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Effects of loading types on micro-fracturing and the inherent
acoustic emissions in isotropic rocks: a numerical study
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This study investigates the micro-fracturing of a Statistical Element Volume (SEV), and the emergent acoustic emissions under three loading
conditions: simple tension, direct shear, and uniaxial compression. Employing the Discrete Element Method (DEM), the spring-beam bond
model, and an elliptic fracture criterion, the SEV created simulates quasi-brittle materials, akin to rocks, featuring key properties like Young’s
modulus, shear modulus, Poisson’s ratio, and ratios between maximum compression /tensile strengths around 10. Our analysis reveals a
fracture behavior in bond energy (and AE) following a power law behavior analogous to Gutenberg-Richter law. In tension and shear, the
power laws are similar. It is under uniaxial compression that a difference is observed. The statistics of bond energy displays two regimes
corresponding to two exponents b in the Gutenberg Richter law. These two regimes can be distinguished by considering the state of stress
upon failure. In the post peak regime, which is also a dilatant regime of deformation, high energy events are related to compression-shear
loads. Such events are very seldom in tension, shear or in the pre-peak regime under uniaxial compression.

Keywords: Discrete element method; micro-fracturing; acoustic emission; Gutenberg-Richter law; rock mechanics.

DOI: https://doi.org/10.31349/RevMexFis.72.021002

1. Introduction

The analysis of micro-seismic events during rock mass op-
erations, spanning activities like nuclear waste repositories
construction, mining, and tunneling, is vital for identifying
potential risk zones [1-7]. Through geophone networks, this
technique enables continuous monitoring of micro-seismic
events, providing approximate source localization [1,2,4,5].
Acoustic emission, or micro-seismicity, is also useful in lab-
oratory settings, tracking crack initiation and propagation in
intact rocks under various stress conditions [8-17], including
tension, compressive stresses with and without confinement,
and rock joint shear [18-26]. Beyond laboratories, micro-
seismic studies extend to reservoir geomechanics, employ-
ing statistical analyses of seismic event energies following
Gutenberg-Richter distributions [27-29].

Scholtz’s pioneering work in the 1960s revealed a sig-
nificant correlation between micro-seismicity and stress lev-
els. As compressive stress increases, the energy of micro-
fractures surges, following a Gutenberg-Richter distribution:
the number of events with energy greater than a given value
M is a power law of M with exponent b. b was found to
decrease with escalating stress [3]. It was this correlation be-
tween compressive stress and this exponent which suggested
that b values obtained from seismological data could serve as
indicators of tectonic stresses. Subsequent experiments fur-
ther confirmed the dependence of this exponent on compres-

sive stresses, with values varying between 0.4 and 3 based
on factors such as confinement, stress magnitude, and rock
type [31,32].

Most analyses in the literature are based on compression-
based loading. The relationship between different stress
types (tensile, shear, compressive) and the energy release dur-
ing micro-fracturing remains to be elucidated. In a recent
study, Szuszik and co-workers investigated the effect of ten-
sion and compression on the statistics of failure of porous
rocks [33]. They concluded that the size, energy, duration
of the avalanches, and waiting times obey a scale-free statis-
tics with exponents that are similar in tension and compres-
sion. They based their study on a discrete element model
with beam elements placed in between particle centers. Each
beam element is elastic up to a threshold that encompasses
failure due to stretching and bending and then perfectly brit-
tle (e.g., the stress drops to zero). The resulting macroscopic
response of the rock specimens, however, lacked represen-
tativeness with respect to the usual responses of rocks. For
instance, the ratio of the compression strength to the tensile
strength obtained according to the computations is about 3,
whereas in typical quasi-brittle materials it is usually about
10. Further, the shape of the tension and compression re-
sponses were quite similar, although compressive failure is
usually less brittle. In addition, dilatancy on the average
stress curves versus volumetric strains was not discussed, al-
though it is a typical feature of the failure of rocks.
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While some studies have explored indirect tension, flex-
ural stress, and rock joint friction, the predominant focus has
been on locating fractures using micro-seismicity, and not on
the statistics of micro-fracturing (or AE). Existing research
lacks an in-depth understanding of the intricate dynamics be-
tween distinct stress types and the resulting energy patterns
in micro-fracturing processes, based on a model that can de-
scribe the major features of the mechanical behavior of rocks.
Our study aims to fill this gap with the help of meticulously
calibrated numerical simulations employing the Discrete El-
ement Method (DEM) that replicate representative responses
of isotropic rocks. Our contribution lies in unraveling the
intricate interplay between loading types and b exponent val-
ues. AE and the energy release upon cracking are closely
related. If it turns out that acoustic emission is indeed a func-
tion of the type of loading, this result could provide valuable
information not only revealing the locations of fracture activ-
ity but also provide insights into whether rock failure is oc-
curring due to compression, fault shearing, or tensile stresses.

This paper is organized as follow: Section 2 recalls
briefly the existing DEM model that is implemented. Typi-
cal stress strain responses in tension, shear and uniaxial com-
pression are presented and their main characteristics are com-
pared with experimental results. The localization of the mi-
crofractures is also shown for the three loading conditions
considered. The statistics of the energy release upon micro-
fracturing is analyzed in Sec. 3. The article ends in Sec. 4
with the conclusions.

2. DEM model and macroscopic responses

This section summarizes the mechanical part of the discrete-
element framework previously reported in Varelaet al. [34]
and related works by the authors. It is included for context
and model validation only. Using the same parameter set,
we confirm that the DEM reproduces the expected macrome-
chanical response under tension, direct shear, and uniaxial
compression. The novel contributions of the present study
concern the micro-fracturing dynamics and the emergent
acoustic-emission statistics under different loading modes,
which are developed in Sec. 3. No new derivations are in-
troduced in this section beyond minor clarifications.

A Statistical Element Volume (SEV) model is constructed
using the Discrete Element Method (DEM) and calibrated to
replicate the elastic and fracture properties of a mortar used
by Flamand [35]. The software used was PFC3D v4.0 and
the DEM mechanical model is briefly recalled here. Further
details can be found in Varelaet al. [34].

The SEV is a 1 cm-sided cube composed of discrete
spherical particles (Fig. 1). The size of the spherical parti-
cles is determined based on a normal distribution. The mean
radiusrµ and the standard deviationrσ of the spherical ele-
ments are 0.5 and 0.1 respectively. Each SEV contains about
1000 particles.

Once the solid SEV model is formed, the spherical parti-
cles are connected using mechanical bonds, following the

FIGURE 1. DEM model constructed from 1000 spherical particles.

implementation in PFC3D by Itasca [36]. The simple bond
model and the parallel bond model were used simultaneously
in the construction of the SEV, both of which are available in
PFC3D. While the simple bonds are linear springs, the par-
allel bonds are cylindrical with a diameter equal to that of
the smallest particle among the two spherical elements con-
nected. Their behavior is elastic, and perfectly brittle. To
determine the normal stiffness of parallel bonds (Pb kn), we
used the formulaPb kn = kn/A, wherekn represents the
normal stiffness of simple bonds (see Table I), andA is the
cross-sectional area of the parallel bond (A = 3.1416 r2

min).
Here,rmin denotes the radius of the smallest element bonded
by the parallel bond. Additionally, the shear stiffness (Pb ks)
of the parallel bond was calculated asPb ks = Pb kn/10.
When the maximum normal and shear stresses of the parallel
bond meet the rupture criterion depicted in Fig. 2, both sim-
ple and parallel bonds break, enabling the simulation of the
macroscopic behavior of quasi-brittle materials like concrete,
mortar, or rocks [34]. The decision to employ the elliptical
fracture model was based on its ability to consistently achieve
a 10-to-1 ratio between the compression and tension strength
of the SEV. However, it is important to note that the ellipti-
cal fracture criterion alone is not solely responsible for these
strength ratios. Other factors, such as bond deformation, fric-
tion coefficient, and local damping factor, also contribute to
determining these ratios. Table I provides the list of these
parameters.

To expedite simulation times, the stiffness of the spherical
particles and parallel bonds is set to a low value (Table I), the
SEV model constructed in this way has a low Young Modulus
E = 49 Pa and uniaxial compressive strengthσc

max = 0.113
Pa. To facilitate a direct comparison between experimental
results [35] and our simulations, we adopted the equivalent
deformation philosophy as outlined in Varelaet al, [34]. This

TABLE I. Parameters used to form the SEV.

Mass densityρ Kg/m3 2650

Normal stiffnesskn N/m 0.1

Shear stiffnessks N/m 0.01

Friction coefficientϑ dimensionless 0.5

Local dampingγ dimensionless 0.7

Rev. Mex. Fis.72021002
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This approach involves applying a deformationε to the DEM
model, mirroring the deformation applied experimentally in
Flamandet al. [35]. This equivalence is particularly em-
phasized in the material’s linear behavior region, whereε =
σ/E, with σ representing stress andE representing the elas-
tic modulus of the material. Despite potential differences in
elastic moduli and stresses between the DEM model and the
experimentally used mortar, we consistently apply the same
deformation in both settings and arrive to responses that are
similar to experimental ones, with a scale effect on the ap-
plied stress following:

σExp

EExp
=

σDEM

EDEM
= ε, (1)

whereσDEM andEDEM represents the applied stress and elas-
tic modulus of the DEM model, respectively. The equivalent
experimental stressσExp would be applied to a “real” material
with an elastic modulus ofEExp. This relationship is reflected
in Eq. (1) which corresponds to deforming the DEM model,
and is analogous to deforming the real material with the re-
sulting stressσExp.

Ten SEV cubes were subjected to three distinct numeri-
cal experiments: simple compression, simple tension, and di-
rect shear. For simple compression tests, the top and bottom
layers of spheres (cyan colored elements in Fig. 1) were dis-
placed toward each other at a constant velocity7× 10−7 m/s
along the z-axis. In simple tension tests, these same lay-
ers moved apart at the same constant velocity used in the
compression tests. During direct shear tests, the two layers
spheres were displaced along the+x and−x axes, respec-
tively, at the same velocity used in compression and tension
tests.

During these simulations, data on applied loads and SEV
deformations were recorded. Forces acting on the top and
bottom layers of particles, whether in compression, tension,
or shear, were recorded. These forces were then used to cal-
culate tensile, compressive, and shear stresses. The paral-
lel bonds implemented in PFC3D behave similarly to elastic
beams. Consequently, we can calculate the stresses acting on
these parallel bonds using Eq. (3):

FIGURE 2. Elliptic fracture criterion.
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whereσ andτ are the maximum normal and shear stresses
in the bond respectively, function of the applied normal(Fn

i )
and shear(F s

i ) forces and of the bendingMs
i and torsional

momentsMn
i applied to the bond.A is the area of the cross

section of the beam of radiusR andI andJ are the area mo-
ment of inertia and polar moment of inertia respectively. If
these stresses within these beams meet the elliptical fracture
criterion shown in Fig. 2, these simple and parallel bonds will
break.

Additionally, the average displacements of particles at the
top and bottom layers were employed to compute compres-
sive, tensile, and shear strains. Data related to the fracture of
bonds was also stored for further analysis,i.e., location of the
bonds at the moment of breakage, elastic energy stored, area
of the bonds (interpreted as the size of the fracture), time at
which the bond break, among other data. Subsequently, the
following mechanical properties were calculated based on the
recorded data: Young’s Modulus, Shear Modulus, and Pois-
son’s Ratio.

The elastic deformation energy in each parallel bond
reads:

FIGURE 3. Results from compression DEM simulations of the SEV.
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FIGURE 4. Localization of fractures in the SEV during Compres-
sion test

Epbf =
1
2

(
(Fn

i )2

Akn
+

(F s
i )2

Aks
+

(Mn
i )2

J ks
+

(Ms
i )2

I kn

)
. (4)

Rupture of the bond transforms part of this energy into ki-
netic energy. This energy is therefore stored and considered
as a proxy of micro-seismicity in further analyses, same as in
Ref. [33].

Figure 3 shows the mechanical responses of the SEV in
uniaxial compression. On this figure, we have plotted the
compression stress versus the axial and lateral strain, volu-
metric deformation vs axial strain and the compression stress
versus the volumetric strain.

Initially, stress-strain responses follow a linear curve, al-
lowing for the determination of the modulus of elasticityE.
As strain is increased, microcracks initiate throughout the
SEV, leading to a peak stress point corresponding to the max-
imum compressive strengthσmax

c . Beyond this point, the
SEV’s load-bearing capacity gradually diminishes. We may
observe that the shape of the mechanical response is quite
realistic compared to classical experimental results on quasi-
brittle materials. In particular, a contractant and then dilatant
response for the volumetric strain, which is typical of rocks
and concrete, is observed.

The initiation and propagation of microcracks during
compression tests represent a fundamental aspect of fracture
behavior as shown in Fig. 4. For small axial deformations,i.e.
< 0.1%, microfractures are first initiated diffusely through-
out the SEV volume, a phenomenon referred to as “Fracture
Initiation” [37]. Then, they concentrate gradually, during the
dilatant phase especially.

In accordance with the ideas expressed by Hoek and Mar-
tin [37], the UCT results of the SEV show an effort for which

FIGURE 5. Results from tension and shear DEM simulations.

micro-cracks begin to form, and the contraction (for small ax-
ial deformations) and dilation (for medium and large axial de-
formations) are clearly detected. The contraction phase is pri-
marily due to the rearrangement of discrete elements, while
the dilation indicates that a large number of micro-fractures
have already formed and are coalescing.

Tension and shear tests revealed similar macroscopic me-
chanical behavior. Stress vs. strain curves displayed a linear
relationship until reaching the maximum load, at which point
the model lost its load-carrying capacity, reaching the max-
imum tensileσmax

T and shear stressesτmax (Fig. 5). From
the linear part of the curves, the Shear ModulusG of the
SEV was estimated. It’s noteworthy that the maximum ten-
sile strength and the maximum shear strength are very simi-
lar, approximately 0.01 Pa, resulting in an approximate 10:1
ratio between the maximum compressive strength and tensile
strength, as observed experimentally [35].

Microfracture behaviors, as illustrated in Fig. 6 for ten-
sion and Fig. 7 for shear, are different. In tension, microfrac-
tures align perpendicular to the applied load direction, while
in shear, they appear at an angle of approximately 45 de-
grees. This behavior is again consistent with the expected
responses for quasi-brittle materials. There are much less
micro-fracture events compared to the case of compression.

Rev. Mex. Fis.72021002
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FIGURE 6. Localization of fractures in the SEV during tension test.

TABLE II. Comparison of elastic and fracture parameters between
DEM model and experimental results of Flamand (2000).

DEM model Experimental

Young modulusE (MPa) 31 200 30 853

Poisson’s coefficientϑ 0.2 0.187

Compression strengthσmax
c (MPa) 72.1 74.6

Tension strengthσmax
T (MPa) 6.5 6.6

Shear modulusG (MPa) 20.2 –

Overall, the initiation and propagation of microcracks
observed in compression, tension, and direct shear simula-
tions faithfully replicate the expected theoretical behavior
and align with experimental observations. The SEV model
was calibrated to replicate the properties of a mortar used by
Flamand [35]. The comparison between the key elastic and
failure parameters of the SEV with experiments on mortar is
presented in Table II.

This close agreement of the primary macroscopic proper-
ties by the DEM model with experiments enables us to pro-
ceed with our more detailed study on micro-fracturing analy-
sis.

3. Statistics of energy release upon micro-
fracturing

The evolution of fracture energies with deformation during
compression, tension, and shear tests is shown in Fig. 8. Each
point on these plots corresponds to a single event, with energy
computed according to Eq. (4). We may observe that in all

FIGURE 7. Localization of fractures in the SEV during shear test.

cases, the number of most energetic events increases as the
deformation increases. The total number of events is the
smaller in tension, and the larger in compression. Micro-
fractures appear even at small macroscopic deformations.

We look now at an interpretation of these plots in the form
of the Gutenberg–Richter-type distribution, as described by
Eq. (5).

log10 NM = aGR− bGR M, (5)

whereNM is the number of events with magnitude equal
or greater thanM , in the present case the amount of en-
ergy released during the fracture, andaGR and bGR are pa-
rameters. In seismology these parameters are determined
by the seismic activity of the region of interest,i.e., by the
level of stress [32]. This distribution implies that the proba-
bility of observing highly energetic fractures is significantly
lower compared to fractures with lower energy levels, con-
sistent with laboratory experiments and seismology observa-
tions [17,38-40]. Figure 9 shows the fits of Eq. (5) for the
three loading types considered. In tension and shear, the
statistics follows the Gutenberg–Richter law quite well. In
tension and shear, the distribution of fracture energies ex-
hibits remarkably similar energy distribution patterns with a
b-valueb ≈ 2.1, very similar to b-values reported by Bunger
et al., who obtain b-values ofb ≈ 1.9 for hydraulic fracture
test in granite [17].

In the case of compression, it appears that there are two
distinct regimes, both represented by a straight line. The
slope of these straight lines differs significantly:b = −1.07
andb = −2.55, respectively, for each regime, and further,
these slopes are different from the one observed in tension

Rev. Mex. Fis.72021002
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FIGURE 8. Evolution of energy of fractures with deformation for different types of loading: a) shear, b) tension, and c) compression.

FIGURE 9. Distribution of energies for different types of loading: a) tension, b) shear and c) compression.

FIGURE 10. Fractures associated with b1 (blue circles) and b2 (red circles) regimes.

and shear. However, both of theseb-values have been re-
ported in the literature, in laboratory analyses [30] and seis-
mic studies [41,42]. Hazzard and Young [43] analyzed acous-
tic emissions from compression tests on 2D DEM models
and suggested a clustering strategy to align theirb-values
more closely with experimental observations. However, in
our study, we found that such clustering in space and time
was unnecessary, as theb exponent values obtained were al-
ready consistent with experimental data. We attribute this
consistency to two factors: first, the differing particle size dis-
tributions between the studies, which impact energy release
upon bond breakage, and second, the greater complexity of
our mechanical model, which likely better captures realistic

experimental responses compared to the simpler 2D model
used by Hazzard and Young. Our model effectively repli-
cates the mechanical and fracture behavior of quasi-brittle
materials, including micro-fracture patterns, without relying
on clustering fractures.

To gain insight into the reasons behind the emergence of
these two regimes (first regimeb1 ≈ 1 and second regime
b2 = 2.55), we divide the analysis of fractures into two cat-
egories: fractures with energies lower than−12.7 (logarithm
of the energy) are associated with the first regime (b1), while
those with energies higher than−12.7 are related to theb2

regime. Then, we have plotted in Fig. 10 all the events.

Rev. Mex. Fis.72021002



EFFECTS OF LOADING TYPES ON MICRO-FRACTURING AND THE INHERENT ACOUSTIC EMISSIONS IN ISOTROPIC ROCKS:. . . 7

FIGURE 11. Maximum normal stress (left) and shear stress (right) at the moments of bonds fracture.

For axial strainsε . 0.002, all AE events fall within the
first (b1) regime. As shown in Fig. 3a), the lateral defor-
mation of the SEV remains nearly linear with the vertical
deformation; during this pre-peak phase the uniaxial load-
ing is predominantly compactive and only low-energy events
are observed. Beyondε ≈ 0.002, events populate theb2

regime: vertical accommodation space becomes scarce, par-
ticles push laterally, the lateral deformation of the SEV rises
sharply [Fig. 3b)], and a dilatant response develops.

The cross-over betweenb1 andb2 (a dashed vertical line
in Fig. 9c) occurs at AE energies on the order of10−13 J (i.e.,
log10 E ≈ −12.7, reported as an order of magnitude) and
marks the transition from dispersed micro-crack nucleation
to the early stages of coalescence and damage localization.
This transition coincides with the onset of dilatancy and the
build-up of local shear, consistent with the distributions of
maximum normal and shear stresses in failed bonds shown in
Fig. 11.

On these plots, the events belonging to the two regimes
have been distinguished. It is noteworthy that events with a
large shear stress correspond to theb2 regime. This illustrates
the role of shear in this regime, whereas only failure in ten-
sion and compression, with little amount of shear is observed
in theb1 regime.

Just prior to failure, each bond has an elastic energy that
is going to be released during a sudden breakage. The en-
ergy in each bond is given by Eq. (3). At failure, this energy
is subject to the verification of the failure criterion in Fig. 2,
which can be expressed as:

(
σmax − h

a

)2

+
(τmax

b

)2

= 1. (6)

Therefore, the energy that is released during bond break-
age, denoted asEt, is given by Eq. (3), subject to the verifi-
cation of Eq. (5). Taking the maximum allowable shear from
Eq. (5), and substituting in Eq. (3) with the definition of the
stresses given in Eq. (2) yields:

Et

A2
=

1
4ks

[ (
σmax

f

)2

+ 6
(

b

f

)2
(

1−
(

σmax − h

a

)2
)]

, (7)

which is a parabola as shown in Fig. 12 with a black line.
The maximum energy limit(Et

max) /A2 is then calcu-
lated by taking the derivative of Eq. (6) with respect to the
normal stress and equating it to zero. Remarkably, it was
found that to reach the maximum energy, the bond must break
under combined compression and shear stresses, with shear
stress equal to the maximum shear stress allowed by the ellip-
tical fracture criterion. This confirms that high energy events
should occur due to shear and compressive normal stresses.

Figure 12 presents the localization of the fracture events
on the parabola given by Eq. (6). Note that these events may
be located beyond the failure criterion, which means that dur-
ing the time step failure occurs (according to the explicit time
stepping scheme). In the first (b1) regime, most failure events
occur in tension or compression with little amount of shear
because the energy levels are small. In tension, it is approxi-
mately 1% of the maximum theoretical elastic energy. To get
higher energy levels, shear must occur in the bonds to be bro-
ken, and this is what is observed in the second regime. Bond
breakage in the (b2) regime shows a larger amount of energy
stored prior to rupture, and therefore higher shear stresses
combined to compression. In addition, fracture occurring
during the second regime not only release more energy, but
correspond also, on average, to larger cross-sectional areaA
of the bonds compared to those in the first regime, as shown
in Fig. 13.

Compared to the distribution of energy observed in ten-
sion and shear, the two regimes exist in compression because
there is a greater possibility of bond breakage under com-
bined compression and shear. This possibility ought to be

Rev. Mex. Fis.72021002
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FIGURE 12. Elastic Energy storage of the broken bonds for theb1 fractures (blue circles) andb2 fractures (red circles).

FIGURE 13. Evolution of broken bond size for fractures corre-
sponding to b1 (blue) and b2(red) with respect to intact bonds in
the SEV (black).

related to the dilatant post-peak response of the material be-
cause it is at the onset of this dilatant response that the second
regime starts.

4. Conclusions

In this study, we used the discrete element method (DEM) to
investigate how fracture energy is redistributed during fail-
ure of quasi-brittle materials (rocks and, by extension, con-
crete). The model reproduces key macromechanical features-
tensile/compressive strength and the volumetric response un-
der compression-and the simulated spatial patterns of micro-
fractures are consistent with theoretical and experimental ex-
pectations for the applied stress states.

A central result concerns the statistics of acoustic-
emission (AE) energies. For uniaxial tension and direct shear,
the fracture-energy distribution follows a single Gutenberg-
Richter-type power law,P (E) ∝ E−b, over a broad range
of energies [17,30]. Under uniaxial compression, by con-
trast, the distribution is best described by a double power law
with two exponents,b1 at lower energies andb2 at higher
energies, separated by a cross-over energy. Physically, the
lower-energy regime (b1) is dominated by dispersed micro-
crack nucleation, whereas the higher-energy regime (b2) re-
flects increasing coalescence and damage localization.

The cross-over point in compression occurs at AE ener-
gies on the order of10−13 J (reported as an order of magni-
tude) and at axial strains of roughly2 × 10−3. This strain
level coincides with the onset of dilatancy in the DEM speci-

Rev. Mex. Fis.72021002
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men, marking the transition from predominantly compactive
behavior to shear-enhanced, volumetrically dilative cracking.
This interpretation is consistent with the rise in lateral defor-
mation and with the distributions of normal and shear stresses
in failed bonds.

Contributions. The findings above translate into three
specific contributions of this manuscript:

• AE depends on loading mode. The AE energy
distribution is single-slope under tension and shear,
but double-slope under compression, revealing a clear
loading-mode signature in the statistics.

• b1 and b2 are diagnostic.The pair(b1, b2) in compres-
sion, together with the singleb in tension/shear, can
serve as diagnostic indicators of the dominant loading
responsible for rupture, enabling discrimination among
tensile, shear, and compressive failure from AE cata-
logs.

• Cross-over as a dilatancy marker. In compression,
the cross-over energy provides a data-driven indicator
of the onset of dilatancy, linking a statistical change in
AE scaling to a mechanically meaningful transition in
the specimen.

These results open pathways for application. In under-
ground environments, dense AE monitoring could be used
not only to locate micro-seismic sources and produce risk
maps but also to infer the prevailing loading conditions from
observedb-values and the presence/absence of a cross-over.
Practically, higherb values and single-slope behavior would
be indicative of tensile or shear-dominated failure, whereas
a lower high-energy slope (b2) combined with a measur-
able cross-over would suggest compressive, dilatant damage
growth.

Limitations and outlook include extending the analysis to
heterogeneous fabrics, confining pressure, rate effects, and
absolute energy calibration. Nonetheless, the demonstrated
link between AE scaling, loading mode, and dilatancy pro-
vides a compact and actionable framework for interpreting
micro-seismicity in quasi-brittle materials.
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