
Aseismic strain localization prior to failure and associated

seismicity in crystalline rock: Supplementary Material

1 Material properties of Rotondo granite

In this study, Rotondo granite sourced from the Bedretto Underground Laboratory for Geosciences
and Geoenergies (BULGG) was used. Rotondo granite is part of the Gotthard massif, and two types
can be distinguished along BULGG: equigranular and porphyritic (Rast, 2020). The samples tested in
this research were extracted from the tunnel meter 2043 and identified as the equigranular type (Rast,
2020). Figure 1 shows photomicrographs of thin sections of the equigranular Rotondo granite. The
quartz occurs in three varieties with an average grain size of 0.35 mm. Alkali feldspar in the granite
forms grains in the millimeter range, typically anhedral in shape. Biotite crystals, approximately 1
mm wide, are present as subhedral to anhedral grains (Hafner, 1958; Steck, 1976; Labhart, 2005; Rast,
2020). Based on this description, we estimate the average grain size of ∼ 1mm for the equigranular
Rotondo granite.

Figure 1 Adapted from Rast (2020). (a) and (b) Thin sections of the equigranular Rotondo granite used in this work.
The granite has a main mineral content of quartz (ii and iii; 25-35%), alkali feldspar (Kfs; 20-40%), plagioclase (Pl;
10-25%) and biotite (Bt; 3-8%); Additionally, garnet, phengite, chlorite, epidote, apatite, muscovite (Ms), zircon and
opaques are present as accessory minerals (Hafner, 1958; Steck, 1976; Labhart, 2005; Rast, 2020). (iv) irregular grain
boundary, (v) pinning structure (Rast, 2020).
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Table 1 gives a summary of the mechanical properties of Rotondo granite taken from the
comprehensive study of David et al (2020).

Table 1 Properties of the Rotondo granite in dry and unconfined
conditions (David et al, 2020).

Property Specification (unit) Value
Density ρ (kg/m3) 2606
Porosity ϕ (%) 1.75 ± 0.11
P-wave velocity Vp (m/s) 3501 ± 301 (4000 )
S-wave velocity Vs (m/s) 1785 ± 117
Dynamic Young’s modulus Edyn (GPa) 22.6 ± 2.7
Dynamic Poisson’s ratio νdyn (-) 0.36 ± 0.03
Young’s modulus E (GPa) 51.5± 1⋆

Poisson’s ratio ν (GPa) 0.31± 0.05⋆

Compressive strength σp (MPa) 172 (300±50⋆)
Tensile strength σt (MPa) 8

Fracture toughness Mode I (MPa m1/2) 1.3

Mode II (MPa m1/2) 4

⋆Properties measured at a confining pressure of 10 MPa
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2 Mechanical response of Rotondo granite

The mechanical response of the Rotondo granite is shown in Figure 2. The AE events are represented
using the blue circles, while diamonds indicate the P-wave velocity measured at four heights of the
sample. The right panel shows a zoom to the last relaxation phase.
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Figure 2 Mechanical response of the Rotondo granite, temporal evolution of AE magnitudes (blue circles) and P-wave
velocity during the test. The time interval marked by the light red box (6150 s - 6500 s) is zoomed on the right panel.
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3 AE source type

Figure 3 shows the Hudson plot representation of the moment tensor solution (Hudson et al, 1989),
computed from the AEs. The seismic events are predominantly distributed in a band oriented in the
positive and negative linear dipole direction (LVD(+) and LVD(-), respectively). The events producing
an LVD(+) signature also exhibited the highest recorded moment magnitudes, suggesting that a fault
type characterized by shear-opening mechanisms was nucleating towards failure. This combination of
source type and high moment magnitude (Mw) has been observed in similar triaxial experiments, where
shear fractures were induced in sandstone (Kwiatek et al, 2014). In a similar study, Dong et al (2020)
observed AEs with higher isotropic components (i.e., explosion and implosion) in a saturated granite
sample tested under uniaxial conditions. This difference could be attributed to the higher confinement
used in the present work.

Feignier and Young (1992) introduced the R value to quantify the source mechanism of AE events.
This parameter represents the ratio of the isotropic component to the sum of the isotropic and devi-
atoric components. They suggested that a minimum of 30% of isotropic component (R > 30%) is
required to generate statistically significant differences between isotropic and deviatoric mechanisms.
In our experiment, 97% of the events had an isotropic component below this threshold, confirming the
dominance of deviatoric AE events (or “shear” events; Feignier and Young, 1992).

Figure 3 Hudson source type representation of the complete seismic catalogue of test presented in this article. Circles
represent detected events, with their size and color corresponding to their moment magnitude (Mw).
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4 Spatial-temporal distribution of the AE events and their
correlation to the macro-fracture

Figure 5(a) shows the XR-CT of the sample obtained after the test (post failure). Figure 5(b) shows
the seismic events prior to failure (tf ), superimposed on the macro-fracture (fault) isolated from the
post-test XR-CT (Figure 4(a)). The AEs are coloured by their event time and scaled by their moment
magnitude (Mw). The direction of the macro-fracture that caused the failure is indicated by the
green arrow, inferred from the spatial-temporal distribution of the AEs. Figure 4(c) shows a virtual
3D reconstruction of the sample deformation. The distributed circumferential strain from the last
measurement prior to the stress drop was interpolated and used to colour this virtual reconstruction,
following the methodology described in Salazar Vásquez et al (2022). Visually, the localized strain
coincides with the eventual location of the macro-fracture, as determined by XR-CT. The spatial
correlation between the strain localization and the macro-fracture does not necessarily provide insight
into the fracture process, which started long before failure (see section 3 of the main article).
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Figure 4 (a) XR-CT of the post-test sample. A comprehensive overview of the post-test sample surface obtained from
the XR-CT scan is provided in Supplementary Video 2. (b) AE events prior to the dynamic stress drop are scaled by
their moment magnitude (Mw) and superimposed on the macro-fracture network isolated from the XR-CT. (c) The last
circumferential strain measurement (at tf ) was interpolated and used to colour a virtual cylindrical sample. All figures
are presented from the same orientation. Green arrows indicate the inferred location of the macro-fracture nucleation
and its direction of propagation.
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Figure 5 Spatial distribution of the AEs nucleated before failure (tf ). The size of the markers are proportional to the
Mw of the events. The AEs in the moments before failure (from t9 to tf ) are coloured according to their event time.6



5 Construction of the 2D histograms

This section describes the methodology used to construct the 2D histogram plots presented in the
main article.

Figure 6 illustrates the methodology used to construct the 2D histograms shown in Section 2.4 of
the main article. The cylindrical sample was virtually divided into three horizontal volumes, each with
an optical fiber segment positioned at its center. These sub-volumes were further divided into arcs and
radial segments. The 2D histogram colouring was assigned using the cumulative seismic moment of the
AEs nucleated in each voxel. To account for variations in size, the cumulative moment magnitude was
corrected by the voxel volume. The continuous black line represents the distributed circumferential
strain, with the radial distance corresponding to the measured strain.

(I)

(II)

(III)

Figure 6 Diagram of the construction of the 2D histograms shown in Section 2.4 of the main article. The sample
was divided into sub voxels following the sequences indicated by the black arrows. (I) The volume was divided in tree
heights, (II) Each disc was divided in the radial direction, and (III) The arches were further divided in the circumferential
direction. The cumulative seismic moment of the AEs nucleated inside each voxel was used to colour the 2D histogram.
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6 Seismic tomography

6.1 Methodology

A tomographic survey was performed every 120 seconds, consisting of a loop of active pulses. Each
sensor was pulsed ten times before the multiplexer (Elsys HVP-MUX) switched to the next sensor,
continuing until all 16 sensors were used. This process allowed us to construct a detailed understanding
of the velocity model at various stages of the experiment. Details of the data acquisition system and
the high-voltage pulsing unit are provided in section 5.2.2 of the main article and by Selvadurai et al
(2022).

The continuous data was first analyzed to separate the active shots from the passive acoustic
recordings. Individual active shots were identified using a cross-correlation function and then stacked
in time. The P-wave arrival time was initially selected using the Akaike information criterion (AIC;
Akaike, 1974) and subsequently manually corrected.

6.2 Results and Discussion

Figure 7 shows an extended view of the the results of the active surveys (see also Figure 1(a) of the main
article). The P-wave velocity at each height was calculated from the pair of sensor that transect the
eventual macro-fracture horizontally. Across all heights, the P-wave velocity shows an initial increase
during the first 1500 s, reaching 4600 m/s in the upper height (purple diamonds). At about 2500 s,
the velocity was observed to decrease at a constant rate in the three lower heights (orange, red and
green diamonds). Aben et al (2019) measured similar P-wave velocity heterogeneity in a granite sample
tested under triaxial conditions, observing an approximately constant P-wave velocity in zones distant
from the inferred damage and a decrease of up to 25% in highly damaged zones.
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Figure 7 P-wave velocity evolution calculated at four different heights of the sample, with each height represented by
the colour code in the small scheme of the sample. Results are obtained from pairs of sensors oriented perpendicular to
the nucleated macro-fracture at each height.

The evolution of the average P-wave velocity is shown in Figure 8. The P-wave velocity shows a
similar behaviour to that of the volumetric strain (Figure 11(a)), with an initial increase followed by a
decrease. During a triaxial test using a confining pressure of 20 MPa, Stanchits et al (2006) measured
the P-wave velocity evolution of an Aue granite sample. They did not observe any increase in P-wave
velocity during the initial stages of the test. In contrast, we observed an increase of about 0.8 km/s at
a differential stress of 150 MPa. This difference could be attributed to a higher density of pre-existing
fractures in the Rontondo granite, which were closed by the initial differential stress (Tapponnier and
Brace, 1976; Brace, 1978; Wong, 1982). This also explains the initial non-linear contraction observed in
the present test (Figure 11(a)), which was found to be linear in the granite sample tested by Stanchits
et al (2006). After reaching the peak (approximately at 190 MPa of differential stress), we observed a
decrease in P-wave velocity of about 1 km/s (Figure 8), which correlates with the decrease observed
by Stanchits et al (2006) and the dilatation of the Rotondo sample (Figure 11). This P-wave decrease
may be related to damage produced within the sample, as discussed in section 3.1 of the main article.

Natural fault zones have also exhibited similar decreases in P-wave velocity. For example, Allam
and Ben-Zion (2012) and Scott et al (1994) presented tomographic images of crustal structures in the
southern California plate boundary, where they observed a P-wave velocity decrease of 25% to 40%
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within the fault zone. Cochran et al (2009) reported a P-wave decrease of 40% to 50% in the Calico
fault in eastern California. These velocity reductions were associated with post-seismic damage in the
active fault zones. In contrast, Figure 7 shows that the P-wave velocity decreases by up to 30% in the
fault zone of our sample.

Figure 8 Evolution of the mean P-wave velocity. Error bars represent the standard deviation of the measurements.
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7 Seismic and aseismic sensors and equipment

7.1 Distributed strain sensing (DSS)

Figure 9 shows the cross section of the two optical fibers implemented in the present test. The optical
fiber selection accounts for two phenomenas: strain lag and light attenuation due to micro-bending.
Strain lag arises because thicker and softer coatings impair the strain transfer to the fiber core (Ansari
and Libo, 1998; Wang and Zhou, 2014; Billon et al, 2015; Wang and Xiang, 2016; Zhang et al, 2020;
Falcetelli et al, 2020; Chapeleau and Bassil, 2021). Light attenuation is a consequence of the bending
of the fiber below its critical radius Gardner (1975); Gambling et al (1979); Sun et al (2022). In triaxial
systems, micro-bending occurs when the confining pressure forces the fiber against the micron-scale
surface roughness, and is also caused by fiber overlap (Salazar Vásquez et al, 2022). The acrylate-
coated optical fiber used in this study introduces a strain lag of approximately 4 cm (Salazar Vásquez
et al, 2022); however, it mitigates light attenuation problems during high-pressure triaxial testing. In
contrast, the use of a thin polyimide-coated fiber reduces the strain lag to a few millimetres, allowing
axial strain to be measured in relatively short samples. For more detailed information on the calibration
and performance of the DSS method in triaxial rock experiments, we encourage readers to refer to the
comprehensive study by Salazar Vásquez et al (2022).

The optical backscatter reflectometer (OBR 4600, Luna Innovations) was used to interrogate the
optical fibers. This interrogator is capable of measuring large strains using the incremental post-
processing method described by Salazar Vásquez et al (2022). In this study, the DSS system was
configured to provide a spatial resolution of 5 mm at a sampling rate of 0.25 Hz.

Figure 9 Cross sections of the AE and DSS sensors implemented in this work. (a) Schematic showing the internal
structure of the piezoelectric AE sensor (adapted from Selvadurai et al (2022)). (b) Cross sections of the optical fibers:
900 µm diameter acrylate-coated fiber from Solifos AG and 155 µm diameter polyimide-coated fiber from Fibercore
(adapted from Salazar Vásquez et al (2022)).

7.2 Acoustic emission (AE)

Figure 9(a) shows a cross-section of the in-house constructed AE sensor used in this study. The sensor
follows the design of other point contact transducers (Eitzen et al, 1981; Eitzen and Wadley, 1984;
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Glaser et al, 1998). All components were selected to provide a flat frequency response from 70 kHz to
1.5 MHz, minimizing distortion in the physical interpretation of the wave field, while withstanding high
pressure and temperature conditions. The piezoelectric crystal in the acoustic lead zirconate titanate
(PZT) sensor was shaped as a truncated cone, following the National Institute of Standards and
Technology (NIST) specifications for broadband PZT sensors (Eitzen and Wadley, 1984; Proctor et al,
2020). Full details of the components and instrument responses of AE sensors with similar spectral
responses can be found in Selvadurai et al (2022).

Each individual AE sensor was calibrated on a transfer plate using capillary tube fracture to
generate the source (Breckenridge, 1990; McLaskey and Glaser, 2012; Selvadurai et al, 2022). The
calibration procedure compares the electrical signal of the PZT sensor with the theoretical displacement
of a dynamic wave generated by a known force excitation and takes advantage of the source-sensor tool
chain (Grosse et al, 2021). A standard steel plate was used for the calibration (Wu et al, 2021; Selvadurai
et al, 2022) and theoretical Green’s functions were calculated using a generalized ray code (Hsu, 1985).
Capillary tube fractures were used as a calibration source because they produce larger amplitudes at
frequencies above 700 kHz (Breckenridge, 1990). Spectral division was used to determine the instrument
response of each sensor, which includes distortions introduced by contact conditions, pre-amplifiers,
cables, digitization, etc. The sensor-dependent instrument responses derived from the steel transfer
plate were applied directly to the measurements taken inside the triaxial cell. This assumes that the
sensor-media coupling (i.e., contact conditions) does not affect the instrument response, a consideration
that has been validated in other triaxial experiments (McLaskey et al, 2015; Marty et al, 2023).
We assume that the piezoelectric sensors are sensitive to unidirectional ground motion in the poling
direction of the piezoelectric crystal and that the sensor instrument responses are relatively insensitive
to incident angles below than 55o (Selvadurai et al, 2022). With the calibrated instrument response,
it is possible to give a quantitative interpretation of the AEs nucleated as the sample was driven to
failure (e.g., McLaskey and Glaser, 2011; McLaskey et al, 2015; Yoshimitsu et al, 2014; Goodfellow
and Young, 2014; Selvadurai, 2019).

During the experiment, each acoustic data channel was continuously sampled (at 10 MHz with
16 bits) using the TraNET EPC data acquisition module (Elsys Instruments AG). Signals were pre-
conditioned using analogue preamplifiers with +40 dB gain (Elsys AE-AMP). A loop of active pulses
performed a tomographic scan every 120 seconds. Each sensor was pulsed ten times before the multi-
plexer (Elsys HVP-MUX) switched to the next sensor, continuing until all 16 sensors were used. This
process allowed to construct a detailed velocity model at various stages of the experiment. Further
details on the data reduction of the AE data are provided in the main article. Details of the data
acquisition system and the high-voltage pulsing unit can be found in Selvadurai et al (2022).

Figure 10(a) shows the sample instrumented with the optical fibers. The layout of the DSS and
AE sensors is shown in Figure 10(b). Figure 10(c) shows the jacketed sample mounted in the triaxial
device before testing (Figure 10(c)).
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Figure 10 (a) Sample implemented with both types of optical fibers before jacketing. (b) Unwrapped surface of the
sample with the location of the implemented AE and DSS sensors. The polyimide-coated fiber (yellow) was overlapped by
the acrylate-coated fiber (green). (c) Sample mounted in the triaxial device before testing. Green lines are superimposed
on the picture to indicate the positions of the circumferential wrapping of the optical fiber.

8 Volumetric strain and seismic energy

A comparison between the evolution of the average volumetric strain and the cumulative moment
(
∑

M0) is shown in Figure 11. The error bars in Figure 11(a) represent the maximum and minimum
of the distributed volumetric strain. The volumetric strain is consistent with that observed in low
porosity rock (Brace, 1978). During the first part of the test, the sample undergoes a reduction in
volume (contraction) with an initial non-linear growth, followed by a linear increase. At approximately
65% of the peak differential stress (190.5 MPa), the average volumetric strain deviates from the linear
behavior (C ′). Following this, the sample experiences an increase in volume (dilation) with exponential
growth toward failure. The increase in dispersion in the error bars was driven by the onset of localized
strain (Figure 1(c) in the main article).

As expected from the initial seismic quiescence (Figure 3 in the main article), a low cumulative
seismic moment was observed during the initial stages of the test (Figure ??(b)). An increase in the
cumulative moment was initiated around C ′. However, more than 60% of the seismic energy was
measured in the last 400 seconds before failure (t8 − tf )
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Figure 11 (a) Volumetric strain evolution. The total anelastic volumetric strain (∆εDSS
V ) is defined as the difference

between the volumetric strain and the projection of the elastic part (red line). C′ (represented by the red dot) marks
the point where the volumetric strain deviates from the linear-elastic behavior. Error bars indicate the maximum and
minimum volumetric strain measured on the sample’s surface. (b) Evolution of the cumulative seismic moment (M0).
The x-axis has been inverted for comparison.
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9 Frequency magnitude distribution: Parameter selection and
sensitivity analysis

9.1 Selection of the parameters

Diverse methods have been employed to obtain the magnitude of completeness (M ′
c) of the frequency-

magnitude distribution (FMD) of a seismic catalogue, including visual inspection Wiemer and Wyss
(2000, 2002). We took a quantitative methodology to ascertain M ′

c and bin size (δ). This involved
conducting a sweep analysis using the entire dataset. For each pairing of M ′

c and δ, we calculated the
synthetic distribution with slope van der Elst (2021),

β̂ =
1

δ · ln(10)
coth−1

(
1

δ
M̄ ′

w −M ′
c + δ

)
. (1)

The goodness of the fit between the FMD of the seimis catalog and the synthetic distribution was
assessed using the coefficient of determination (Wiemer and Wyss, 2002)

R = 100−

∑M ′
max

M ′
i

(|Bi − Si|)∑
i Bi

100

 , (2)

where Bi and Si are the observed and predicted cumulative number of AE events in each bin. Following
Wiemer and Wyss (2002), we used R > 90% as the criterion for a good fit.

Figure 12 show four examples of the sweep analysis using (a) δ=0.01, (b) δ=0.02, (c) δ=0.03 and
(d) δ=0.04. For δ greater or equal to 0.04, R is below 90% for all M ′

c. Better fits (i.e., larger R) are
obtained when using smaller bin sizes. Larger M ′

c also results in better fits; however, this excludes a
larger number of AEs.

We selected δ=0.01 and M ′
c=0.07 (red square in Figure 12(a)) because this combinations provides

a good fit (R >90%; Wiemer and Wyss (2002)) while excluding the fewest number of AEs.
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Figure 12 Examples of the sweep analysis for the magnitude of completeness (M ′
c) and bin size (δ): (a) δ=0.01, (b)

δ=0.02, (c) δ=0.03 and (d) δ=0.04. The coefficient of determination (R; lower graphs) was calculate to determined
goodness of the fit. The red line in (a) represents the synthetic magnitude difference distribution for the entire catalogue,
while the red square indicates the selected combination of M ′

c and δ.
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9.2 Sensitivity analysis

9.2.1 Sub-cluster size

This sensitivity analysis considered two different sub-cluster sizes: 240 and 800 AE events. Figures
13 and 14 show the temporal fluctuations of the b- and D-values for the two sub-cluster sizes. The
fluctuations of the b- and D-values are similar to the analysis performed using 480 events (see Figure
3(d) in the main article). In all cases, we observed two b-value decreases during the last 200 seconds
before failure, with the minimum b-value recorded just after tf . Only slight differences in the b-value
magnitude were observed between the two sub-cluster sizes throughout the test.

The fluctuations of the D-value, calculated using sub-cluster sizes of 240 and 800 AE events (Figure
14), are also similar to the ones obtained using 480 events (see Figure 3(e) in the main article).
The periods of localization, delocalization, re-localization, and re-delocalization are conserved using
different cluster sizes. Nevertheless, slight variations in the timing of these pronounced fluctuations
were observed.
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Figure 13 Temporal fluctuations of the (a) b-value and (b) D-value during the tests. (b) Spatial statistics of the AE
events using the D-value. The b- and D-values were calculated using a running sub-catalogue of 240 events. Regions
coloured in light grey indicate the holding phases, while regions in light blue represent the estimated error (see Section
4.5.3. in the main article).
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Figure 14 Temporal fluctuations of the (a) b-value and (b) D-value during the tests. (b) Spatial statistics of the AE
events using the D-value. The b- and D-values were calculated using a running sub-catalogue of 800 events. Regions
coloured in light grey indicate the holding phases, while regions in light blue represent the estimated error (see Section
5.5.3. of the main article).

Figures 15 and 16 show the correlation of the b-value with the average volumetric strain ((a); ˙̄εv)
and the standard deviation of the volumetric strain rate ((b); σε̇v ) for sub-cluster sizes of 240 and 800,
respectively. The inverse correlation is maintained when using larger or smaller sub-clusters sizes.
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Figure 15 Fluctuation of b-value with (a) average volumetric strain rate ˙̄εv and (b) standard deviation of the volumetric
strain rate σε̇v , using a sub-cluster size of 240 events. The colour indicates time of the test. ˙̄εv and σε̇v were linearly
interpolated to match the time stamps of the b-value.

18



b
-v

al
u
e 

(β
-p

os
it
iv

e)

b
-v

al
u
e 

(β
-p

os
it
iv

e)

(a) (b)

v ( /s)Avg. volumetric strain rate, ( /s)Std. volumetric strain rate, σ v

t9

t8

t9

t8

Figure 16 Fluctuation of b-value with (a) average volumetric strain rate ˙̄εv and (b) standard deviation of the volumetric
strain rate σε̇v , using a sub-cluster size of 800 events. The colour indicates time of the test. ˙̄εv and σε̇v were linearly
interpolated to match the time stamps of the b-value.

9.2.2 Magnitude of completeness (M ′
c) and bin size (δ)

Figure 17(a) compares the fluctuations of the b-value when using higher and lowerM ′
c while maintaining

the same δ. In Figure 17(b), the bin size was varied while keeping the same M ′
c. Lower b-values

were obtained when using larger δ, though the overall shape of the fluctuations remained consistent.
Significant deviations in the b-value become apparent with variations in M ′

c. For example, lower or
larger b-value was obtained at t9 when different M ′

c were used (Figure 17(a)).
Figure 17(c) compares the b-value fluctuation when using the parameters selected in section 9.1

(M ′
c = 0.07 & δ = 0.01) with those from the parameters that showed the highest R (Section 9.1). The

fluctuations in the b-value become more pronounced when using larger M ′
c, which can be attributed

to the smaller sub-catalog associated with higher M ′
c.

Despite the variations in the b-value responses presented in this section, the principal trends dis-
cussed in the main article remain consistent. For all pairs of M ′

c and δ shown in Figure 17, an increase
of the b-value was observed close to t9. This was followed by two distinct decrease in the b-value as
the sample approached failure.
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Figure 17 Sensitivity analysis of the magnitude of completeness M ′
c and bin size δ. The b-value presented as black dots

were obtained using the same parameters as in the main article (M ′
c = 0.16 ; δ = 0.02). (a) b-value comparison using

different M ′
c with a constant δ. (b) b-value comparison using different δ with a constant M ′

c. (c) b-value comparison
using different M ′

c and δ.

An important observation in the main article is that the b-value exhibits an inverse correlation
with both the average volumetric strain ( ˙̄εv) and the the standard deviation of the volumetric strain
rate (σε̇v ). Figures 18 and 19 show that these inverse correlations persists in all pairings of M ′

c and δ.
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Figure 18 Fluctuation of b-value with average volumetric strain rate ˙̄εv . The colour indicates the time of the test. The
b-value was calculated using the following pair of parameters: (a) M ′

c = 0.0 & δ = 0.01, (b) M ′
c = 0.14 & δ = 0.01, (c)

M ′
c = 0.07 & δ = 0.02, (d) M ′

c = 0.07 & δ = 0.03, (e) M ′
c = 0.33 & δ = 0.02 and (f) M ′

c = 0.33 & δ = 0.01.21
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Figure 19 Fluctuation of b-value with the standard deviation of the volumetric strain rate σε̇v . The colour indicates
the time of the test. The b-value was calculated using the following pair of parameters: (a) M ′

c = 0.1 & δ = 0.02, (b)
M ′

c = 0.2 & δ = 0.02, (c) M ′
c = 0.16 & δ = 0.01, (d) M ′

c = 0.16 & δ = 0.03, (e) M ′
c = 0.2 & δ = 0.03 and (f) M ′

c = 0.1
& δ = 0.01.
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