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Abstract: Field measurements in subduction regions have revealed the presence of non-seismic pre-
earthquake signals such as electromagnetic or acoustic emission, gas liberation, changes in Earth’s
surface temperature, changes at the ionospheric level, or fluid migration. These signals are com-
monly associated with impending earthquakes, even though they often rely solely on temporal and
spatial correlations in impending earthquake zones without a comprehensive understanding of the
underlying lithospheric processes. For example, one criticism is the measurement of increasing elec-
tromagnetic signals even in the absence of observable macroscopic stress changes, which challenges
the conventional understanding that macroscopic stress changes are the primary energy source for
non-seismic pre-earthquake signals. To address this gap, rock experiments provide valuable insights.
Recent experiments have shown that rocks can become electrified under constant macroscopic stress
changes, accompanied by a decrease in the b-value, indicating multiscale cracking. This suggests the
existence of small-scale dynamics that generate electromagnetic signals independently of large-scale
stress variations. In that sense, multiscale thermodynamics offers a valuable perspective in describing
this multiscale phenomenon. That is why the main goal of this work is to demonstrate that the
electromagnetic signals before macroscopic failures are not independent of the cracking generation
because the origin of both phenomena is the same. In particular, we present analytical equations
that explain the physical connection between multiscale cracking, the generation of electromagnetic
signals, and its negative correlation with acoustic emission before the macroscopic failure of rocks
even when the macroscopic load is constant. In addition, we also show that the thermodynamic
fractal dimension, which corresponds to the global parameter that controls the cracking process, is
proportional to the b-value when the large-scale crack generation is considerably larger than the
small-scale cracks. Thus, the decreases in the b-value and the increases in the electromagnetic signals
indicate that rocks irreversibly prepare to release energy macroscopically. These findings could be
related to the dynamics at lithospheric scales before earthquakes.

Keywords: b-value change; impending earthquake physics; electromagnetic signals; multiscale
thermodynamics; multiscale fracture; complex systems

1. Introduction

In recent decades, the intricate nature of fracture processes has been a significant
area of interest. This is because it has the potential to facilitate the creation of novel ma-
terials with enhanced fracture toughness and damage tolerance, as well as more precise
models for predicting fracture behavior [1-3]. The understanding of this knowledge can
have significant implications in various aspects, including the design and maintenance
of engineering structures, as well as our comprehension of natural phenomena, such as

Geosciences 2023, 13, 169. https:/ /doi.org/10.3390/ geosciences13060169

https:/ /www.mdpi.com/journal /geosciences


https://doi.org/10.3390/geosciences13060169
https://doi.org/10.3390/geosciences13060169
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/geosciences
https://www.mdpi.com
https://orcid.org/0000-0003-3777-0941
https://doi.org/10.3390/geosciences13060169
https://www.mdpi.com/journal/geosciences
https://www.mdpi.com/article/10.3390/geosciences13060169?type=check_update&version=1

Geosciences 2023, 13, 169

2 of 14

earthquakes [4,5], and even aiding in the repair of cracks in living bones [6-8]. A method of
comprehending natural fracture is by studying how rock samples respond under varying
conditions, including stress distributions. When brittle materials are subjected to stress,
they change their shape by either shortening or lengthening. As stress increases, the mate-
rial may begin to collapse internally by creating microcracks that follow a fractal pattern.
These microcracks continue to grow until they result in macroscopic failure that is also
self-similar [9-20]. As microcracks grow, they release energy in the form of acoustic emis-
sions and electromagnetic signals. These signals can be used to understand the internal
stress states that occur before macroscopic failures [21-24]. In particular, acoustic and
electromagnetic emissions occur due to the movement of crack surfaces when microcracks
propagate through a rock sample. This movement generates transient electrical currents by
breaking the bonds, which causes a sudden release of energy in the form of elastic waves
that propagate through the rock [18,25-31]. Despite focusing primarily on rock samples,
both experimental and theoretical works have attempted to extrapolate their findings to
the lithospheric domain. In particular, some researchers have explored the use of electro-
magnetic signals as a predictive tool for monitoring impending large earthquakes [32-40].
Likewise, numerous studies have attempted to establish connections between seismological
parameters, such as friction, stress drop, earthquake magnitude, b-value, and large-scale
cracking and stresses, through the application of thermodynamic principles [29,41-43].
In particular, despite being a matter of actual research [44], the b-value is consistently
negatively correlated to tectonic stresses in the context of the buoyancy of the subducting
plates [45]. On the other hand, some researchers have applied statistical methods on a
larger scale, such as the Gutenberg-Richter law, to analyze rock samples. In doing so, they
have used an equivalent b-value and acoustic emissions [46—48]. At the laboratory scale, the
negative correlation between the b-value and the emission of electromagnetic signals holds
true [49-51]. Additionally, it has been observed that the b-value also tends to decrease
as the applied stress increases in rock samples, as demonstrated by studies such as Dong
et al. [52]. However, recent findings suggest that this decrease in the b-value can also be
observed under constant stress conditions [51]. This suggests that rocks exhibit small-scale
dynamics, emphasizing the need for multiscale formalisms to understand these dynamics
across different scales. For example, the multiscale thermodynamics framework provides a
suitable approach for comprehending the energy dissipation at various scales concurrently.
In these systems, the energy release gives rise to power-law distributions implying that the
overall entropy production of the system is determined solely by the dissipation at both
large and small scales [42,43]. Consequently, the multiscale thermodynamic perspective of
the cracking process highlights that the dissipation of energy, and the underlying dynamics
are driven exclusively by the maximum and minimum crack sizes [42,43]. That is why in
order to address the apparent contradiction concerning the b-value changes and electro-
magnetic emission even under constant load before macroscopic failure, and to establish
causal connections between them, this study explores the multiscale thermodynamics
formalism of crack generation. To achieve this, Section 2 explores the multiscale nature
of cracks and their relationship to acoustic emission and electromagnetic signals through
fractal thermodynamics, while Section 3 examines the specific case of the balance between
small and large stresses in the system. The discussion and conclusions are presented in
Sections 4 and 5, respectively.

2. Electromagnetic Emission and b-Value Relationship: The Physical Foundation

The process of rock damage in a specimen’s body is a consequence of the deformation
resulting from applied mechanical loading [24]. Under stress, the rock sample experiences
different types of deformation, including elastic strain, plastic deformation, and ultimately,
fracture. These deformations are influenced by the inherent strength and properties of
the rock material. During the course of deformation, variations in stress within the rock
sample can give rise to the generation of electric currents. This intriguing phenomenon
arises from the redistribution of charges within the rock material in response to the applied
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stress. The movement of charged particles engenders electric currents that can be detected
and quantified. Both experimental investigations and theoretical analyses have provided
evidence supporting the relationship between the rate of stress change ¢ and the magnitude
of electrical currents J, for uniaxial load, which can be expressed as [53,54]:
fe ~0 @
The equation suggests that cracks can be generated by an applied stress change, which
then releases electrical currents. A compressive regime with a small but non-zero stress
change is represented schematically in Figure 1, where microcracks generate electromag-
netic signals that are measured at the rock’s surface (represented by the blue wavy curve).
Equation (1) represents the transport of energy between external load and the net electrical
currents generated in cracks of different sizes. In that sense, Venegas-Aravena et al. [42]
incorporated the self-similarity into Onsager’s relations, which describe the transport of
energy in systems out of equilibrium, in order to understand how energy is transferred
and distributed within the system across different scales [42,55,56]. This implied that, as
macroscopic external forces (F) increase, there is a manifestation of the release of excess
energy, resulting in the emergence of power-law distributions such as fractally distributed
cracks, as well as the reduction of the fractal dimension [42]. Note that this phenomenon
is closely associated with an increase in irreversible material damage [10,42,57]. That is
why this process can be represented in terms of the increase in entropy S, as given by the
following equation [42]:
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Figure 1. The experimental setup is schematically represented, where the applied stress is considered
almost constant, and despite this, electromagnetic and acoustic emissions can be observed from
microcracks.

Multiscale thermodynamics dictates that the relation between the large-scale compo-
nents (large cracks) and the small-scale components of the system are interrelated as [42]:

S = r*dSy = S = 1* / dSo = 1S, @)

where S and S are the entropy change of the large- and small-scale section of the system,
respectively; r is a geometrical factor; and « a is a factor. Conversely, the amplitude of the
acoustic emissions A in the magnitude—frequency relationship is determined by the b-value
of rock samples as [47]:

logigN=a—-bx A 4)
where N is the number of events, and a is a constant. The amplitude of the acoustic
emission can also be measured at the surface of the rock, as depicted by the red wavy curve
in Figure 1. However, the b factor is not constant and may vary in relation to the evolution
of entropy S, as expressed by [58]:
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b=0by107H (5)

where we have considered that H = S, H is the Shannon entropy, and by, is a constant that
states the maximum b-value. By replacing Equation (3) with Equation (5), the b-value is:

b = by10~ 750 (6)

The factor « can be written as « = Dg — D — 1 where Dr is the Euclidean dimension,
and D the thermodynamic multifractal dimension, which can be written as [43]:

D= —kvh‘l QV (7)

where ky = 1/log(r" /rg), r¥, and rj are the large- and small-scale length, Qy = wpdS/dSy
and wy = e(1=Pe)/kv_ Thus, the relation between the b-value and the fractal dimension is
obtained by replacing Equation (7) with Equation (6):

(2-D)

b = by10~50" 8)

The relationship between the b-value and the fractal dimension of the system is
described by Equation (8), although it is important to note that they are not physically
equivalent. As the fractal dimension depends on the multiscale properties of the system, a
thorough multiscale analysis is necessary to properly interpret Equation (8). Microcracks
are typically of the order of 100 um or less [59], while macroscopic failures have a size
comparable to the length of rock samples. Thus, there can be a difference of 3 to 4 orders
of magnitude between the smallest and largest cracks, depending on the size of the rock
sample, ranging from centimeters to meters. Consequently, the values of » must span at
least 3 to 4 orders of magnitude. The relationship between D and the entropy change
balance Q)y (Equation (3)) for a system embedded in a 3D space is depicted in Figure 2a. It
is evident from the figure that larger values of D are associated with smaller values of Q)y .
As the relationship between )y and D can be expressed as Qy ~ dS/dS, it follows that
larger values of D imply the dominance of small-scale entropy generation (indicated by
the dark yellow dashed line in Figure 2a). Conversely, larger values of )y are related to
smaller values of D which are dominated by large-scale entropy generation (indicated by
the red dashed line in Figure 2a). Nevertheless, for the two extremes regimes, the fractal
dimension and the entropy change balance exhibit an almost linear relationship:

D~ ———
a5 ©)
Figure 2b indicates a linear correlation between D and b for both the large- and small-
scale entropy releases, where Sp = 1 and by; = 2.5 (shown by the red and dark yellow
dashed lines in Figure 2b). Therefore, Equation (8) can be interpreted as follows for a
system that is defined by either large- or small-scale entropy releases:

b~D (10)

To clarify, Equation (10) applies only when either the generation of large-scale cracks or
small-scale cracks is significantly more dominant than the other. Thus, taking into account
Equations (1), (2), (9) and (10), we can establish a relationship between the b-value, stress
change, and electromagnetic signals as follows:

b~—-Q,~—-Q;

i, (11)

where (), = wd('fz / (73 and (); = w;, J2/ ]60' UAand 0y represent the macroscopic and
microscopic stress changes, respectively; f, and J,, the macroscopic and microscopic elec-
tromagnetic signals. respectively; and w; and w;, constants. Note that the stress change
balance (); can be conceptualized in a snmlar manner to the multiscale entropy production
balance Q in Equation (7). It involves considering the distribution and exchange of stress at
different scales within a system. Just as entropy production characterizes the rate at which
entropy is generated within a system, the stress change balance describes the redistribution
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and transformation of stress at various scales. For macroscopic variations, Equation (11)
leads to:

br—6" ~ —J2 (12)
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Figure 2. A study was conducted to analyze the relationship between the thermodynamic fractal

dimension D, the b-value, the balance of entropy changes Qy = “;(g’és (for wp = 1), and the scaling

factor r through parameterization. (a) Equation (7) shows a negative correlation between the fractal
dimension and the entropy balance QQy. However, for two regimes (indicated by red and dark yellow
dashed lines), this relationship tends to be almost linear. This suggests that when the large- and
small-scale entropy change dominates the system, the fractal dimension tends to be small (<2.2) for a
system governed by large-scale entropy (large Qy). (b) When the fractal dimension is small, as in the
above scenario, there is an almost linear relationship between b and D (indicated by the red dashed
line). The relationship between the thermodynamic fractal dimension D, the b-value, and the balance
of entropy changes Q)y. (a) Equation (7) shows a negative correlation between the fractal dimension
and the entropy balance Q)y, with two regimes showing an almost linear relationship (red and dark
yellow dashed lines). (b) A small fractal dimension (<2.2) corresponds to large-scale entropy in the
system. In this scenario, there is an almost linear relationship between b and D, as indicated by the
red dashed line.

Thus, Equation (12) states that there exists a negative correlation between the b-value
and the macroscopic electromagnetic signals that are produced due to the cracking process.
In situations where Equation (9) does not exhibit a clear linear trend, Equations (9), (11)
and (12) can be expressed in a more generalized manner as:

b~ —-InQ) ~ _anfe (14)
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b~ —Ing” ~ ~In f2 (15)

Figure 3a illustrates the relationship between the b-value and the macroscopic entropy

change through J, represented by the green curve. As indicated by Equation (15) (shown

by the red curve in Figure 3a), the green curve indicates a negative correlation between

the b-value and the increase in electromagnetic signals. Hence, the negative correlation

between the b-value and electromagnetic signals is a result of the multiscale entropy change,
as Equation (2) encompasses the derivation of both.

a) 1 T T T T T T T T T 1 b
- ——b=—In(J? )
aal 72 j 172 109 =T
—dS =J; J,~ ds g e
0.8 . = Stress a(t) = ¢
EM signal 108 3 _g ® 1
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Figure 3. (a) Relationship between electromagnetic signals, b-value, and entropy change balance. The
b-value decreases as the entropy change (dS) increases, while the electromagnetic signals increase, as
indicated by the green and red curves. (b) The schematic shows the evolution of stress (represented
by a black constant line) and the negative relationship between the b-value (represented by a red line)
and the electromagnetic emissions (represented by a blue line).

3. The Multiscale Stress Evolution

Equations (12) and (15) demonstrate how the b-value reflects macroscopic changes
in stress. However, experiments have shown that despite the macroscopic applied stress
being almost constant, there is a large variability in the electromagnetic pulses [51]. A
schematic representation of this behavior is shown in Figure 3b. The black curve represents
the constant macroscopic applied stress, while the blue and red curves depict the negative
evolution between the electromagnetic signals and the b-value, respectively. Equations (9),
(11) and (14) reveal that the b-value arises from a trade-off between large- and small-scale
changes, suggesting the presence of microscopic dynamics and small-scale stress evolution
09(t) in the system. By employing the definition of Q. in Equation (11), it becomes possible
to determine the microscopic stress states in the following manner:

Yo

oo(t) = /d(t) o (16)

ag

The pulse-like temporal evolution of J, represented in Figure 3b can be simply modeled
as ~ |t —to| "> which implies that b ~ —In|t —fy|'. This can be seen in Figure 4a
as a blue and red curve, respectively. As J, is proportional to the stress balance Q,(t)
(Equation (11)), it can be obtained by the relation (3, ~ J2. This means that Q) (t) for this
temporal variation is ~ |t — fg| ~! (black curve in Figure 4b). However, the applied stress
remains constant. As a result, the macroscopic stress change, o(t), almost disappears as
well as Equation (16). Because of the noise in experiments [51], it is difficult to determine
whether there is a considerably small linear increase. Therefore, it can be concluded that the
macroscopic stress can be defined as o (t) = cot + ¢1 for ¢g — 0. This leads that o(t) ~ co.
In a multiscale analysis, it is important to acknowledge that the small constant, although
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Q
~

typically negligible compared to the macroscopic constant ¢; under normal conditions,
cannot be treated as zero. This is because it represents the amplitude of small-scale stress
changes. Thus, even though cy may be several orders of magnitude smaller than ¢y, it
cannot be considered as zero. The magenta curve in Figure 4b represents the almost
negligible macroscopic stress change, where cy = 0.001, and the figure is presented in its
normalized version. Considering the previous analysis, Equation (16) can be applied. The
red curve in Figure 4b highlights the microscopical stress change, which demonstrates that
the only way to achieve a high (), leading to a low b-value and high J, is to decrease the
microscopical stresses in the system. This decrease in small-scale dynamics is illustrated
in the schematic representations of Figure 4c,d. In the context of fractal thermodynamics,
these small-scale dynamics correspond to the dominant generation of small-scale cracks
caused by a heterogeneous medium [42]. Figure 4c illustrates this scenario in terms of
differential stresses. The small-scale arrows in black and red represent how the small-
scale stresses accommodate and transfer the external macroscopic stresses, which are
represented by large red and black arrows in Figure 4c. These differential stresses may
generate numerous small-scale cracks, which can be detected as a small amplitude of
electromagnetic, acoustic emissions, and large b-value. On the other hand, the evolution of
(), suggests a transition in the dominant scale. Figure 4d demonstrates when large-scale
entropy production dominates, as represented by the large-scale stresses filling the medium
and leading to the coalescence or growth of small cracks. This implies that the large-scale
dynamics are characterized by large-scale cracks. Such a process generates significant
electromagnetic and acoustic emissions, which can be readily detected outside the rock
samples and reduces the b-value.
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Figure 4. (a) A simplified depiction of the pulse-like behavior of b-value and electromagnetic signals
discovered by Loukidis et al. [51] is shown with the red and blue curves, respectively. The b-value is
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computed using Equation (15). (b) The stress change balance (), required to observe the pulse-like
behavior of (a) is illustrated. The magenta curve denotes the nearly zero external applied stress change
(0 =0.001 a.u.). Note that this curve is normalized. The red line represents the microscopic stress
that must be evolving for the pulse-like behavior of b and J, with an almost constant macroscopic
applied stress. (c) A schematic representation of the small-scale dominance entropy production is
displayed. Most of the system is filled with small-scale cracks. This is equivalent to t = 0 a.u. in
(a,b). (d) A schematic representation of large-scale dominance of entropy production is presented. In
this scenario, the system is filled with large-scale cracks. This scenario represents the case when the
small-scale entropy production is minimal. That is, when ¢t = 0.5 a.u. in (a,b).

4. Discussion

The investigation of non-seismic electromagnetic signals in relation to large seismic
events such as megathrust earthquakes is a highly relevant and challenging field of study.
Currently, many researchers studying these signals do not establish clear links between
their findings and actual earthquakes, and few of them offer proper explanations for the
underlying causal mechanisms [60-70]. As a result, the scientific community focusing on
non-seismic pre-earthquake signals is still far from providing reliable tools for earthquake
forecasting to seismologists who expect to understand the causal mechanisms associated
with ruptured parameters of faults, such as seismic moment rate, rupture velocity, fi-
nal slip distribution, and the sources of high-frequency ground motion. To advance our
understanding of earthquake processes, it is crucial to delve into the dynamics of the
lithosphere and the variations that natural faults undergo before an earthquake. The
multiscale cracking process is particularly pertinent in this context as it may be influ-
enced by the same dynamics that impact the faults where earthquakes’ ruptures nucleate,
evolve, and arrest. In that sense, both the rupture generation and the emergence of cracks
before macroscopic failure can be regarded as an irreversible multiscale phenomenon oc-
curring when heterogeneous materials are subjected to increasing external stresses over
time [42,71,72]. In this context, the generation, growth, and coalescence of microcracks play
a critical role as precursors to macroscopic failure [16,73-75]. Moreover, the development
and interaction of microcracks within the material are intimately connected to the observed
changes in the b-value, amplitude of acoustic emissions, and electromagnetic signals, which
serve as valuable indicators of the impending failure of heterogeneous materials. For ex-
ample, the amplitude of acoustic and electromagnetic signals increases as the material
approaches failure, as observed in previous studies [49,50,76]. Conversely, the b-value tends
to decrease [51]. The connection between the b-value and acoustic emission is not yet fully
understood. It is recognized that small cracks within materials, associated with small-scale
dynamics, generate low-amplitude acoustic emissions, resulting in large b-values. On the
other hand, large-scale cracks lead to a decrease in the b-value, and this reduction becomes
more pronounced as the system approaches macroscopic failure [46,49,50]. In this context,
multiscale thermodynamics provides a physical framework in order to understand the
relationship between the b-value and electromagnetic signals, as it can describe the same
multiscale cracking process. This is because in systems that are in a non-thermodynamic
equilibrium state, the presence of external thermodynamic forces injecting energy can lead
to the emergence of multiscale behaviors, which are often described by power-law distri-
butions such as fractals [42]. These power laws signify the distribution and organization
of various components or phenomena at different scales within the system as a manner
to release the excess injected energy. Thus, the application of these principles leads to
Equation (15), which provides an analytical relationship indicating that an increase in rock
electrification is accompanied by a decrease in the b-value. Moreover, Equation (10) demon-
strates that the b-value exhibits proportionality to the thermodynamic fractal dimension,
contingent upon whether the dominant energy dissipation occurs at the large scale or the
small scale. Consequently, it is important to note that the b-value does not consistently
equate to the thermodynamic fractal dimension (D), but rather manifests this equivalence
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exclusively when the medium predominantly generates either microcracks or macroscopic
cracks.

It has been observed that certain natural earthquakes can be triggered even in the
absence of macroscopic stress changes. However, non-seismic pre-earthquake signals
have been recorded before these events [32—40,60-70]. This is significant because the lack
of large-scale stress change and deformation rules out the generation of electromagnetic
signals through the piezoelectric effect. Furthermore, it suggests that these electromagnetic
signals are not related to electrokinetic properties since there is no fluid migration indicated
by the absence of large-scale pressure gradient changes before earthquakes. Consequently,
it is expected that there exists an inherent and unknown small-scale dynamic within rocks.
As same as at the geodynamic scale, recent experiments conducted on rock samples have
provided evidence of rock electrification even when subjected to constant macroscopic
loading [51]. This phenomenon occurring at the small scale can now be described by
Equation (16), which demonstrates the presence of time-evolving small-scale stress. This
equation implies that the lithosphere attempts to release the accumulated excess energy
by initially generating multiple microcracks within the medium. Subsequently, the cracks
grow or coalesce, leading to an increase in crack size and, consequently, a reduction in the
b-value. The generation of electric currents can be attributed to the small-scale dynamics,
which can be described using Equation (11). This equation leads to an inverse relationship
between the small-scale stress change and the macroscopic current, as follows:

Je~ — (17)
70

Hence, irrespective of the macroscopic stress evolution, a decrease in small-scale stress
is directly linked to the generation of macroscopic electric currents in rocks. As a result,
Equations (13)—(17) could provide an explanation for the findings reported in [51]. In other
words, Equation (17) can be considered as one of the initial attempts to align with the
experimental results presented by Loukidis et al. [51].

It is important to note that experimental findings show that an increase in f, can
also be achieved by raising macroscopic stresses, as Equation (1) indicates [21,22,24,27,54].
Therefore, both Equations (1) and (17) establish the fundamental principles underlying rock
electrification resulting from stress changes, serving as the basis for any attempt to establish
a physical causation between electromagnetic emissions and impending earthquakes. This
is due to the fact that Equation (1) captures the amplification of large-scale stress changes,
which was utilized by Venegas-Aravena et al. [42] to derive an analytical equation enabling
them to express the anticipated seismic moment M of an earthquake in terms of the

macroscopic rate of stress change ¢ and the macroscopic rate of entropy change S, given by
My = My ((}', S ) Furthermore, Equation (17) considers the decrease in small-scale stress

changes, which could potentially provide an even more realistic representation of actual
earthquakes. Future research should prioritize exploring the relationships between pre-
earthquake signals and seismic parameters, including the seismic moment and earthquake
magnitude. These investigations should incorporate an analysis of the small-scale dynamics
described in Equation (17), which can potentially lead to a decrease in the thermodynamic
fractal dimension. As the thermodynamic fractal dimension is proportional to the b-value,
a reduction in D implies that fault surfaces tend to become smoother as the rupture time
approaches.

At this point, it is important to acknowledge that the applicability of rock sample
electrification observed in laboratory settings to geological scales raises concerns, primarily
due to the presence of fluid saturation, which can potentially impact the electrification
process [77]. However, despite these concerns, the decrease in the b-value is consistently
associated with increased stress levels observed in both rock samples and at the lithosphere
scales [45,52]. On the geological scale, significant changes in pressure gradients can lead to
increases in electrical resistivity, primarily resulting from the dehydration of lithospheric
rocks [69]. This dehydration process also contributes to an increase in the brittleness of
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rocks, rendering them more susceptible to fracturing and cracking [78]. This particular
condition, characterized by increased brittleness due to rock dehydration, is the focus of
study in this work. Considering that the cracking process can occur not only in zones close
to the fault but also in other regions of high levels of stress concentration, it implies that
the reduction of electromagnetic signals may not be significantly reduced solely based on
location [29]. Moreover, as the fluid content of rocks decreases due to the dehydration
process, the possibility of detecting pre-earthquake electromagnetic signals is not entirely
impossible. Therefore, despite the challenges associated with fluid saturation and the
complexity of detecting electromagnetic signals, the potential for detecting such signals
prior to earthquakes remains viable. In that sense, it is also important to note that the
absence of evident large-scale stress changes before earthquakes can lead to a perception
that there is no discernible pre-earthquake dynamic and, subsequently, the belief that earth-
quakes are unpredictable [79]. This notion arises from the difficulty in directly observing
and measuring small-scale processes within the lithosphere, which may be responsible
for triggering seismic events. However, it is important to recognize that the lack of clear
large-scale stress changes does not negate the existence of pre-earthquake phenomena or
imply the complete unpredictability of earthquakes. Instead, it highlights the complexity
and multiscale nature of earthquake dynamics. It suggests that the processes leading up
to an earthquake initiation may involve intricate interactions and feedback mechanisms
occurring at smaller scales, which are not readily apparent in conventional measurements.

In this context, multiscale thermodynamics, as applied to pre-earthquake dynamics,
provides insight into the manifestation of entropy increase. This is significant because it
suggests that the processes leading to earthquake generation are irreversible in nature. The
appearance of pre-earthquake signals, therefore, signifies an impending earthquake and
indicates that the progression towards rupture cannot be halted or reversed. In essence, the
enlargement of cracks prior to macroscopic failure can be observed through mechanical,
electromagnetic, and thermodynamic means. The growth of larger cracks modifies the
stress states in the vicinity of these cracks, leading to the release of acoustic emissions.
Simultaneously, the breaking of the material’s electrical bonds during crack formation
results in transient electromagnetic signals. Ultimately, the cracking process irreversibly
damages the material, causing an increase in entropy.

In addition to the factors previously discussed, the process of multiscale cracking and
its associated phenomena can also be influenced by various material properties. These
properties play a crucial role in shaping the behavior of the cracking process and its
manifestations. One important material property that impacts the process is porosity.
According to Agalianos et al. [30], materials with high levels of porosity exhibit weaker
acoustic and electromagnetic signal intensities. This suggests that the fracture energy, or the
energy required to propagate the fracture, decreases as there are fewer molecules attracting
each other [80]. The relationship between fracture energy and entropy is direct as both
represent the dissipation of stored energy during the rupture process [81,82]. Therefore,
materials with high levels of porosity limit the dissipation of energy and, consequently,
reduce the intensity of acoustic and electromagnetic signals.

Finally, the understanding of rock electrification during constant macroscopic load
extends beyond its implications for earthquake or rock failure forecasting. It provides valu-
able insights into the electromechanical coupling that occurs within rocks. This knowledge
is highly relevant to various fields, including volcanic studies, civil engineering, and infras-
tructure design. Understanding the electromechanical coupling within rocks can aid in the
assessment of the stability of rock formations in volcanoes and the durability of cement used
in infrastructure. For example, in the construction of tunnels, dams, or bridges, the stability
of the surrounding rock mass and the behavior of cement are critical considerations. It can
contribute to the development of advanced monitoring systems for rock masses, allowing
for early detection of potential failure or deformation, preventing catastrophic events, and
ensuring the safety of critical infrastructure. Due to its special relevance, future studies
can contribute to advancing the field of multiscale thermodynamics applied to earthquake
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prediction, ultimately leading to more accurate and reliable forecasting capabilities and
improved strategies for earthquake preparedness and resilience.

5. Conclusions
The main conclusions can be listed as follows:

e  The appearance of pre-earthquake signals, such as changes in acoustic emissions, elec-
tromagnetic signals, and variations in the b-value, can be interpreted as manifestations
of the same multiscale cracking process.

e  The experimental relationship between the b-value and the electric currents has been
found analytically in the framework of multiscale thermodynamics.

e  Multiscale thermodynamics indicates that the b-value is proportional to the thermody-
namic fractal dimension D when either small-scale or large-scale energy dissipation
dominates. This implies that the decreases in the b-value indicate the lithosphere is
preparing to release energy macroscopically.

e  The existence of small-scale dynamics within rocks plays a critical role in the multiscale
cracking process and the generation of electromagnetic signals before earthquakes.
This indicates that earthquakes can be triggered without evident large-scale stress
changes.

e  The electrification of rocks on a large scale can be achieved through two mechanisms:
it can be directly proportional to the macroscopic stress change or inversely related
to the microscopic stress. Therefore, when small-scale stress changes are reduced, it
results in the generation of macroscopic electric currents.

e  Future research endeavors should aim to establish a connection between the impact of
small-scale dynamics and fault characteristics, such as the seismic moment, earthquake
magnitude, or fault’s smoothness processes.
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