amplitudes [dB]
Load [kN]

(t- 1) [s]

Figure 3. The temporal evolution of AE amplitudes in juxtaposition to the load applied for the
experiment Exp-LRO01 in terms of the “time-to-failure” parameter.

Figure 4 shows the temporal evolution of the Ib-value calculated from the above-
described AE data in juxtaposition to the load applied in terms of the <t - ’L’), with T
being the average value of the occurrence time of the AE hits, comprising the sliding
“window” used for the calculation of the Ib-value. Each Ib-value was calculated using
a sliding “window” of 70 consecutive AEs hits with a sliding step of 1 hit. Notice that
the Ib-value initiated from relatively high values close to 3.5 and decreased progressively
to the value of 2.7. At this point, a steep decrease in the Ib-value was observed from
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(t e T) = 30's until (t - T) = 14, with corresponding load values ranging between 2.4

and 2.7 kN. During this time frame, the Ib-value transitioned from 2.7 to 1.2. This behavior
is indicative of the gradual coalescence of the microcrack network, which dominated the
specimen, into a more extensive macrocrack network that eventually led to the catastrophic
failure. This phenomenon could also be understood by studying Figure 3, where, as we
moved closer to fracture, the recorded amplitude of the AEs increased. Later and until the
end of the experiment, the Ib-value decreased further, attaining values close to the critical
value of 1.0.

3.5 3.5
3.0 - - 3.0
55 |—Ib-value - 2.5 =

590 —Load L 2.0 ‘..‘E..

- 1' L 15 E
97 L 1.0
1.0 A - 0.5
0.5 | | | 0.0

0.1 1 10 100

(t - o) [s]

Figure 4. The temporal evolution of the Ib-value in juxtaposition to the load applied for the experiment
Exp-LR1 in terms of the “time-to-failure” parameter.

Figure 5 shows the temporal evolution of the acoustic activity expressed through the
F-function, in terms of the (t - T). The F-function was calculated using the “sliding
window” technique with a size of 20 consecutive AE hits. As can be seen from Figure 5, 24 s
prior to fracture (i.e., for (t = T) = 245), the behaviors of the F-function can be described
by a power law of the form:

m
Flty—7)=A-(t-7) @)
with A being a constant, and m is an exponent equal to 1.02. The validity of the power law
extended from (t = T) = 255 until (t - T) = 0.55s, with corresponding loading values
raging between 2.6 and 3.01 kN. The existence of the power law could be attributed to the
intense acoustic activity produced due to the activation of the fracture mechanisms during
the specimen’s entrance to its pre-failure region.

Figure 6a shows the temporal evolution of the recorded electrical resistance (R) in
juxtaposition to the load applied for the case of the experiment Exp-LR2. The overall
duration of this experiment was equal to approximately 135 s, and the maximum recorded
value of the electrical resistance was 1270 M(). As can be seen, the electrical resistance
showed an increasing trend throughout the experiment, which was intensified during the
loading stages for t > 143 s. The corresponding temporal evolution of the electrical in
juxtaposition with the load applied in (t = t) scale is shown in Figure 6b. Notice that
in a fashion similar to the experiment Exp-LR1, a power law of the form described in
Equation (3) appears for (t - t) > 18, with a corresponding load value of 2.7 kN. The
exponent 7 is now equal to 0.082.
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Figure 5. The temporal evolution of the F-function in juxtaposition to the load applied for the
experiment Exp-LR1 in terms of the “time-to-failure” parameter.
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Figure 6. (a) The temporal evolution of the electrical resistance (R) in juxtaposition to the load applied
for the experiment Exp-LR2; (b) the respective temporal evolution of the recorded electrical resistance
(R) in terms of the “time-to-failure” parameter.

The accumulated damage level seems to affect the total recorded electrical resistance of
the specimens, as through the propagation of the cracks inside the specimens the conductive
paths of the electric current are interrupted thus increasing the electrical resistance. In
addition, it should be mentioned that the mechanical stimuli of the specimens were random
due to the inhomogeneous nature of the cement mortar. The mechanical load was not the
direct cause of the electrical resistance change. The electrical resistance changed due to the
deformation that was caused by the loading of the specimen and the corresponding changes
in the bulk structure. In addition, it is known that the mechanical load and the deformation
were not linearly related to each other. Finally, the electrical resistance change was affected
by several factors such as the free charge movement, lattice space, bulk discontinuities,
crack paths, and crack path development. The novelty of the work at hand resides in
the fact that by taking into account the random nature of the crack propagation within
the specimens and the mechanical stimuli of the specimens to the constantly increasing
mechanical load until fracture, this nonlinear increase in the recorded electrical resistance
during the last seconds prior to failure was observed for all the examined specimens.
Furthermore, this increase can be understood through a power law, the existence of which
is indicative of the entry into the critical stages of various dynamic systems as was described
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in the influential work of Bak et al. (1987) [47]. In our case, the dynamic systems were the
mechanically loaded specimens.
The temporal evolution of the recorded AE amplitudes in combination with the load

applied for the experiment Exp-LR2 using the (t F— t) parameter is shown in Figure 7. The
overall duration of this experiment was equal to approximately 135 s, while the majority of
the highest AE amplitudes were recorded for (t - T) > 5s. Therefore, to gain a clearer
view during the last 5 s prior to fracture, it was decided, once again, to plot the temporal
evolution of both the Ib-value and the F-function using the parameter (t - T) along the

logarithmic scale (in a similar procedure to experiment Exp-LR1).

In the initial loading stages, early microcracks (AE sources) were activated, producing
a high number but of relatively low-amplitude AE hits. As the imposed mechanical load
increased and the specimens’ load-bearing capacity decreased, the microcracks within
the specimens were combined in a larger more extensive network of macrocracks, which
produced fewer AE hits but of higher amplitude and duration. During the stabilization of
the load in the last seconds before the collapse of the specimens, where the macroscopic
crack was expected, the AE sources were excited almost in their entirety. The macroscopics
fracture of the specimens was expressed as the last very AE hit with an amplitude of
AE 99 dB. Conclusively, the initial high number of AE hits provided by a random crack
network of the disorganized specimen system gradually handed over to a localized ac-
tivity in the region of the expected fracture leading to an organized behavior leading to
specimen’s failure.

o Amplitudes of AE hits —Load

100
&3 90
wn —
%) 80 E
£ 70 5
Ti I
60 Q
% —
Eal
% 50
40

(t- 1) [s]

Figure 7. The temporal evolution of AE amplitudes in juxtaposition to the load applied for the

experiment Exp-LR2 in terms of the “time-to-failure” parameter.

Figure 8 shows the temporal evolution of the Ib-values in juxtaposition with the load
applied for the case of the experiment Exp-LR2 using the (t e T) parameter. In accordance

with the experiment Exp-LR1, each Ib-value was calculated using a sliding “window” of
70 consecutive AEs hits and a sliding step of 1 hit. Notice that the Ib-value initiates
from values close to 2.2, and after a brief fluctuation around those values, an increasing
trend appeared, with the Ib-value approaching its highest value close to 2.8. Then, it

followed a continuously decreasing trend which was intensified from (t I 1') = 115 until

(t I T) = 4s, with corresponding load values ranging between 2.9 and 3 kN. During

this time interval, the Ib-value fell from a value of 2.5 close to a value of 1.1. Finally, the
Ib-values rested at the critical value 1.0 until the collapse of the specimen.
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Figure 8. The temporal evolution of the Ib-value in juxtaposition to the load applied for the experiment
Exp-LR02 in terms of the “time-to-failure” parameter.

Figure 9 shows the temporal evolution of the acoustic activity expressed through the
F-function in terms of the (t - T) for experiment Exp-LR2. The F-function in this case was
calculated using the “sliding window” technique of 10 consecutive AE hits. As can be seen
and in accordance with the findings of Exp-LR1, the F-function from (t F— T) = 18.93s

until (t - ’L’) = 1.26 s obeyed a power law in the form described by Equation (4), with the

exponent m being equal to 1.28. The corresponding loading values ranged between 2.7 and
3.1 kN.

1000 3.5

- 3.0
100 A -2 z
— L 20 %
) o
=9 ——F-Function - 15 g
10 4 --—-Power law - 1.0 -
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F(o —7) = 165 (¢ _T)—1.28 . - 0.5
M EilC) ik M Ut | 00
0.1 1 10 100

(t; - ) [s]

Figure 9. The temporal evolution of the F-function in juxtaposition to the load applied for the
experiment Exp-LR2 in terms of the “time-to-failure” parameter.

Figure 10a shows the temporal evolution of the recorded electrical resistance (R) in
juxtaposition to the load applied for the case of the experiment Exp-HR. The total duration
of the experiment was 60 s, and the maximum recorded value of the electrical resistance
was 160 MQ). A similar behavior to the two previously presented experiments (i.e., Exp-LR1
and Exp-LR2) emerged, where the electrical resistance showed a continuously increasing
trend that intensified during the last stages of the loading protocol for ¢ > 50s. By depicting

the temporal evolution of the recorded electrical resistance in terms of the (t e t) scale,
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as shown in Figure 10b, a power law in the form described in Equation (3) appeared for
(t - t) > 10, with a corresponding load value of 2.7 kN. The exponent # is equal to 0.061.
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Figure 10. (a) The temporal evolution of the electrical resistance (R) in juxtaposition to the load
applied for the experiment Exp-HR; (b) the respective temporal evolution of the recorded electrical
resistance (R) in terms of the “time-to-failure” parameter.

The temporal evolution of the recorded AE amplitudes in juxtaposition to the load applied
for the experiment Exp-HR using the (t - t) parameter is shown in Figure 11. An early

concentration of relatively high amplitude AEs can be observed for 36s < (t - t) < 45s.

However, the majority of the recorded AEs with the highest amplitudes occurred during
the last 10 s of the experiment. Following the same procedure as the two previously
experiments (i.e., Exp-LR1 and Exp-LR?2) the temporal evolution of both the Ib-values and

the F-function was plotted using the time parameter (t - T) along the logarithmic scale.

o Amplitudes of AE hits —Load

100

N e O
(@] o O
Load [kN]

AE amplitudes [dB]
a1 N
[a) (@)

B
o
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Figure 11. The temporal evolution of the AE amplitudes in juxtaposition to the load applied for the
experiment Exp-HR in terms of the “time-to-failure” parameter.

Figure 12 shows the temporal evolution of the Ib-values in juxtaposition with the load
applied for the case of the experiment Exp-HR in terms of the (t - T) parameter. Here,

each [b-value was calculated using a sliding “window” of 100 consecutive AEs hits with
a sliding step of 1 hit. The Ib-value initiated from a value equal to approximately 1.7 and
almost immediately increased to values around 2.0. For approximately 20 s, the Ib-value

fluctuated between 1.9 and 2.3. Then, a steep decrease was observed from (t = T) =15s



Materials 2022, 15, 4682

11 of 16

until (t - ’l’) = 95, with corresponding load values ranging between 2.7 and 1.9 kN and

the Ib-value transitioning from 2.3 to almost 1.3. At the last loading stages, the Ib-value
continued to decrease further approaching a value close to 0.9.

25 35

L 3.0
2.0 1 —1Ib-value - 25
—Load L 20 &
815 A =
L 15 E

1.0 4 - 1.0

L 0.5

05 | | 0.0

0.1 1 10 100

(t - 1) [s]

Figure 12. The temporal evolution of the Ib-value in juxtaposition to the load applied for the
experiment Exp-HR in terms of the “time-to-failure” parameter.

The temporal evolution of the F-function in terms of the (t = T) parameter for the

Exp-HR experiment is shown in Figure 13. The F-function was calculated using the “sliding
window” technique of 20 consecutive AE hits. In a similar fashion to the previously

presented experiments, the F-function from (t = T) =10sto (t = T) = 0.6 obeyed a

power law in the form described by Equation (4), with the exponent m being equal to 0.67.
The corresponding loading values ranged between 2.6 and 3.1 kN.

—0.67
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Figure 13. The temporal evolution of the F-function in juxtaposition to the load applied for the
experiment Exp-HR in terms of the “time-to-failure” parameter.

Table 1 summarizes the characteristics of the electrical resistance (R) power law, which
is described by Equation (3), while Table 2 presents the corresponding characteristics of
the F-function power law given by Equation (4). Both Tables 1 and 2 present the time
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regions where the power laws extend, the values of exponents n and m, and the respective
calculated values of the pre-exponential factors R; and A. Additionally, the load rate and
the fracture load, denoted as Ly for each experiment, are presented. Each power law
was correlated with the corresponding onset time instant in terms of the “time-to-failure”
parameter and with the corresponding values of the normalized load applied (denoted as
£). The exponents n and m seemed to be indicators related to the intensity in the growth
rate of the recorded resistance (R) and the acoustic activity (F-function). The values of
the pre-exponential factors Ry and A corresponded, with a good approximation, to the
value received by each power law, 1s before fracture. Finally, Table 3 presents the time
instants when the calculated Ib-values crossed the value 1.5, signifying the approach of the
specimens to the critical area close to the value of 1.0.

n
Table 1. The details of the resistance (R) power law, R (t = t) =Ry (t - t> , for the presented
experiments.

LO?S/gate ( kLlf\‘I ) ( 1\51{;)) n (tr — 1) ¢
Exp-LR1 2 3.01 504 0.065 <23 86%
Exp-LR2 22 3.09 1045 0.082 <18s 88%
Exp-HR 46 3.11 140 0.061 <10s 87%

Table 2. The details of the F-function power law, F (tf - T) = A- (t = T)m, for the presented
experiments.

e A " KA !
Exp-LR1 2 3.01 90 102 05s< (tp-7) <245 86%
Exp-LR2 2 3.09 165 128 13s< (tj-7) <20s  88%
Exp-HR 46 3.11 91 0.67 065 < (t = T> <10s 87%

Table 3. The details of the Ib-values when the Ib-value < 1.5 for the presented experiment.

L

Load Rate (N/s) 4D tr— 1) 0
Exp-LR1 2 3.01 <15s 91%
Exp-LR2 2 3.09 <555 96%
Exp-HR 46 3.11 <9s 88%

As can be observed, there was a temporal overlap between the validity time regions of
the power laws, which characterized the temporal variation of both the electrical resistance
(R) and the F-function. More specifically, for the Exp-LR1, the power laws started at approx-
imately 24 s before fracture, with corresponding normalized load values at approximately
{ =~ 86%. For the Exp-LR2, the onset of the power laws started at approximately 20 s before
fracture with corresponding load values equal to approximately ¢ ~ 88%. For the case of
Exp-HR, the power laws initiated at approximately 10 s before fracture, with corresponding
load values around ¢ ~ 87%.

In the case of the Ib-values, the situation was different: the higher load rate of the
Exp-HR (46 N/s) seemed to affect the temporal evolution of the corresponding Ib-value,

pushing it to cross the value 1.5 faster than the other experiments for (t = t) < 9s, with
a corresponding load value of approximately ¢ ~ 88%. Contrary to this, for the case of
the Exp-LR1 experiment, the Ib-value crossed 1.5 at (t = t) < 155, with a corresponding
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normalized load value ¢ = 91% and for the experiment Exp-LR2 at (t - t) < 5.5s,witha

corresponding normalized load value ¢ ~ 96% (Figure 14).

In the work at hand, it was shown, for the first time, that the electrical resistance
shortly before the fracture of the specimens increased sharply by obeying a power law (see
Equation (3)). Note that in the past [46], in the case of a similar specimen with a similar
loading protocol and the same resistance measurement technique, a sharp increase in the
electrical resistance was detected as the catastrophic fracture approached, albeit without the
emergence of the law described by Equation (3). Clearly, further research is required, and
experimental bending protocols should be applied to larger test specimens and extended
to a wider range of materials.

3.5

—Exp-LR1
Exp-LR2

3.0

2.5
2.0

Ib-value

G T S e T Ty R
1.0

0.5 T | |
0.1 1 10 100

Figure 14. Comparative presentation of the temporal evolution of the Ib-values in juxtaposition to
the load applied for the all the experiments in terms of the “time-to-failure” parameter.

It is noteworthy that the production rate of AE hits (expressed in terms of the F-
function) in almost the same time period before the catastrophic fracture obeyed a similar
power law (Equation (4)). Note that in a similar sample and with a similar loading protocol,
the F-function and the electrical signal produced, known as pressure-stimulated currents
(PSCs), began to obey a similar power law when the load reached 95% and 90% of the
specimen’s total strength, respectively [8]. Furthermore, the loading rate seems to have no
impact on the existence or the parameters of the power laws.

Recapitulating, based on the above experimental results, the electrical resistance can
provide compatible and equivalent information to that of the acoustic activity (production
rate of AE hits), as it can give information regarding the impending catastrophic fracture.
The above findings are strongly supported, by the variation of the Ib-value, which is a
well-known pre-failure index. It is indicative that the characteristic Ib-value drop steeply in
the vicinity of 1.0, which characterizes the entrance to a pre-failure condition, coinciding
with the power laws’ initiation time regions.

4. Conclusions

Cement mortar specimens were subjected to three-point bending loading up to the
fracture using a load control protocol, and concurrent electrical resistance and acoustic
emissions measurements were conducted. Two loading increase rates were selected in
order to evaluate the impact of the rate on the experimental results.

The electrical resistance was measured using two gold-plated copper contact electrodes
implanted during the specimen’s preparation in the region where the fracture was expected
due to the adopted three-point bending loading. This region was symmetrically left and
right from the mid-span of the specimen.
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To elaborate on the acoustic emission data, the mean hit rate was calculated using the
F-function, while the AE hit amplitudes were used to plot the temporal evolution of the
b-value. In order to focus during the last stages of the loading protocol, all of the studied
quantities were plotted as a function of the time to failure. The temporal variation of the
electrical resistance was put in contrast to the acoustic emissions data in the vicinity of the
fracture, and the results manifested a good correlation between them. In this work, for
first time, it was revealed that the electrical resistance in the near-to-failure region can be
described by a power law. The corresponding analysis of the AE arrival rate, presented in
terms of the F-function, showed significant similarities with the behavior of the electrical
resistance. Specifically, a power law also described the temporal behavior of the F-function
in the vicinity of the fracture. It is worth mentioning that the loading rate seemed to have
no impact on the existence or the factors of the power laws referred above.

The results revealed that the electrical resistance can provide compatible and equiva-
lent information with the AE presented in terms of the F-function, actually signaling the
imminent fracture. The above findings are strongly supported by the variation of a well-
known pre-failure index: the Ib-value. It is indicative that the characteristic Ib-value drops
steeply in the vicinity of 1.0, which characterizes the entrance to a pre-failure condition,
coinciding to the power laws’ initiation time regions.

Author Contributions: Conceptualization, D.T.; methodology, D.T.; writing—original draft prepa-
ration, A.L.; writing—review and editing, I.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Grosse, C.; Ohtsu, M. Acoustic Emission Testing; Grosse, C.U., Ohtsu, M., Eds.; Springer-Verlag: Berlin/Heidelberg, Germany, 2008.

2. Ohtsu, M. The history and development of acoustic emission in concrete engineering. Mag. Concr. Res. 1996, 48, 321-330.
[CrossRef]

3.  Behnia, A.; Chai, HK.; Shiotani, T. Advanced structural health monitoring of concrete structures with the aid of acoustic emission.
Constr. Build. Mater. 2014, 65, 282-302. [CrossRef]

4. Hadjicontis, V.; Mavromatou, C.; Ninos, D. Stress induced polarization currents and electromagnetic emission from rocks and
ionic crystals, accompanying their deformation. Nat. Hazards Earth Syst. Sci. 2004, 4, 633-639. [CrossRef]

5. Carpinteri, A.; Lacidogna, G.; Borla, O.; Manuello, A.; Niccolini, G. Electromagnetic and neutron emissions from brittle rocks
failure: Experimental evidence and geological implications. Sadhana 2012, 37, 59-78. [CrossRef]

6.  Stavrakas, I; Triantis, D.; Agioutantis, Z.; Maurigiannakis, S.; Saltas, V.; Vallianatos, F.; Clarke, M. Pressure stimulated currents in
rocks and their correlation with mechanical properties. Nat. Hazards Earth Syst. Sci. 2004, 4, 563-567. [CrossRef]

7.  Saltas, V.; Vallianatos, F.; Triantis, D.; Stavrakas, I. 8—Complexity in Laboratory Seismology: From Electrical and Acoustic
Emissions to Fracture. In Complexity of Seismic Time Series; Chelidze, T., Vallianatos, E., Telesca, L., Eds.; Elsevier: Amsterdam,
The Netherlands, 2018; pp. 239-273.

8. Triantis, D.; Pasiou, E.D.; Stavrakas, 1.; Kourkoulis, S.K. Hidden Affinities Between Electric and Acoustic Activities in Brittle
Materials at Near-Fracture Load Levels. Rock Mech. Rock Eng. 2022, 55, 1325-1342. [CrossRef]

9. Cosoli, G.; Mobili, A ; Tittarelli, F; Revel, G.M.; Chiariotti, P. Electrical Resistivity and Electrical Impedance Measurement in
Mortar and Concrete Elements: A Systematic Review. Appl. Sci. 2020, 10, 9152. [CrossRef]

10. Niccolini, G.; Potirakis, S.M.; Lacidogna, G.; Borla, O. Criticality Hidden in Acoustic Emissions and in Changing Electrical
Resistance during Fracture of Rocks and Cement-Based Materials. Materials 2020, 13, 5608. [CrossRef]

11.  Sengul, O. Use of electrical resistivity as an indicator for durability. Constr. Build. Mater. 2014, 73, 434-441. [CrossRef]

12.  Yousuf, E; Xiaosheng, W. Investigation of the early-age microstructural development of hydrating cement pastes through
electrical resistivity measurements. Case Stud. Constr. Mater. 2020, 13, e00391. [CrossRef]

13. Millard, S.G.; Gowers, K.R. Resistivity assessment of in-situ concrete: The influence of conductive and resistive layers. Proc. Instit.

Civil Engin. Struct. Build. 1992, 94, 389-396. [CrossRef]


http://doi.org/10.1680/macr.1996.48.177.321
http://doi.org/10.1016/j.conbuildmat.2014.04.103
http://doi.org/10.5194/nhess-4-633-2004
http://doi.org/10.1007/s12046-012-0066-4
http://doi.org/10.5194/nhess-4-563-2004
http://doi.org/10.1007/s00603-021-02711-9
http://doi.org/10.3390/app10249152
http://doi.org/10.3390/ma13245608
http://doi.org/10.1016/j.conbuildmat.2014.09.077
http://doi.org/10.1016/j.cscm.2020.e00391
http://doi.org/10.1680/istbu.1992.21502

Materials 2022, 15, 4682 15 of 16

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

Feliu, S.; Andrade, C.; Gonzdlez, J.A.; Alonso, C. A new method for in-situ measurement of electrical resistivity of reinforced
concrete. Mater. Struct. 1996, 29, 362-365. [CrossRef]

Azarsa, P; Gupta, R. Electrical Resistivity of Concrete for Durability Evaluation: A Review. Adv. Mater. Sci. Eng. 2017,
2017, 8453095. [CrossRef]

Chen, G.; Lin, Y. Stress-strain—electrical resistance effects and associated state equations for uniaxial rock compression. Int. J. Rock
Mech. Min. 2004, 41, 223-236. [CrossRef]

Wen, S.; Chung, D.D.L. Damage monitoring of cement paste by electrical resistance measurement. Cem. Concr. Res. 2000, 30,
1979-1982. [CrossRef]

Russell, J.E.; Hoskins, E.R. Correlation of electrical resistivity of dry rock with cumulative damage. In Proceedings of the 11th US
Symposium on Rock Mechanics (USRMS), Berkeley, CA, USA, June 1969.

Prasse, T.; Michel, F.; Mook, G.; Schulte, K.; Bauhofer, W. A comparative investigation of electrical resistance and acoustic emission
during cyclic loading of CFRP laminates. Compos. Sci. Technol. 2001, 61, 831-835. [CrossRef]

Morscher, G.N.; Gordon, N.A. Acoustic emission and electrical resistance in SiC-based laminate ceramic composites tested under
tensile loading. J. Eur. Ceram. Soc. 2017, 37, 3861-3872. [CrossRef]

Chung, D.D. Damage in cement-based materials, studied by electrical resistance measurement. Mater. Sci. Eng. R Rep. 2003, 42,
1-40. [CrossRef]

Chen, B.; Liu, J. Damage in carbon fiber-reinforced concrete, monitored by both electrical resistance measurement and acoustic
emission analysis. Constr. Build. Mater. 2008, 22, 2196-2201. [CrossRef]

Sammonds, P.R.; Meredith, P.G.; Main, I.G. Role of pore fluids in the generation of seismic precursors to shear fracture. Nature
1992, 359, 228-230. [CrossRef]

Kishinouye, F. An experiment on the progression of fracture. J. Acoust. Emiss. 1990, 9, 177-180.

Forster, F. Akustische Untersuchung der Bildung von Martensitnadeln. Z. Fiir Met. 1936, 29, 245.

Kaiser, E. A Study of Acoustic Phenomena in Tensile Test. Ph.D. Dissertation, Technical University of Munich, Munich,
Germany, 1950.

Sagar, R.V,; Prasad, B.K.R. A review of recent developments in parametric based acoustic emission techniques applied to concrete
structures. Nondestruct. Test. Eval. 2012, 27, 47-68. [CrossRef]

Vallianatos, F.; Benson, P.; Meredith, P.; Sammonds, P. Experimental evidence of a non-extensive statistical physics behaviour of
fracture in triaxially deformed Etna basalt using acoustic emissions. EPL 2012, 97, 58002. [CrossRef]

Saltas, V.; Peraki, D.; Vallianatos, F. The use of acoustic emissions technique in the monitoring of fracturing in concrete using
soundless chemical demolition agent. Frat. Integrita Strutt. 2019, 13, 505-516. [CrossRef]

Ohtsu, M.; Uchida, M.; Okamoto, T.; Yuyama, S. Damage Assessment of Reinforced Concrete Beams Qualified by Acoustic
Emission. ACI Struct. J. 2002, 99, 411-417.

Rao, M.VM.S,; Lakshmi, K.].P. Analysis of b-value and improved b-value of acoustic emissions accompanying rock fracture. Curr.
Sci. 2005, 89, 1577-1582.

Kourkoulis, S.K.; Ganniari-Papageorgiou, E.; Mentzini, M. Dionysos marble beams under bending: A contribution towards
understanding the fracture of the Parthenon architraves. Eng. Geol. 2010, 115, 246-256. [CrossRef]

Lacidogna, G.; Manuello, A.; Niccolini, G.; Carpinteri, A. Acoustic emission monitoring of Italian historical buildings and the
case study of the Athena temple in Syracuse. Archit. Sci. Rev. 2015, 58, 290-299. [CrossRef]

Shiotani, T. Evaluation of progressive failure using AE sources and improved b-value on slope model tests. Prog. Acoust. Emiss.
1994, 7, 529-534.

Guarino, A.; Garcimartin, A.; Ciliberto, S. An experimental test of the critical behaviour of fracture precursors. Eur. Phys. . B
1998, 6, 13-24. [CrossRef]

Rao, A.K. Acoustic Emission and Signal Analysis. Def. Sci. ]. 2013, 40, 55-70. [CrossRef]

Colombo, I.S.; Main, L.G.; Forde, M.C. Assessing Damage of Reinforced Concrete Beam Using “b-value” Analysis of Acoustic
Emission Signals. J. Mater. Civ. 2003, 15, 280-286. [CrossRef]

Main, 1.G.; Meredith, P.G.; Jones, C. A reinterpretation of the precursory seismic b-value anomaly from fracture mechanics.
Geophys. |. Int. 1989, 96, 131-138. [CrossRef]

Shiotani, T.; Yuyama, S.; Li, Z.W.; Ohtsu, M. Application of AE improved b-value to quantitative evaluation of fracture process in
concrete materials. J. Acoust. Emiss. 2001, 19, 118-133.

Loukidis, A.; Triantis, D.; Stavrakas, I.; Pasiou, E.D.; Kourkoulis, S.K. Comparative Ib-value and F-function analysis of Acoustic
Emissions from elementary and structural tests with marble specimens. Mater. Des. Process. Commun. 2020, 3, e176. [CrossRef]
Triantis, D.; Kourkoulis, S.K. An Alternative Approach for Representing the Data Provided by the Acoustic Emission Technique.
Rock Mech. Rock Eng. 2018, 51, 2433-2438. [CrossRef]

Zhang, J.-Z.; Zhou, X.-P; Zhou, L.-S.; Berto, F. Progressive failure of brittle rocks with non-isometric flaws: Insights from
acousto-optic-mechanical (AOM) data. Fatigue Fract. Eng. Mate. Struct. 2019, 42, 1787-1802. [CrossRef]

Wang, X.; Wang, E.; Liu, X. Damage characterization of concrete under multi-step loading by integrated ultrasonic and acoustic
emission techniques. Constr. Build. Mater. 2019, 221, 678-690. [CrossRef]

Ju, Y.; Wu, X. Acoustic Emission Characteristics and Failure Prediction of the Granite with Orthogonal Cracks under Compressive
Loading. Adv. Civ. Eng. 2020, 2020, 8846290. [CrossRef]


http://doi.org/10.1007/BF02486344
http://doi.org/10.1155/2017/8453095
http://doi.org/10.1016/S1365-1609(03)00092-3
http://doi.org/10.1016/S0008-8846(00)00351-3
http://doi.org/10.1016/S0266-3538(00)00179-2
http://doi.org/10.1016/j.jeurceramsoc.2017.05.003
http://doi.org/10.1016/S0927-796X(03)00037-8
http://doi.org/10.1016/j.conbuildmat.2007.08.004
http://doi.org/10.1038/359228a0
http://doi.org/10.1080/10589759.2011.589029
http://doi.org/10.1209/0295-5075/97/58002
http://doi.org/10.3221/IGF-ESIS.50.42
http://doi.org/10.1016/j.enggeo.2009.06.012
http://doi.org/10.1080/00038628.2012.720246
http://doi.org/10.1007/s100510050521
http://doi.org/10.14429/dsj.40.4450
http://doi.org/10.1061/(ASCE)0899-1561(2003)15:3(280)
http://doi.org/10.1111/j.1365-246X.1989.tb05255.x
http://doi.org/10.1002/mdp2.176
http://doi.org/10.1007/s00603-018-1494-1
http://doi.org/10.1111/ffe.13019
http://doi.org/10.1016/j.conbuildmat.2019.06.105
http://doi.org/10.1155/2020/8846290

Materials 2022, 15, 4682 16 of 16

45. Ge, Z.; Sun, Q. Acoustic emission characteristics of gabbro after microwave heating. Int. ]. Rock Mech. Min. 2021, 138, 104616.
[CrossRef]

46. Stergiopoulos, C.; Stavrakas, I.; Hloupis, G.; Kyriazopoulos, A ; Triantis, D.; Anastasiadis, C.; Stonham, ]J. Nondestructive Testing
Electrical Methods for Sensing Damages in Cement Mortar Beams. Open . Appl. Sci. 2013, 3, 6. [CrossRef]

47. Bak, P; Tang, C.; Wiesenfeld, K. Self-organized criticality: An explanation of the 1/f noise. Phys. Rev. Lett. 1987, 59, 381-384.
[CrossRef] [PubMed]


http://doi.org/10.1016/j.ijrmms.2021.104616
http://doi.org/10.4236/ojapps.2013.31008
http://doi.org/10.1103/PhysRevLett.59.381
http://www.ncbi.nlm.nih.gov/pubmed/10035754

	Introduction 
	Experimental Setup 
	Results and Discussion 
	Conclusions 
	References

