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Abstract The b-value of the magnitude distribution of natural earthquakes appears to be closely influ-
enced by the faulting style (normal, thrust or strike-slip). We investigate this in the laboratory for the first time
by analyzing the moment tensor solutions of acoustic emissions detected during a triaxial compression test
on Berea sandstone. We observe systematic patterns showing that the faulting style influences the b-value
and differential stress. Similar trends are observed in a complementary physics-based numerical model that
captures mechanical energy dissipation. Both the differential stress and dissipation show to be inversely cor-
related to the b-value. The results indicate that, at late stages of the test, the dissipation increases and is linked
to a change in acoustic emission (AE) faulting style and drop in b-value. The patterns observed in the labora-
tory Frohlich diagrams could be explained by the integrated earthquake model: damaged rock regions form
as microcracks coalesce, leading to strain localization and runaway deformation. The modeling results also
align with the micromechanics responsible for dissipation during the experiment and agrees with moment
tensor solutions and petrographic investigations. The integration of physics-based models that can capture
dissipativeprocessesof theearthquakecycle couldassist researchers in constraining seismichazard innatural
and anthropogenic settings.

1 Introduction
Researchers aim to predict the occurrence of earth-
quakes by identifying precursory signals linked to
preparatory processes. In some cases these are ob-
served as spatio-temporal variations of both seismic
and aseismic parameters (e.g., Smalley et al., 1987; Tur-
cotte, 1997; Brenguier et al., 2008; Gulia and Wiemer,
2019) and are associated with the localization of de-
formation (e.g., Bürgmann, 2014; Kato and Ben-Zion,
2020). Geodetic measurements have shown that aseis-
mic deformation occurring near mainshock hypocen-
ters correlatedwith increased seismic activity in several
earthquake sequences (e.g., Kato et al., 2012; Obara and
Kato, 2016). However, the interplay between large-scale
processes and patterns in seismicity is still not well un-
derstood.
One of the ongoing debates in the seismological com-

munity is the use of spatio-temporal fluctuations of the
b-value of the Gutenberg-Richter (GR) law (Gutenberg
and Richter, 1944; Utsu, 1999)

(1)log10 N = a− bM

to individuate precursors to the next large earthquake
(e.g., Gulia et al., 2016; Gulia and Wiemer, 2019). In
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this equation, N represents the cumulative number
of earthquakes with a moment magnitude equal to or
greater thanM , a is the frequency-magnitude intercept
(or productivity term), and b is the slope, known as the
b-value. A smaller b-value indicates a higher likelihood
of larger earthquakes, while a larger b-value suggests a
predominance of smaller earthquakes. Several studies
have demonstrated an inverse proportionality between
the b-value and the differential stress in laboratory ex-
periments (Scholz, 1968; Amitrano, 2003; Goebel et al.,
2013; Scholz, 2015; Meredith et al., 1990). This obser-
vation led to the inference that spatio-temporal fluctu-
ations in b-values can be seen as “stress meters” within
the subsurface (Schorlemmer et al., 2005). Further in-
vestigations demonstrated a dependence between the b-
value and the stress regimes (i.e., extensional, compres-
sional or strike-slip) experienced by faults in the field
(Schorlemmer et al., 2005; Spada et al., 2013; Tormann
et al., 2014; Petruccelli et al., 2019a,b). However, the de-
bate about the use of b-value variations for earthquake
forecasting remains, in a large part due to the statisti-
cal sensitivity and completeness of seismic catalogues.
Developing a stronger connection between earthquake
mechanics and statistical seismology will improve haz-
ard assessment and operational earthquake forecast-
ing.
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The b-value is determinedby themaximumlikelihood
estimate of an exponential distribution as b × ln10 =
(M−Mc)−1 (Aki, 1965), whereM is themeanmagnitude
andMc the magnitude of completeness of a given cata-
logue. Mc is a critical parameter because it increases
during aftershock sequences due to close timing of sub-
sequent events, which reduces the reliability of b-value
at these moments (Knopoff et al., 1982; Kagan, 2004;
Woessner and Wiemer, 2005; van der Elst, 2021). Re-
cent work by van der Elst (2021) presented a method (b-
positive) to determine the b-value based on magnitude
differences that is less prone to completeness biases.
Anothermethod that has been shown to provide valu-

able insights for investigating processes occurring be-
fore natural earthquakes and rock failure of laboratory
samples is moment tensor analysis. Based on this ap-
proach, different studies have linked physical models
to inelastic processes. Analytical investigations of the
full moment-rate tensor have provided mathematical
expressions to establish a connection between the ob-
served seismic activity within a rock volume and the
extent of damage (Ben-Zion and Ampuero, 2009; Ben-
Zion and Lyakhovsky, 2019). Based on similar princi-
ples, Ben-Zion and Zaliapin (2020) suggested that main-
shocks are caused by the coalescence of segmented
damaged rock volumes separated by more competent
material. During triaxial experiments conducted ondif-
ferent types of high-porosity sandstones (Kwiatek et al.,
2014; Griffiths et al., 2019), moment tensor analysis
was successfully employed to discern between acous-
tic emissions (AEs) producedby compactionbands (e.g.,
Menéndez et al., 1996; Fortin et al., 2005, 2006; Kwiatek
et al., 2014; Heap et al., 2015; Brantut, 2018) from those
involved in shear banding (Sondergeld and Estey, 1982;
Nishizawa et al., 1984; Lockner, 1993; Kwiatek et al.,
2014).
Anderson’s faulting theory (Anderson, 1905) classi-

fies faulting into three end-member styles (thrust/in-
verse, normal, and strike-slip faulting) based on the
orientation of principal stress axes with respect to a
reference direction (gravitational vector). The b-value
and differential stress have showndistinct relationships
with respect to the faulting style. Thrust faults ex-
hibit low b-values and high differential stress, normal
faults showhigh b-values and lowdifferential stress, and
strike-slip faults fall in between (Schorlemmer et al.,
2005; Gulia and Wiemer, 2010; Petruccelli et al., 2018;
Petruccelli, 2018; Petruccelli et al., 2019a,b). However,
these studies have high uncertainties mainly due to the
variability in the stress field that is notoriously difficult
to constrain in situ. Performing similar investigations
in laboratory settings, where the global stress can be
directly measured and imposed, is crucial to improve
our understanding of such relationships. Furthermore,
developing and validating numerical models that can
track a wide range of parameters, such as stress and
both seismic and aseismic deformation, would com-
plement the laboratory observations and may provide
insights into the mechanisms governing earthquake
preparatory processes.
The current paper results from a concerted experi-

mental andmodeling campaign to unravel amore prac-

tical link between the b-value and measurable field
parameters. Bianchi et al. (2024) performed a fail-
ure test on a dry and intact sample of Berea sand-
stone in a triaxial setting by applying a confining pres-
sure of 20 MPa and a constant piston displacement
rate of 0.33 µm/s. Berea sandstone is a high poros-
ity rock (φ = 19%) primarily composed of quartz (75%),
feldspar (10%), phyllosilicates (10%) and carbonates
(5%) (Zhang et al., 1990; Baud et al., 2004). The sam-
ple failed in a brittle manner producing a number of
AEs recorded on an array of sixteen piezo-electric trans-
ducers (PZT). Brittle failure ismodeled using theHydro-
Mechanical Earthquake Cycles code (H-MEC, Dal Zilio
et al., 2022). H-MEC is a two-dimensions (x1–x3 space,
see Fig. 1a) fully coupled solid-fluid phase seismo-
hydro-mechanical code governed by poro-elasto-visco-
plastic rheology (Gerya, 2019; Yarushina and Podlad-
chikov, 2015). During failure, accelerated deformation
was observed as an increase in the bulk volumetric
strain rate and the rate of AEs. A relationship between
the average mechanical dissipation and these experi-
mental metrics were clearly observed (Fig. 1c), lend-
ing credence to the model (Bianchi et al., 2024). Me-
chanical dissipation (equation 7 in Bianchi et al., 2024),
a parameter directly linked to irreversible deforma-
tion, also showed a complex spatio-temporal distribu-
tion (see Fig. 1b) that explained the drop in seismic ve-
locities and locations of AEs (Fig. 1d). This positive cor-
relation between the numerical model and experimen-
tal results is further explored in this study. The reader
is urged to consult Dal Zilio et al. (2022) for technical
details regarding the numerical code and Bianchi et al.
(2024) for the specifics of the numerical setup, bound-
ary conditions and details on the experimentalmethod-
ology.
Here, we augment the H-MEC framework by imple-

menting the mobilized dilation angle model proposed
by Zhao and Cai (2010). This improves the constitutive
behavior as it incorporates a dilation response from ini-
tial stages to post-peak phases typically observed in tri-
axial failure tests. This addition is an important numer-
ical development aimed at better describing bulk defor-
mationand, potentially, the statistical seismic response.
This study aims at answering the following research

questions: (1) Is the influence of the faulting style on the
b-value also observable with AEs in the laboratory and
under what assumptions? (2) Is it possible to relate fluc-
tuations in b-values to a quantitative metrics of inelastic
deformation (mechanical dissipation) determined from
numerical models? (3) Can we gain insights into mi-
cromechanics in regions experiencing high-dissipation
in the numerical modeling?

2 Methods

2.1 Calibration of the Piezo-Electric Trans-
ducers and Moment Tensor Solutions

To infer a physical understanding of AEs recorded
by the PZTs, these sensors are absolutely calibrated
(McLaskey and Glaser, 2012) and display a flat and
broadband response between 100 kHz and 1.5 MHz
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Figure 1 (a) Schematic of the numerical setup. (b) Regions of high dissipation (pink) at three snapshots in time of the
simulations, where the yellow arrows indicate their spatio-temporal evolution. (c) Comparison of the volumetric strain rate,
AE rate and simulatedmean dissipation as a function of the normalized time to failure. (d) AE locations colored with respect
to the normalized time to failure. (a), (b), (c) and (d) are adapted from Bianchi et al. (2024) (article licensed under CCBY4.0).

(Proctor, 1982; Glaser et al., 1998; Selvadurai et al.,
2022). Absolute calibration of the PZT sensors relies
on using known sources applied to a transfer plate and
spectral deconvolution of the theoretical displacement
to infer the instrument response (Wu et al., 2021; Sel-
vadurai et al., 2022). Instrument responses determined
on the transfer plate are averaged in the frequency
range 0.1–1 MHz, consecutively obtaining a single in-
strument response value for each PZT with units [V/m].
Coupling effects between the sensors and the specimen
are neglected.
We use HybridMT (Kwiatek et al., 2016) to invert the

catalogue of localized AEs (Bianchi et al., 2024) to ob-
tain the moment tensor M and moment magnitudes
Mw (Vavryčuk, 2001, 2014). Following the methodol-
ogy given by Kwiatek et al. (2016), we use the azimuth,
take-off and incidence angles, the rock density, the dis-
tance between source and receivers, the P-wave veloc-
ity in the source region, the polarity of the first P-wave
arrival and the low-frequency displacement plateau to
construct the focalmechanism. The rock density and P-
wave velocities are retrieved from Bianchi et al. (2024),
whereas details concerning the azimuth, take-off and
incidence angles are provided in the Supplementary
Material 1. We note that in this study, we adopt the con-
vention where compression is considered positive and
extension is considered negative. We correct the ampli-

tude spectrum of the P-wave ground displacement with
the averaged instrumental response of each sensor de-
scribed above. This correction allows us to compute the
low frequency displacement plateau Ω0 (m/Hz) by av-
eraging the corrected spectral amplitude values in the
frequency range 100–500 kHz (McLaskey and Lockner,
2018).
The full seismic moment tensor M is a 3×3 tensor

that can be decomposed into its components given here
as:

(2)M = MISO + MDC + MCLV D,

where the MISO is the isotropic component and the de-
viatoric component can be decomposed into a double-
couple (MDC) and compensated linear vector dipole
(MCLV D) (Vavryčuk, 2014). The ISO components de-
note the isotropic volumetric alteration from the seis-
mic source. Negative values are interpreted to be crack
closures (i.e., anticrack) or implosions, whereas posi-
tive values denote tensile crack opening or explosions.
TheCLVDcomponents indicatemotion towards or away
from the earthquake source,without net volumechange
(Frohlich, 1994; Julian et al., 1996; Martínez-Garzón
et al., 2017). The DC solutions are representative for
pure shear motion obtained from two sliding blocks
with opposite direction but of equal magnitude (e.g.,
Frohlich, 1994). M can be decomposed using eigenval-
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ues and an orthonormal basis eigenvector given as:

(3)M = M1e1e1 +M2e2e2 +M3e3e3,

whereM1 ≥ M2 ≥ M3 and vectors e1, e2 and e3 define
P (pressure),B (intermediate or neutral) and theT (ten-
sion) axes, respectively. We choose to define the scalar
seismic moment as the Frobenius norm (Silver and Jor-
dan, 1982) in that

(4)M0 =
√

1
2 (M2

1 +M2
2 +M2

3 ).

This follows the standard definition of scalar seis-
mic moment given by Aki and Richards (2002) and
can be expressed as the moment magnitude Mw =
(2/3)log10(M0) − 6.02 (Hanks and Kanamori, 1979),
whereM0 has units [N·m].
To invert for themoment tensor solutions, we use the

built-in function focimt (Kwiatek et al., 2016). For the
moment tensor solutions, focimt provides their uncer-
tainties, which are calculated as the normalized root-
mean-square errors (RMS) between the observed and
calculated P-wave amplitudes (Stierle et al., 2014b,a;
Kwiatek et al., 2016):

(5)RMS =
(∑N

i=1 (Ameas
i −Aexp

i )2∑N
i=1 (Ameas

i )2

)1/2

where i is one of N total sensors available for the in-
version, Ameas is the P-wave amplitude measured and
Aexp is the P-wave amplitude expected from the mo-
ment tensor inversion. Since not all sixteen PZTs simul-
taneously provided accurate wave arrival picks, events
were located after discarding the waveforms associated
with these inaccurate picks (Bianchi et al., 2024). For
this reason, the number of available sensors for the in-
version is variable and this affects the stability of the
moment tensor solutions. We choose moment tensor
results with N ≥ 12 and RMS ≤ 0.40 based on a ro-
bust analysis of the stability of the inversion solutions
(McLaskey and Lockner, 2018).

2.2 Plunge-Based Ternary Diagrams in the
Laboratory

We apply the same methodology presented in Petruc-
celli et al. (2019b), where the relationship between the
b-value and faulting style was compared using plunge-
based ternary diagrams also referred to as a Frohlich
diagram (Frohlich and Apperson, 1992; Frohlich, 2001).
These diagrams communicate the faulting style associ-
ated with the double-couple (DC) component of themo-
ment tensor and express the orientation of the principal
stress axes P ,B and T (Eqs. 2 and 3). P ,B and T corre-
spond to the eigenvectors of the moment tensors with
associated eigenvalues in descending order of magni-
tude, respectively. The three axes of the Frohlich dia-
gram describes the three plunge angles δP , δB and δT

(0°–90°), which defines the dip of the P , B and T axes.
The three plunge angles depend on the selected ref-

erence system, which for field studies is based on the
widely employed North-East-Down (NED) coordinates.

In Supplementary Material 1 we provide the laboratory
reference system used for our investigation. We define
the North-East (Y–X) plane and the vertical (Z) axis to be
perpendicular and parallel to the long axis of the sam-
ple, respectively. The origin of the laboratory reference
system is located at the centre of the bottom end of the
sample (see Supplementary Material 1). Each plunge
angle is computed as the angles between the P , B and
T axes and the X–Y plane. Later, we present compar-
isons of the laboratory results to the field observations
of the Frohlich diagrams. We note that these should be
treated with care due to the dependency of plunge an-
gles on the reference system. However, the chosen lab-
oratory reference system aligns with the stress axes im-
posed on the sample: the radial stress σr (or confining
pressure, Pc = σr = σ2 = σ3) is aligned with the X–Y
plane and the (principal) axial stress (σ1) is alignedwith
theZ-axis. For this reason, even thoughadirect compar-
ison between the faulting styles of laboratory and nat-
ural events is not fully consistent, our combined labo-
ratory and modeling analysis can be complementary to
the field observations as will be discussed.
To study the relationshipbetween themechanical dis-

sipation and the faulting style, we carefully assignmod-
eled dissipation values to the AEs (details are provided
in Supplementary Material 2). We first collapse the ex-
perimental three-dimensional space with the locations
of the AEs onto a two-dimensional plane to mimic the
numerical domain (see Fig. 1a). To achieve similar time
stamps, the experimental and numerical time vectors
are normalized between the loading start and the sam-
ple failure tf since the overall timing do not match per-
fectly (see section 2.5 in Bianchi et al., 2024). The AEs
are then separated in time in groups centered around
the numerical time steps tstep. For example, AEs de-
tected in the time window 0.05–0.15 t/tf are grouped
within the time step tstep = 0.10 t/tf , while thosedetected
in the time window 0.15–0.25 t/tf are grouped within
tstep = 0.20 t/tf and so forth. The corresponding value
of mechanical dissipation of a specific time step is then
assigned from the closest numerical grid node to an in-
dividual AE. A differential stress value is also assigned
to each event according to the macroscopic differential
stress imposed at the associated time interval in which
the event was detected.
We construct as many AE sub-catalogues as the num-

ber of DC sources displayed on the Frohlich diagram
(12,105 moment tensor solutions). Each sub-catalogue
is formed by a specific AE grouped together with its 500
closest events within the Frohlich’s space (Petruccelli
et al., 2019b). For each sub-catalogue we determined
themean differential stress andmean dissipation by av-
eraging the assigned values of the 501 events. Since the
dissipation is a parameter that ranges over several or-
ders of magnitude (∼10−13 to 105 Pa·s−1), we choose to
average the logarithm of the assigned dissipation val-
ues instead of the absolute ones. A sensitivity analysis
is performed to address the influence of the number of
events per sub-catalogue on the influence of the fault-
ing style and the results are provided in Supplementary
Material 3. Three examples of sub-catalogues and their
metrics (b-value, mean differential stress and mean dis-
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sipation) are provided in the SupplementaryMaterial 4.

2.3 Statistical Analysis of the Acoustic Emis-
sions

For each sub-catalogue, the b-value is computed using
the b-positive method (van der Elst, 2021), which relies
on the distribution of positive magnitude differences.
This method has been shown to be less prone to com-
pleteness biases thanmore conventional methods (e.g.,
Aki, 1965; Wiemer and Wyss, 2000). The b-value is de-
termined by the maximum likelihood estimate for the
Laplace distribution of positive magnitude differences
as (van der Elst, 2021):

(6)
β ∼= β̃

= 1
∆ coth−1

[ 1
∆(M ′ −M ′

c + ∆)
]

where β = b × ln10, β̃ is the maximum likelihood es-
timate, ∆ is the bin width used to discretize the posi-
tive magnitude differences,M ′ is the mean of the posi-
tive magnitude differences andM ′

c is the completeness
value of positive magnitude differences. We assume
∆ = 0.01 corresponding to the level of accuracy we
can achieve when estimating the absolute value of the
moment magnitudes (e.g., Goebel et al., 2013). To de-
termine M ′

c we iteratively increase its value from 0.01
to 0.5 with steps of 0.01 and we evaluate the goodness
of fit R (equation 2 in Wiemer and Wyss, 2000). This
methodology estimates the absolute differencebetween
the observed and predicted distributions of the number
ofmagnitudedifferences in a specificbin and selectsM ′

c

when R > 90% (Wiemer andWyss, 2000). In this study
M ′

c equals 0.22 and is assumed to be constant for each
sub-catalogue. The standard error δb of the b-value de-
termined for each sub-catalogue is estimated following
the formulation of Shi and Bolt (1982):

(7)δb = ln10 · b2 ·

√∑
i(Mi −M)

N · (N − 1) ,

where N is the total number of events in each sub-
catalogue and M is the mean of the magnitudes Mi of
each sub-catalogue.

2.4 Compaction and Dilation in H-MEC
H-MEC models the volumetric response of the porous
rock matrix through the combination of three terms
(Gerya, 2019; Dal Zilio et al., 2022): the reversible elastic
(de)compaction ζ [el], the irreversible visco-plastic com-
paction ζ [vp] and the plastic dilation Γ[pl]. We consider
the strain rates of these components in the interest of
this study. The three terms are mathematically defined
as follows (Gerya, 2019; Petrini et al., 2020; Dal Zilio
et al., 2022):

(8)ζ [el] = 1
Kd

(Dspt

Dt
− α

Dfpf

Dt

)

(9)ζ [vp] = pt − pf

ηφ(1 − φ)

(10)Γ[pl] = −2 · sin(ψ)ε̇[pl]
II

where pt and pf respectively are the total and fluid pres-
sures, Kd is the drained bulk modulus, α is the Biot-
Willis coefficient, Ds(·)

Dt and Df (·)
Dt respectively are theLa-

grangian time derivative in the solid and fluid reference
frame, t is time, ηφ is the effective visco-plastic com-
paction viscosity, φ is the porosity,ψ is the dilation angle
and ε̇[pl]

II is the second invariant of the deviatoric plastic
strain rate tensor. A positive compression and negative
dilation convention is adopted here.
Tomore realistically capture the deformation in a tri-

axial setting, we implement the mobilized dilation an-
gle model of Zhao and Cai (2010) within H-MEC. This
model accounts for change in the dilation angle ψ with
accumulated plastic shear strain. The relationship is
phenomenological and has been obtained from several
failure tests conducted at different confining pressures
on seven lithologies (Zhao and Cai, 2010):

(11)ψ = a · b
c− b

· (exp(−b · γ[pl]) − exp(−c · γ[pl]))

where a, b and c are fitting coefficients dependent on the
confiningpressurePc andon the rock lithology, and γ[pl]

is the shear plastic strain (for more details see Supple-
mentary Material 5). γ[pl] is defined as the difference
between the axial and circumferential plastic strains,
which are also the non-elastic components of the total
strains (Zhao and Cai, 2010). H-MEC is constructed on
an elasto-visco-plastic framework; therefore, we adjust
the original formulated plastic shear strain γ[pl] to also
include viscous terms in the new H-MEC definition:

γ[vp] = dt · (ε̇[vp]
11 − ε̇

[vp]
33 )

= dt · (ε̇′
11 − ε̇′ [el]

11 − ε̇′
33 + ε̇′ [el]

33 )

= dt · (ε̇′
11 − ε̇′

33) − 1
2µ · (σ′

11 − σ′ 0
11 − σ′

33 + σ′ 0
33)

(12)

wheredt is the timestep, ε̇ is the total strain rate, ε̇′ is the
deviatoric strain rate, µ is the shear modulus, σ′ is the
deviatoric stress and σ′ 0 is the deviatoric stress of the
previous timestep. The superscripts vp and el indicate
the visco-plastic and elastic components of the strain
rates, respectively, whereas the numbered subscripts
11 and 33 refer to the axial (x1) and circumferential
(x3) directions, respectively. However, even though H-
MEC includes a rheologicalmodelwith viscosity-related
terms, we assume these to be negligible in this study be-
cause of the brittle nature of laboratory tests at these
environmental conditions (e.g., Menéndez et al., 1996).
The simulations performed in this study, including the
boundary conditions imposed, follow the samemethod-
ology presented in Bianchi et al. (2024). All parameters
prescribed in the numerical model are provided in Sup-
plementary Material 6.

3 Results
3.1 Temporal Evolution of Seismicity
Following the methodology in Section 2.1 and using the
AE data from Bianchi et al. (2024), we obtain 12,105 mo-
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ment tensor solutions that fit the criteria in Eq. 5. We
then compute the moment magnitude Mw from Eq. 4
and in Fig. 2we compare the events in time to the exper-
imentally measured differential stress throughout the
experiment. We show the normalized time to failure as
in Fig. 1c. We see that seismicity is relatively constant,
both in rate and maximum magnitude throughout the
test. Only in the late stages (t/tf > 0.9) the rate increases
(see also Fig. 1c) but the maximummagnitude remains
Mw ≤ -7.

Figure 2 Temporal evolution of seismicity (blue markers)
and differential stress (orange line) throughout the brittle
failure test.

3.2 Double-CoupleMoment Tensor Solutions

Figure 3 shows the DC component of the 12,105 mo-
ment tensor solutions displayed within three Frohlich
diagrams (Figs. 3a, c and d) colored with respect to dif-
ferent parameters: the b-value (Fig. 3a), the mean dif-
ferential stress (orange line in Fig. 2) measured from
the triaxial apparatus (Fig. 3c) and the mean dissipa-
tion of mechanical energy retrieved from the numeri-
cal simulations (Fig. 3d). The b-value is calculated for
each sub-catalogue as explained in Section 2.3, whereas
we follow the methodology provided in Section 2.2 and
Supplementary Material 2 to determine the mean me-
chanical dissipation and mean differential stress val-
ues. Figure 3b shows theDCmoment tensor solutions of
global earthquakes colored as a function of the b-value
(retrieved from Petruccelli et al., 2019b).
Systematic patterns are observed in each ternary dia-

gram and show a significant degree of similarity among
measurements retrieved in the laboratory (Figs. 3a and
c), in the field (Fig. 3b), and numerically (Fig. 3d). In
general, laboratory b-values are higher, which is com-
mon for AE studies (Lei et al., 1992; Lei and Ma, 2014).
Higher laboratory b-values are also identified in the
lower half of the ternary diagram, slightly shifted to
the left towards thenormal-faulting corner (see location
(iii) on Fig. 3a). This trend is also observed in Fig. 3b,
where the field b-values have a peak for similar sources
according to the Frohlich diagrams. The minimum lab-
oratory b-values aremainly observed at the top of the di-
agram corresponding to strike-slip sources. While this
decrease in general trends are observed in field scale
observations, theminimumfield values (purple regions

where b ∼ 0.7) is found towards the thrust faulting cor-
ner.
Overall the laboratory source coverage is lower in

proximity of the two lower corners (normal and reverse
faulting). The regionswith higher b-values spatially cor-
relate with regions showing lower differential stress.
Similar trends are observed with the simulated mean
dissipation (Fig. 3d), which also displays lower magni-
tudes in the same regions where higher b-values are
found.
An important correlation becomes evident when

comparing experimental differential stress to computa-
tional dissipation. Even though the mean dissipation is
retrieved numerically, it still exhibits a similar pattern
as observed experimentally. Here we find that thrust
faulting is more often associated with high dissipation
and occurs at higher differential stress, whereas the op-
posite is observed with normal-faulting. This trend is
generally valid except for a region of the diagram lo-
cated towards the normal faulting corner that exhibits
high levels of both differential stress and dissipation
(yellow regions on the left of the diagrams in Figs. 3c
and d). Strike-slip events find themselves in between.

3.3 Full Moment Tensor Solutions

DC components of the moment tensor provide insights
into the orientation and shear components of the rup-
ture associated with an earthquake source but do not
include any volumetric component of deformation. To
complement our investigation we further provide the
full moment tensor solutions of the same 12,105 AEs
presented beforehand. Figure 4a shows the full mo-
ment tensor solutions of these events displayed on a
Hudson net and colored by their probability density es-
timate (PDE). Figures 4b and c divide the AEs before and
after the last ∼ 6 minutes before the macrofracture nu-
cleation (t/tf > 0.93), respectively. Hudson nets are vi-
sual representations of the AE full moment tensor solu-
tions and display the isotropic (ISO), compensated lin-
ear vector dipole (CLVD), and DC components in graph-
ical form (Hudson et al., 1989; Knopoff and Randall,
1970). The probability density is determined by employ-
ing the kernel smoothing density function to compute
the PDE over the full catalogue of AEs. This provides in-
sight into themost commonmechanismswithin the full
AE catalogue.
The majority of the AE source mechanisms (Fig. 4a)

are found to be in the lower half of the Hudson net
slightly towards the anticrack and negative linear vector
dipole (LVD) regions, which are indicative of compres-
sive source mechanisms. A fewer amount shows signs
of LVD (+), CLVD (-), LVD(-) andCLVD (+) points, and also
pure DC source types. Microseismicity (Tape and Tape,
2012b,a) andnumericalmodels (van der Baan andChor-
ney, 2019) predict that, for materials with a Poisson’s
ratio below ν = 0.25, the AE source mechanisms deviate
from the diagonal line linking the LVD (+) and LVD (-) re-
gions (Fig. 4c). Our sample exhibited a Poisson’s ratio ν
= 0.23 (Bianchi et al., 2024), which explains these obser-
vations. The mechanisms associated with such events
are partially indicative for shear motion but can also
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Figure 3 Plunge-based ternary diagrams showing the relationship between faulting style and (a) the b-value of the AE sub-
catalogues (the limits of the colorbar are adjusted for visualization purposes), (b) the b-value of global earthquakes (retrieved
from Petruccelli et al., 2019b); Typical faulting-style nomenclature is given: T – thrust; S – strike-slip; N – normal; V – vertical
fault; TS – transpressional; NS – transtensional, (c) the mean differential stress measured during the laboratory test, and (d)
the mean dissipation of mechanical energy simulated with H-MEC. More details of how the mean differential stress, mean
dissipation and linking the experimentally observed AEs to H-MEC are provided in Supplemental Material 2. Three examples
of frequency-magnitude distributions, differential stress and dissipation values for sub-catalogues exhibiting a (i) low, (ii)
intermediate and (iii) high b-value are provided in Supplementary Material 4.

be representative for more complicated micromecha-
nisms occurring at the grain scale.

4 Microstructural Observations

We perform a microscopical analysis of the post-
mortem sample using a scanning electron microscope
(SEM) with a back-scattered electron (BSE) detector to
further investigate the AE source mechanisms (Fig. 4a).
After dismantling of the test, we impregnated the sam-
ple with epoxy to maintain the microscopical struc-
tures. We prepared polished thin sections of ∼30 µm
thickness by cutting rock sections of size 35 × 20 mm
from the top and bottom ends of the sample. These sec-
tions were oriented along the central long axis of the
sample and were extracted from the regions that ob-
served AE clustering throughout the majority of the ex-
periment (figure 5 in Bianchi et al., 2024) but away from
the macrofracture.
Figure 4d shows three SEM-BSEmicrographswith sig-

natures of inelastic deformation. Studying microme-
chanical damage in thismanner is a common tool to un-

derstand inelastic processes occurring at the grain scale
in rockmechanics (Wong, 1982; Kranz, 1983). In Fig. 4d,
we see strong evidence for grain crushing. Grain crush-
ing and pore collapse are widespread throughout ana-
lyzed sections; however, the spatial distribution of dam-
age is quite heterogeneous, where relatively intact re-
gions mostly associated with grains cemented by car-
bonates exist next to highly damaged grains. Theory
attributes grain crushing of this manner to the hetero-
geneity of contact forces in granular materials (Zhang
et al., 1990) or shear induced pore collapse (Curran and
Carroll, 1979). In Berea sandstone intragranular crack-
ing, grain crushing, and pore collapse were intensely
observed in uncemented grains (Menéndez et al., 1996).
In the top, middle and bottom panels of Fig. 4d, we see
evidence of crushing on a grain of quartz, feldspar and
phyllosilicate, respectively.
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Figure 4 (a) Hudson net displaying the full moment tensor solutions of the AEs. Each point is colored by the spatial density
of the nearby points. (b) Hudson net displaying the full moment tensor solutions of the events up to ∼ 6 minutes before
the macrofracture nucleation and (c) in the last ∼ 6 minutes. (d) SEM-BSE micrographs. The top panel highlights crushing
of a quartz grain, the middle panel highlights crushing of a feldspar grain and the bottom panel highlights crushing of a
phyllosilicate grain. The main mineralogical components are indicated: quartz (Q), feldspar (F) and phyllosilicate (P).

5 Discussion

5.1 Fault Preparation, Accelerated Dissipa-
tion and Variations in b-value

The inverse proportionality of b-value with differential
stress has been observed and studied in the labora-
tory (Scholz, 1968; Goebel et al., 2013, 2024). Goebel
et al. (2013) discusses that at higher differential stress,
seismic events have a higher probability of growing to
larger sizes due to a general increase in stress level.
Salazar Vásquez et al. (2024) observed a decrease in the
b-value leading tobrittle failure of an intact granite spec-
imen that was also monitored using distributed strain
sensing and AEs. This occurred at a slightly decreasing
(albeit at a high) differential stress level. They found ev-
idence of slow aseismic damage as the fault prepared
to rupture. Salazar Vásquez et al. (2024) proposed that
AEs occurring in these preparatory damaged regions
have the potential to grow larger andhave characteristic
sizes that span the extent of the fragile damaged region
(see also Dresen et al., 2020). This mechanism is also
proposed to explain the drop in b-values with increas-
ing strain rate in laboratory gouges (Bolton et al., 2021).

Considering that damage and inelastic deformation are
synonymous, we further investigate the correlation be-
tween b-value, differential stress and mechanical dissi-
pation.
We provide a quantitative comparison between the b-

value and mean differential stress (Fig. 5a) and b-value
and mean dissipation (Fig. 5b) of the sub-catalogues
shown in Figs. 3a, c and d. To do so, we determine
the Pearson correlation coefficients (Pearson, 1895) be-
tween the b-value and both the mean differential stress
and mean dissipation, obtaining values equal to -0.42
and -0.51, respectively. These results are both indicative
of a moderate inverse correlation (Schober et al., 2018). A
best-fit linear regression is then applied to the b-values
of each sub-catalogue (red lines, Figs. 5a and b) to quan-
titatively determine the relation between the two pa-
rameters. To integrate the uncertainty related to the
b-value estimations (δb, Eq. 7) into the linear regres-
sion and provide a more robust statistical analysis, we
weight each sub-catalogue by 1/δb2. Among all the sub-
catalogues, δb is found within the range 0.097–0.412
with a mean of 0.191. Figure 5a shows the expected re-
sults, indicating that with increased differential stress

8 SEISMICA | volume 3.2 | 2024



SEISMICA | RESEARCH ARTICLE | Effects of Energy Dissipation on Precursory Seismicity During Earthquake Preparation

Figure 5 b-value (b-positive) as a function of the (a) mean differential stress and (b) mean dissipation of mechanical energy
for each of the 12,105 AE sub-catalogues (blue dots). The red lines show the linear regressions weighted by 1/δb2 of each
sub-catalogue.

there is a noted drop in the b-value. Comparing to the
model, Fig. 5b also shows an inverse correlation be-
tween b-value and mechanical dissipation.
The mechanical dissipation is defined by the devia-

toric strain rate times the deviatoric stress in thenumer-
ical framework (equation 7 in Bianchi et al., 2024). In
the later stages of the numerical model (t/tf > 0.9), the
fault was observed to form, grow and accelerate, pro-
ducing the marked increase in dissipation (Fig. 1c). We
believe that this accelerateddeformation is likely a feed-
backmechanism related to dissipation in the system: as
a grouping of damagedmaterial weakens during prepa-
ration, a small increase in differential stress will pro-
duce larger strain rates in this damaged volume and, by
definition, dissipation will further weaken that volume.
This results in more and faster weakening, which pro-
motes the eventual localization of strain and formation
of the main fault (Fig. 1b). The decrease in the b-value
seems to be a marker for this damage feedback process
that eventually leads to a runaway instability. This hy-
pothesis is also consistent with other modelling efforts
investigating b-value changes in the damage mechanics
framework (Amitrano, 2003). These results suggest that
while differential stress may show an inverse correla-
tion with b-value, it may be a secondary effect and, de-
creases in b-value,may better explain the extent of dam-
age (or localized damage) in a fault zone. Furthermore,
previous laboratory investigations have already shown
that the b-value may not be easily related to stress, as
it was found to decrease even when the global stress
remained constant or decreased slightly (Stanchits and
Dresen, 2010).
Recent overviews on earthquake preparation have

proposed it is hosted in a volumetric region where
damage accumulates progressively, weakening the fault
that hosts the mainshock (Kato and Ben-Zion, 2020;
Martínez-Garzón and Poli, 2024). Integrated models
that can account for bulk weakening and eventual ac-

celerated strain localization within the fault structure
are considered important. In nature, b-value drops in
regions of accelerated deformation have also been ob-
served before Tohoku-Oki 2011 (Tormann et al., 2015;
Nanjo et al., 2012) and also, to some significance level,
before other seismic sequences (Gulia et al., 2016; Gu-
lia and Wiemer, 2019). Clustering of earthquakes have
been proposed to explain broader weakening processes
at tectonic scales (Ben-Zion and Zaliapin, 2020). There
have been several geodetic observations in the field
relating accelerated deformation to increased seismic
activity (Kato and Nakagawa, 2014; Kato et al., 2012)
and the eventual mainshock of a seismic series (e.g.
Bürgmann, 2014). Similar geodetic techniqueshave also
been used at the field (Sreejith et al., 2018) and reser-
voir scale (Gulia, 2023) to investigate the correlation be-
tween deformation and the b-value; however, these ob-
servations are not universal (Stevens and Avouac, 2021).
Other metrics to track the damaged clustering in a fault
zone have been proposed, such as changes in radiated
seismic energy (Ben-Zion and Ampuero, 2009) and de-
creases in seismic velocities (Ben-Zion and Lyakhovsky,
2019). Here we propose that fault preparation by dissi-
pative (inelastic) processes may create conditions con-
ducive to runaway rupture and a decrease in the b-value,
controlled by these increasingly damaged and highly
dissipative regions.

5.2 Micromechanics Associated with High-
Dissipative Regions

To underpin the micromechanics responsible for dam-
age and the numerically computed dissipation, we com-
bine the numerical results with inferences from the full
moment tensor solutions (Fig. 4a) and SEM-BSE micro-
graphs (Fig. 4d). Figure 6 shows the numerical fields
of the reversible elastic (de)compaction ζ [el] (first col-
umn), irreversible compaction ζ [vp] (second column),
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dilation Γ[pl] (third column) and the overall volumet-
ric response

∑[vol] (sum of the previous three terms,
fourth column) within the sample. These terms rep-
resent strain rates and contribute to the overall dissi-
pation within the sample. Sequential rows illustrate
the progression of these fields across various phases of
the simulated test: (Phase I) the post onset of yielding,
(Phase II) during yielding, and (Phase III) at peak stress.

5.2.1 Phase I: Pore Compaction

Within the first phase, regions near the top and bottom
of the sample display pronounced elastic compression
rates. In this regime ζ [vp] and Γ[pl] are also contributing
to the overall volumetric response in similar regions.
An overall compaction response emerges, particularly
near the steel plates, aligning with high-dissipative re-
gions identified inprevious studies (Bianchi et al., 2024).
Compressive AEs in these regions with shear com-
paction band formation have been observed in various
experiments on high-porous sandstones (e.g., Menén-
dez et al., 1996; Fortin et al., 2005, 2006; Kwiatek et al.,
2014; Heap et al., 2015; Brantut, 2018; Griffiths et al.,
2019) and align with the AE mechanisms at this phase
determined in this laboratory test (Fig. 4b).
Intragranular cracking, grain crushing and rear-

rangement are observed microscopically (Fig. 4d) and
correspond to similar observations in studies on sand-
stone (Zhang et al., 1990; Menéndez et al., 1996; Shalev
et al., 2014). Compressive AEs are physically inter-
preted as grain crushing and pore collapses that, as
a consequence, result in the formation of compaction
bands (e.g., Menéndez et al., 1996; Fortin et al., 2005,
2006; Kwiatek et al., 2014; Heap et al., 2015; Brantut,
2018). Grain rotation during this rearrangement can
also induce dilation (Zhao et al., 2010), a feature also
captured in our simulations (shown in Γ[pl] in column
three of Fig. 6). As fragmented grains fill and settle
in the pores, porosity decreases, leading to more com-
pacted rock and enhanced intragranular grain cracking
(Bernabe and Brace, 1990; Menéndez et al., 1996; Fortin
et al., 2006; Shalev et al., 2014), further reducing poros-
ity. Other numerical models corroborate this porosity
reduction as a rock strengthening mechanism (Hamiel
et al., 2005). This process leads to strain hardening,
which subsequently inhibits strain localization (Menén-
dez et al., 1996).

5.2.2 Phases II-III: Shear Banding and Growth of
a Fracture Plane

The yielding regime (second row in Fig. 6) reveals
numerous sub-vertical structures that resemble shear
bands (Menéndez et al., 1996; Fakhimi et al., 2006;
Riedel and Labuz, 2006). Irreversible compaction and
dilation manifest similar patterns and absolute values
and mainly cluster in central region of the sample. At
the peak stress (third row in Fig. 6), one dominant shear
band localized into a macrofracture (Bianchi et al.,
2024), with evident dilation along this interface juxta-
posed to a balancing compacting region. The over-
all evolution of such shear mechanisms correlate with

the presence of shear-related AE source mechanisms
(Fig. 4c).
Microstructural characterization performed by

Menéndez et al. (1996) on several triaxial tests on
Berea sandstone samples showed that shear-enhanced
compaction lead to strain hardening in the samples and
the development of shear localization. Comminution
was also observed to occur within the shear bands and
preceded cataclastic flow (Bernabe and Brace, 1990;
Menéndez et al., 1996). During this process, grain
boundaries are ruptured and, due to their rotation and
settlement, this results in enhanced dilation (Menén-
dez et al., 1996; Riedel and Labuz, 2006). Our numerical
results (third row of Fig. 6) also show a significant
interplay between inelastic dilation and compaction
that occurs about the dominant shear band, which
supports the microstructures described by Menéndez
et al. (1996) and the AE source mechanisms showed in
Fig. 4c.

5.3 Transition of Faulting Style in Laboratory
Failure Tests

The similarities at the laboratory and field scales
(Figs. 3a and b) are interesting from a first-order com-
parison, but due to the dependence of these plots on
the choice of reference system, it is not obvious how to
simultaneously propose mechanisms that fit the obser-
vations at both scales. However, we can comment on
the similarities between the numerical and experimen-
tal results and discuss possiblemechanisms controlling
the patterns of seismicity at different phases of the ex-
periment.
We clearly see patterns and shifts in faulting style at

lower and higher mean differential stress (green to yel-
low, in Fig. 3c). This implies that early in the exper-
iment, AEs preferentially produce transtensional (TN)
and vertical (V) style events. As the differential stress
increases (closer to failure), there is a preference for
thrust (T), transpressional (TS), and some normal (N)
faulting. This transition is also associated with lower
b-values as seen in Fig. 3a. This implies that larger
events generally occur in the later stages, which can
be explained by the overall increase in damage level
(Katz and Reches, 2004; SalazarVásquez et al., 2024) and
the coalescence ofmicrocracks forming interconnected
and fragile networks as discussed in Section 5.1. The
transition of the faulting style in these networks also
tends to bemore preferentially oriented toward the ver-
tical component, i.e., the axis in which the principal
stress (σ1) is imposed.
The modeled dissipation (Fig. 3d) also shows that the

earlier events (transtensional TN and vertical V) do not
require high levels of dissipation to trigger them. How-
ever, once the damaged region grows and the strain
rates therein increase (Bianchi et al., 2024), a changed
preference for thrust (T), transpressional (TS) and some
normal (N) faulting was observed in the later stages of
the experiment and in the model. In this study, dissi-
pation in the H-MEC model is only a proxy for where
AEs may be generated. However, it appears to corre-
late well with a transition in source type with increased
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Figure 6 Numerical fields of the reversible elastic (de)compaction ζ [el] (first column), irreversible compaction ζ [vp] (second
column), dilation Γ[pl] (third column) and the overall volumetric response

∑[vol] (fourth column) at three phases of the test
within the sample: at the onset of yielding (first row), during the yielding regime (second row) and at the peak stress (third
row). These three phases are displayed in a stress-strain representation in the Supplementary Material 7. All the plots share
the same units [s−1]. The positive colorbar indicates compression, whereas the negative one dilation.

localization. Similarities in source types in foreshock
sequences (e.g. Diehl et al., 2017; Dodge et al., 1995;
Bouchon et al., 2011; Brodsky and Lay, 2014) could po-
tentially be an indicator of accelerated deformation in
damaged zones of the fault, where fragile fault net-
works have become preferentially oriented with the
stress field. This change in focalmechanismmay in fact

be a precursory signal (Savage et al., 2017) but confirma-
tion of these laboratory hypotheses at the field scalewill
require further investigations.
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6 Conclusions

This study examined the influence of faulting style on
the b-value of AEs detected during a triaxial failure test
on Berea sandstone. We utilized numerical simulations
with theH-MEC code to understand changes in theAE b-
value associated with dissipation ofmechanical energy.
We also supported our hypotheses with evidence of the
micromechanics and inelastic deformation responsible
for this dissipation. We displayed the DC moment ten-
sor solutions of the AEs in plunge-based ternary dia-
grams. Different parameters related to these AEs were
investigated: i) the b-value, ii) the mean differential
stress at which the AEs were detected and iii) the simu-
latedmeanmechanical dissipation. The results showed
a systematic influence of the faulting style on these
three parameters and shared similarities across differ-
ent scales.
The correlation between the three different parame-

ters controlling the formation of AEs and their faulting
styles were investigated. Both mean differential stress
andmean dissipation ofmechanical energy were found
to be inversely proportional to the b-value. We empha-
size the potential of using the dissipation of mechani-
cal energy to detect regions that may produce a main-
shock. Dissipation produces irreversible deformation,
which could be measured in the field using geodetic
techniques. The numerical results indicate that, at late
stages of the test (i.e., when differential stress is high),
the mechanical dissipation increases in regions where
strain is localizing onto a macro-fracture. This is linked
to clear changes in faulting style and a drop in b-value.
The patterns observed in the laboratory plunge-based
ternary diagrams could be explained by the integrated
earthquake model, which hypothesizes that damaged
rock regions form as microcracks coalesce, leading to
strain localization within a macro-fracture (or fault).
The numerical model, in combination withmicrostruc-
ture analysis, helps to identify the micromechanisms
responsible for the simulated dissipation. Pore com-
paction and shear banding emerged as the two domi-
nant microscopic processes and these were consistent
with both the full moment tensor solutions and the
SEM analysis. H-MEC captured different physical pro-
cesses that agreewith previous observations at different
scales and provided novel insights into the correlation
between the AE b-value and the dissipation of mechani-
cal energy. Whether these exactmechanisms play a sig-
nificant role in natural fault zones settings remains to
be confirmed but integrating such simulations in com-
binationwith seismic analysismay assist researchers in
assessinghazard inbothnatural andanthropogenic sce-
narios.
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