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Abstract

The variations in the electric property of loaded rocks are essential in understanding the rock dynamics and fracturing process.
Decades of laboratory experiments have revealed different behaviors of stress-stimulated electric current due to the effects of
rock types, loading modes, and detection methods. These different behaviors result in difficulties in revealing the underlying
physics of electric current in rock and explaining adequately the wide variety of electric precursors measured before rock failure
or geohazards. In this study, cubic- and conical-shaped diorite specimens were specially designed and produced to investigate
experimentally the characteristics of pressure-stimulated rock current (PSRC) in the process of loading rock specimen to failure.
We measured a particular phenomenon of diorite PSRC variation with pressure, that is, PSRC remained nearly stable until the
applied stress reached 83%—98% of the failure strength. A remarkable step-like increment in PSRC was uncovered, and drastic
oscillations with maximum amplitudes of several hundreds of nA happened one second prior to abrupt rock failure. A holistic
mechanism that includes positive hole activation, field emission of electrons due to crack charge separation, and moving charged
dislocation was applied to interpret this particular phenomenon. We found that these mechanisms contribute comprehensively
rather than individually to the evolution of PSRC. We expect to provide an improved understanding of the underlying physics
of PSRC and the variation in rock electric property.
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Key Points:
e Pressure-stimulated rock current (PSRC) increases in a step-like way at high stress level

e PSRC oscillates with maximum amplitudes of several hundreds of nA at the very last
instant just before rock failure

e Positive hole activation, crack charge separation, and moving charged dislocation
contributes comprehensively to the PSRC variations.
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Abstract

The variations in the electric property of loaded rocks are essential in understanding the rock
dynamics and fracturing process. Decades of laboratory experiments have revealed different
behaviors of stress-stimulated electric current due to the effects of rock types, loading modes, and
detection methods. These different behaviors result in difficulties in revealing the underlying
physics of electric current in rock and explaining adequately the wide variety of electric precursors
measured before rock failure or geohazards. In this study, cubic- and conical-shaped diorite
specimens were specially designed and produced to investigate experimentally the characteristics
of pressure-stimulated rock current (PSRC) in the process of loading rock specimen to failure. We
measured a particular phenomenon of diorite PSRC variation with pressure, that is, PSRC
remained nearly stable until the applied stress reached 83%-98% of the failure strength. A
remarkable step-like increment in PSRC was uncovered, and drastic oscillations with maximum
amplitudes of several hundreds of nA happened one second prior to abrupt rock failure. A holistic
mechanism that includes positive hole activation, field emission of electrons due to crack charge
separation, and moving charged dislocation was applied to interpret this particular phenomenon.
We found that these mechanisms contribute comprehensively rather than individually to the
evolution of PSRC. We expect to provide an improved understanding of the underlying physics of
PSRC and the variation in rock electric property.

Plain Language Summary

Many kinds of electric precursors of rock fracturing or rock failure have been experimentally
revealed in past four decades. Therein, the behaviors of stress stimulated electric current of rock
materials are influenced by the loading modes and current detection methods; thus, different
mechanisms were proposed accordingly. By uniaxially and partly compressing cubic- and conical-
shaped diorite specimens to failure, we revealed the paticular and significant variations of rock
current before the rock failure, and found that such behaviors were attributed to a combination of
several mechanisms rather than a single one. This study exhibits potential use of dynamic signal
detection of pressure stimulated rock current and possible precursor identification of rock
fracturing.

1 Introduction

Rock dynamic disasters, such as rock bursts and tectonic earthquakes, result originally from deep rock
fracturing or rock failure and occur frequently from a deep part of the ground to the surface. Although
electric and magnetic phenomena was observed before some volcano and seismic activities (Uyeda et al.,
2002), and many geoscientists and rock engineers have attempted to place various sensors in rock mass to
search for early warning of the occurrence of rock failure or geohazards (Liao et al., 2003; Meng et al.,
2015), it is difficult or ineffective due to the uncertainty of the detected signals and the complexity of the
underground environment. Many laboratorial experiments have been performed to investigate the potential
electric precursors of rock failure, and they have revealed several electric signals, including charge particles
(Enomoto and Hashimoto, 1990, 1992), surface potential (Hadjicontis and Mavromatou, 1994; Yoshida et
al., 1997, 1998; Freund, 2002; Li et al., 2020), and electric currents (Hoenig, 1979; Vallianatos et al, 1999;
Stavrakas et al., 2004; Triantis et al., 2006, 2012; Freund et al., 2006; Anastasiadis et al., 2007; Li et al.,
2015; Li et al., 2021a, 2021b), preceding or accompanying with rock failure. The generation of electric
current in stressed rock (called in brief as rock current) is believed to be associated with the micro-fracturing
inside the rock volume, and mechanisms including electrokinetic effects (Mizutani et al., 1976),
piezoelectricity (Warwich et al., 1982), field emission of electrons (Enomoto and Hashimoto, 1990, 1992),
moving charged dislocation (Slifkin, 1993; Hadjicontis and Mavromatou, 1994; Vallianatos and Tzanis,
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1998) and peroxy defects activation (Freund, 2002, 2006) have been proposed. In many experiments, such
electric signals are measured when the stress applied to the rock sample exceeds the yield stress (Yoshida
et al., 1997; Yoshida et al., 1998; Starrakas et al., 2004; Anastasiadis et al., 2007; Li et al., 2015; Pasiou
and Triantis, 2017), but other experiments have shown that electric signals are generated immediately upon
the application of any significant mechanical load (Freund et al., 2006; Scoville et al., 2015; Li et al., 2021a,
2021Db). Thus, proper interpretation and physical understanding of the differences in electric signals are
very necessary.

A review of experimental studies in the past three decades, indicates that two major factors are
responsible for the differences mentioned above. First, different rock types have different mechanical
properties due to the complex mineral compositions and structures of rocks. Thus, even under the same
stress condition, rock specimens present different features of electric signals. For instance, in a tri-axial
deformation experiment performed by Yoshida et al. (1998), the electric potential on a dry sandstone
surface changed markedly prior to dynamic rupture, but such a change was not observed in dry basalt. The
researchers concluded that the piezoelectric effect is the dominant sources of precursory electric signals.
Many other experiments have demonstrated that a marble sample emits observable pressure-stimulated rock
currents (PSRC) when the progressive uniaxial stress exceeds its linear elasticity limit, and PSRC increases
considerably and reaches the maximum value in the vicinity of rock failure (Stavrakas et al., 2004).
However, similar experiments on sandstone have demonstrated that weak currents are generated
instantaneously when a load is applied initially, and PSRC corresponds well to the stress variations (Li et
al., 2021b).

Second, applying different loading and detection modes also influences the detected electric signals in
experiments. Figure 1 illustrates three classic loading modes that were commonly applied in the past three
decades. In the early 1990s, Enomoto and Hashimoto (1990; 1992) measured the emission of charged
particles from rocks undergoing indentation fracturing (Fig. 1a). Given that the indenter served as an
electrode, the collected charged particles were highly associated with indentation fracturing; thus, intensive
electric signals were concentrated where strong acoustic signals appeared. The amounts of detected
electrons and negative ions were higher than that of positive ions when rock cracking occurred around the
indenter. Figure 1b shows the most widely used loading mode in rock mechanics experiments, in which the
entire rock specimen is loaded. Aside from the effects caused by rock types, many other factors, including
loading rate (Hadjicontis and Mavromatou, 1994; Li et al., 2020), moisture of rock specimens (Yoshida et
al., 1998; Saltas et al., 2018), Young modulus of rock specimens (Stavrakas et al., 2004; Triantis et al.,
2006; Li et al., 2020), strain rate (Triantis et al., 2012), and deformation stage (Li et al., 2021b), have been
experimentally confirmed to exert remarkable impacts on PSRC or electric potentials. However, the
position of electrodes pasted or mounted on a specimen may also affect experimental results. For instance,
when the electrodes are pasted on the side surface of a sandstone specimen (Li et al., 2021b), PSRC initially
increases rapidly then decreases slowly a few seconds later; afterward, PSRC increases very slowly until it
approaches final failure and reaches the maximum when rupture occurs. Meanwhile, when the electrodes
are pasted on the press head of the loading machine (Li et al., 2020), the PSRC variation is divided into
three stages, namely, including rapid growth, slow growth, and approaching the peak. As shown in Fig. 1c,
the partly loading and detection mode was first adopted by Enomoto and Hashimoto in 1992 by considering
the ignorable distance between the initial rock fracturing (usually in deep Earth) and ground surface or the
stress gradients from concentration zone to relaxation zone; this mode has been developed and widely used
since 2002 (Freund, 2002, 2006, 2009; Scoville et al., 2015; Li et al., 2021a). When only one end or a sub-
volume of a rock specimen is subjected to external loads, detectable electric currents or potentials can be
measured on the other end or in the stress-free section. Usually, the electric signals are generated
immediately upon the application of any significant mechanical load. However, under the influence of the
stress concentration effect, macroscopic fracture of a specimen in the third mode (Fig. 1c) occurs initially
along the press head edge, and the stress of the rock volume is much less than the rock failure strength.
Thus, previous experiments have mainly focused on the elastic deformation phase of rocks, and the
evolution of electric signals with sufficient fracturing of rock sub-volume has rarely been investigated and
remains unclear.
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Figure 1. Schematic of three classic loading modes applied in experiments to detect electric charges generated
from rock specimens. The orange legends represent the commonly applied position of electrodes. (a) Indentation
loading at one point. (b) Loading over the entire cross section. (c) Loading partly on one end or a sub-volume.

The variation in electric signals detected from loaded rock specimens is a reflection of the
generation and redistribution of charge carries inside rock volumes or on rock surfaces. The
inhomogeneous mechanical property of rock specimens and the position of electrodes placed
influence the features of detected electric signals. The acoustic emission (AE) detection technique
is often used to investigate the relationship between micro-fracturing events and electric signals
because the electrification by micro-fracturing is generally considered as the predominate
mechanism (Stergiopoulos et al., 2013; Pasiou and Triantis, 2017; Saltas et al., 2018). However,
during the loading of a rock specimen, the received AE signals reflect all of the micro-fracturing
events occurring inside the entire rock volume, whereas the electrodes pasted on the sample surface
generally receive the electric signals induced by nearby opening fractures. The relation between
AE and electric signals entails much uncertainty and needs to be investigated further.

This study focused on the third loading mode (Fig. 1c) and aim to clarify the PSRC precursors
of rocks partly compressed to fracturing. First, a special-shaped rock specimen was prepared to
reduce or eliminate the stress concentration effect, and ensure that the loaded sub-volume could
be broken sufficiently. Second, progressive compression was applied until rock failure occurred.
During the progressive compression, the PSRC from the entire loaded sub-volume to the unloaded
upper part and the AE signals were recorded simultaneously. Lastly, the holistic mechanisms of
diorite PSRC were examined.

2 Materials and Methods
2.1 Specimen preparation

Gray diorite, from Fujian Province, China, was used to create the rock specimens. The thin section
of the diorite indicates that the diorite is composed of 60% plagioclase, 10% potassium feldspar,
10% pyroxene, and 10% —15% biotite and amphibole (Fig. S1a). In contrast to granite that was
commonly adopted in previous experiments, diorite was used in our experiment for three reasons.
First, the sizes of the mineral grains in diorite are relatively uniform, and the mechanical property
under external loading is homogeneous. Second, few quartz grains are contained in diorite, so the
piezoelectric effect on the electric signals can be excluded to reduce the uncertainty in data
analysis. Lastly, the proxy defect is common in diorite, which is also a typical igneous rock like
granite. Thus, PSRC can be measured due to P-hole activation by compressive stress even if no
other mechanism is involved. To reduce or eliminate the stress concentration effect along the press
head edge and ensure that the loaded rock sub-volume could be fractured sufficiently, we created
a bar-shaped rock specimen with a conical head, as shown in Fig. S1b. The lower part is for
uniaxial and compressive loading, and the upper conical part is unloaded and provides a small top
plane. For uniaxial compressive loading, the “unparallelism” of two loading surfaces was less than
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0.05mm. In addition, the surface of specimen was polished with 400-mesh sandpaper. To prevent
water from affecting the rock specimen, we placed them in an oven whose temperature increased
to 120 °C for several days until the specimen’s weight remained unchanged.

As shown in Fig. S1c, five strain gauges were pasted on one of the prepared diorite specimens
to investigate the basic mechanical property of the specimen. The results are illustrated in Fig. S1d.
The deformations in the different regions exhibited considerable differences. The deformation of
the loaded volume was significant, but no considerable strain occurred at the upper unloaded end,
suggesting that the specimen was loaded partly and the upper part was approximately unstressed.
In the process of loading to failure, the deformations of the side surface were nearly linear, and
unstable deformations occurred several seconds before specimen failure. This result indicates that
the diorite specimens were typical brittle materials. At the subsequent loading stage, the axial
direction of the underside was severely compressed, and lateral deformation was released suddenly
due to the unstable cracking, indicating the significant lateral expansion of the specimen. The
specimen was broken suddenly and completely when the stress reached the peak stress (136 MPa),
illustrating that the stress concentration effect along the press head edge was eliminated with such
a loading mode.

2.2 Experiment setup

The experiment setup is shown schematically in Fig. 2. A rock specimen was placed on a
platform, and its lower edge was at the same height as the press head. Conductive copper foil with
a thickness of 0.06mm was pasted tightly on the rock surface to receive electric charges. The
specimen was electrically isolated from the press heads and platform by thin
polytetrafluoroethylene (PTFE) pads (thickness of 0.6 mm), which can also absorb machine noise.
An AE sensor was bonded to the flat specimen surfaces. Before mounting the AE sensor, a
transparent tape was placed on the copper foil so that the charges generated in the loaded specimen
and collected by the copper foil would not be influenced by the metal AE sensor. Meanwhile, a
suitable amount of Vaseline was applied between the probe and the transparent tape to enhance
the reception of AE signals. Considering that electrical signals in the environment exert a
substantial impact on the effective measurement of the electric currents of a loaded rock, which
was often performed with slight and subtle variations in previous studies, we conducted the
experiments in a closed electromagnetic shielding cage formed by red copper wire (800 meshes).
Two press heads were grounded to release possible charges from the loading machine.

A servo-controlled loading machine was used to provide uniaxial compressive stress on the rock
specimens. The loading machine was specially designed to deliver a maximal 500 kN axial load
with precision higher than #1%. Electric current measurements were carried out with a Keithley
3706A electrometer equipped with a multichannel scanner card (Keithley 3721ST). The
measurement range was 1pA —100uA with an accuracy of 1nA. The sampling frequency of the
electric signals was 33 Hz. The negative electrode of the electrometer was connected to the copper
foil pasted on the lower part of a rock specimen through a coaxial cable (RG 58U), and the positive
electrode was connected to the copper foil pasted on the upper part of the specimen. AE signals
were detected using DS5-8A system through piezoelectric sensors (RS-2A sensors, 50 — 400 kHz).
Pre-amplification of 40 dB was used and the sampling frequency of the AE signals was 3 MSPS.
The threshold for the detection of an acoustic event was set to 10 mV.

The dried diorite specimens were subjected to progressive loading at a constant rate of 1 kN/s,
and the time series of the electric currents and AE signals were recorded simultaneously. The
experiments were conducted several times to ensure the reproducibility of the results and the
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validity of the derived correlations between electrical currents and external loads. After
experiments, the fragments of broken rock specimen used for SEM (TESCAN mira4) were first
cleaned with pure water and paint thinner, with which the greasy dirt and fine particles on the rock
surface were wiped off. Then the samples were dried at 120°C for two hours. All the specimens
were coated with gold (200 thickness) prior to SEM observation in order to prevent surface
charging under the SEM electron beam.
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Figure 2. Experiment setup in this study. (a) Schematic of the experiment setup used for the measurement of
PSRC and acoustic emission during uniaxial loading of diorite specimens. (b) Photograph of a specimen inside
the load frame.

3 Results
3.1 Experimental setup and procedures

The detailed temporal variation of the PSRC flowed through specimen S1 is shown in Fig. 3a.
Before the loading, PSRC was maintained at around 0 nA and showed slight fluctuations, which
were caused and determined by the background noise. The load began to increase at 60 s, but no
remarkable PSRC change appeared. When the load reached 396 kN at 456 s (stress level of 117.6
MPa) and equaled ~91.6% of the failure strength (o = 128 MPa), a step-like increase in PSRC
was measured, i.e., PSRC increased gradually from 456 s to 469 s then became steady. To express
this step-like increase in PSRC clearly, the originally measured PSRC signals are smoothed and
illustrated by an orange solid line in Fig. 3a. PSRC increased by 2.9 nA (ACo) in the step-like
increment process, after which PSRC remained at high-level values with background noise until it
approached rock failure. As shown in Fig. 3b, PCS began to change dramatically and showed a
sharply positive fluctuation with a huge amplitude of +114 nA at 0.48s before specimen failure.
Afterward, PSRC showed a large negative fluctuation with an amplitude of -60 nA and several
other fluctuations with relatively large amplitudes prior to specimen failure; this result
demonstrates that the PSRC variations prior to rock failure might be determined by the
complicated physical process.

The AE signals of S1, which were produced by the rapid growth of microcracks inside the rock
volume, were detected simultaneously (Fig. 3a). In the beginning of loading (t = 60 s), only one
AE event occurred, and it was caused by the closure of pre-existing micropores or specimen flaws.
No AE occurred until 217 s, suggesting that the specimen was deformed elastically during this
period. From 217 s to 310 s, microcracks began to develop, and a few scattered AE events
occurred. Physically, these microcracks were isolated and discrete. Continuous, considerable AE
occurred after 310 s, suggesting that the stress-induced microcracking became intense and the
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microcracks started to nucleate from pre-existing flaws. After 310 s the evolution of AE could be
divided into three relatively separate phases with respect to the AE rate and AE energy. Each phase
began with an intense AE rate and ended with a relatively high AE energy, indicating that an
independent and significant fracturing process occurred inside the specimen. The silence stage
between intensive AE events suggests that the rock specimen was stressed locking. Two seconds
before specimen failure (Fig. 3b), AE was not measured anymore, which indicates that the
specimen was in a state without microcracking but contained huge restored deformation energy
for impending failure.
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Figure 3. Detected signals in diorite specimen S1. (a) Signals measured during the entire loading process and
(b) signals measured several seconds prior to specimen failure, the bule dots represent the sampling points of
electric current.

Considering the relationship between the PSRC variations and evolutions of AE events in S1,
we summarize the following points. First, the step-like increase in PSRC was measured at a stress
level of 0.920¢, whereas considerable AE activity was measured when the stress ratio was equal
to 0.68ay, which is much earlier than the remarkable variation in PSRC and indicates that the step-
liking rise in PSRC may be related to the accumulative AE events. Second, although a huge
amplitude of +114 nA and subsequent significant fluctuations were illustrated prior to rock failure,
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no AE signals were detected during this short period, indicating that the noteworthy PSRC
variations prior to rock failure were independent of rock fracturing.

On the basis of the features of PSRC and AE measured in the experiments, the entire loading
process could be divided into four characteristic stages: early silence stage (stage 1), during which
the PSRC and AE variations were not considerable; AE developing stage (stage Il), during which
AE was considerable and even intensive but no remarkable PSRC variations were shown; PSRC
rising stage (stage Il1), during which a step-like rise in PSRC was exhibited and the accumulative
AE events and AE energy exceeded 50% of their eventual values; and the final stage (stage 1V),
which occurred about 1 second prior to abrupt failure and where PSRC showed drastic fluctuations
but AE was relatively unchanged.

Diorite specimen S1 was broken explosively, several macroscopic fractures were produced
parallel to the loading direction, and finely ground rock particles were formed (Fig. 4a and 4b).
The lower part of the specimen was laterally dilated by several tensile fractures under compression.
Meanwhile, the measured macroscopic tension fractures and the separate fragments indicate that
the loaded lower part of the specimen was broken sufficiently. The upper conical end of the
specimen was not broken and remained complete, but it was separated explosively from the loaded
part by 0.5-1 meter when the specimen reached failure, indicating that the energy released for rock
fracturing was considerable. The formation of large fragments of the broken specimen was mainly
determined by the axial—parallel fractures, and the destruction of rocks was always accompanied
with the formation of separate particles (Viktorov and Kochanov, 2016), which was mainly caused
by the linkage of trans-granular cracks to form detached slivers of the broken materials (Fronseak
etal., 1985). To investigate the distributions of microcracks in broken S1, SEM observations were
performed. The results are illustrated in Figs. 4c—4e. The micrograph of the surface of the upper
part (Fig. 4c) indicates that no observable microcracks were distributed; it also suggests that the
upper part of the specimen was not influenced by the applied pressure, and the original structures
was approximately not changed. By contrast, on the pressed surface (Fig. 4d), a typical tensional
microcrack with a width of 2-3 um that passed across grains was measured. It displayed a
characteristic Z-like shape [30], demonstrating that large amounts of microcracks were distributed
on the pressed surface in addition to the observable macroscopic fractures. Moreover, the
microcracks generated on the freshly fractured surface were interrelated but not sheard (Fig. 4e),
and the cracks and crystal cleavages were observable, indicating that the grain-boundary and trans-
granular microcracks developed well inside the loaded sub-volume of the specimen.

To ensure the reliability of the experimental results, the same tests were performed on six other
diorite specimens (S2-S7). The obtained PSRC and AE signals during the loading processes and
during several seconds prior to specimen failures are shown in Figs. S2 and S3, respectively. Under
the progressive—compressive loading to failure, the evolutions of the PSRC of these specimens
could also be divided into three phases similar manner to that of S1. Specifically, PSRC showed a
relative plateau in the early loading stage, followed by a typical step-like increment when the stress
level reached 0.85-0.98a;. Then, dramatic fluctuations with huge amplitudes occurred in the final
stages of the loading process. Accordingly, the entire loading processes of these specimens could
be also divided into four stages in a similar way to S1 with respect to the features of PSRC and
AE. Notably, the AE activity of each diorite specimen differed. On the one hand, in the diorite
specimens prepared for testing, the microscopic cracks, including grain boundary, intergranular
and intragranular cracks (Simmons and Richter, 1976), were often irregular and ragged; thus,
during the loading process, the microcracking induced by stress concentration (Gallagher et al.,
1974; Krzna, 1979), elastic mismatching, (Wang and Heard, 1985) and twining (Olssonn and Peng,
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1976) at the microscale was specific. Consequently, the time-dependent behavior of AE activity
directly related to the evolution of microcracks (Atkinson, 1987) may show differences in AE rate
and AE energy. On the other hand, the natural geological environment and the sampling processes
of specimens differ, leading to a difference in their stress history and Kaiser effect (Kurita and
Fujii, 1979).

Conical end Freshly fractured surface
[}

2021-11-26 TESCAN MIRA

Figure 4. Photos of the broken diorite specimen S1. (a) The conical head separated explosively from the
specimen as specimen failure and (b) front surfaces axially loaded in the experiment. (c)-(e) SEM micrographs
of different regions on broken specimen S1. “A” illustrates the polished specimen surface at the upper part, “B”
illustrates the specimen surface subjected directly to the pressure, and “C”” illustrates the freshly fractured surface.

Considering the differences in the behaviors of the AE signals of the specimens, the evolutions
of the AE of each specimen were normalized with respect to the total number of events and total
energy (Fig. S4). The AE events of all specimens began to increase considerably when the stress
level exceeded 0.6505, suggesting that at the early loading stage, the growth of microcracks in all

specimens was slight and limited. With the further increase in applied stress, the accumulative AE
events of the specimens showed different behaviors. S1, S3, and S5 presented a relatively linear
tendency; S2 and S4 showed a gradual increase followed by a rapid increase, and S6 and S7
exhibited a fast-slow—fast increasing trend. Moreover, the evolutions of the accumulative AE
energy of the specimens were similar despite the corresponding stress levels. Generally, three
sudden increments were exhibited during the entire loading process. Considering the relationships
between the step-like rise in PSRC and the applied stresses, the AE behaviors, and the strain
changes (shown in Fig. 5), we derived the following conclusions. First, although the initiation of
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the step-like rise in PSRC corresponds to different stress levels (~0.84-0.9905) for different
specimens, the high stress level of loaded specimens is likely to cause a remarkable increase in
PSRC. Second, if the total damage of a given specimen is certain as loading it to failure, then the
accumulation of damage corresponding to at least 50% of the total number of AE events and AE
energy is important for inducing significant PSRC. Third, a specimen is strengthened at the stress
level of 0.85-0.990¢, during which the increase in stress is faster than that in strain; this might be
related to the step-like rise in PSRC. Lastly, the drastic variations in PSRC prior to specimen failure
might be influenced by the abnormal variations of strains at the final loading stage, where the
vertical strain is released suddenly and the axial strain is increased drastically.
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Figure 5. Relationships of the step-like rise of PSRC and the applied stress, the strains, the accumulative
AE events and the accumulative AE energy. The sizes of colored circles illustrate the normalized accumulative
AE energy, which behave its maximum at the moment of abrupt final failure.

Notably, the drastic fluctuations of PSRC in all specimens occurred at the very last instant just
before the maximum failure stress was reached, which is generally within 1 second, and the first
fluctuations were always positive (Fig. S3). This result indicates that the initiation of dramatic
PSRC variations prior to rock failure might have the same physical process for different specimens,
although the failure strength, PSRC variations, and development of micro-fracturing in these
specimens are considerably different. Statistically, the amplitudes of the step-like rise in PSRC for
all specimens in this study were 3-4 nA, and the drastic fluctuations of PSRC that occurred 1
second prior to specimen failure showed wide range of variations with respect to their amplitudes
and directions. Table S1 summarizes the experimental results on the PSRC variations of all
specimens.
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4 Discussion

4.1 Battery effect related to PSRC variations

By applying uniaxially compressive load on the bar-shaped diorite specimen with a conical head,
the diorite PSRC illustrated obvious features, as shown in Fig. 6a, including (1) step-like rise in
PSRC as the accumulative damage developed to a certain degree; (2) positive fluctuation of PSRC
prior to specimen failure and (3) negative fluctuation for several specimens. Before discussing the
mechanism of these special PSRC variations, we need to know first what physical process these
PSRC variations represent.

Generally, the variation in PSRC detected from a loaded rock specimen is a reflection of the
generation and redistribution of charge carries inside rock volumes or on the rock surface. In our
experiments, the negative electrode of the electrometer was connected to the copper foil pasted on
the lower part of the rock specimen, and the positive electrode was connected to the copper foil
pasted on the upper part of the rock specimen. Therefore, in terms of the step-like rise or positive
fluctuation of PSRC, the rock specimen behaved like a battery, as shown in Fig. 6b. The upper
part of the specimen served as the cathode with electrons flowing into it, and the lower part (loaded
end) functioned as the anode with electrons flowing out of it. Similarly, the negative fluctuation
of PSRC demonstrated that the upper part of the specimen behaved as the anode, and the lower
part (loaded end) behaved as the cathode, as shown in Fig. 6¢. To investigate the mechanism of
the measured PSRC variations in our experiments, we determined how the applied pressure
induced the differences in potential between the upper and lower parts of the diorite specimen.

— g,
@ (b) (©)
Positive fluctuation
\\‘ Cathod Anode

Failure
:

& 48 ofe

Step-like rising
Current

Base line

b

’ RS Cathode
Negative fluctuation

— PR —

Step-like rising / Positive fluctuation Negative fluctuation

Time

Figure 6. Schematic of the battery effect with respect to the PSRC variations measured in the experiments.
(a) The typical features of PSRC revealed in out experiments. (b) The forward current indicates the upper part
as cathode and lower part as anode, while (c) the reverse current indicates the exchange of specimen’s electrodes.

4.2 Holistic mechanisms of PSRC from the rock specimen

Several mechanisms have been proposed to interpret the electrical signals produced by stressed
rocks and minerals; these mechanisms include field emission of electrons due to crack charge
separation (Enomoto and Hashimoto, 1990), piezoelectric effects (Yoshida et al., 1994),
electrokinetic effects (Mizutani et al., 1976), moving charged dislocations (MCD; Slifkin, 1993;
Hadjicontis and Mavromatou, 1994; Vallianatos and Tzanis, 1998), and outflow of positive holes
(P-hole; Freund, 2002, 2006). The piezoelectric effect refers to the capability of the quartz mineral
to generate an electric charge when rapid stress changes occur due to dynamic rupture. Given that
the tested thin section of diorite (Fig. S2) illustrated that the amount of quartz minerals embodied
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in the tested diorite was small, we confirmed that the piezoelectric effect was not the cause, at least
not the main cause, of the PSRC production in our tests. Electrokinetic phenomena are caused by
the presence of an electric double layer formed at the solid-liquid interface, which means the
electrokinetic effect needs the participation of liquid. However, the tested specimens in this study
were air-dried several days before testing, and diorite usually has low porosity; thus, the
electrokinetic effect can be ignored.

Field emission of electrons is associated with crack charge separation during rock fracturing.
With the opening of a fracture in rock volume, the charges are separated on both sides of the crack,
where high electric fields in the order of 10°~107 VV/cm are produced between the crack walls and
result in the field emission of electrons (Enomoto and Hashimoto, 1990, 1992). A perfect
correlation between the appearance of electric signals and the occurrence of cracking was
measured and confirmed in the indentation loading experiments, and signals related to negatively
charged particles (representing electrons or negative ions) and positively charged particles
appeared during loading (Enomoto and Hashimoto, 1990, 1992). With the micro- and macro-
fracturing of the rock specimen, the effects of crack charge separation or field emission could
affect the generation and distribution of electric charges of the rock volume. However, with regard
to the crack charge separation mechanism only, our experimental results revealed two
controversial phenomena. First, the initiation of considerable AE events did not induce observable
variations in PSRC, and AE activity did not show regular variations before and after the step-like
rise in PSRC. Second, physically, if the fracture initiated inside the rock volume but did not
penetrate onto the rock surface, how did crack charge separation influence the detected PSRC in
our experiment? Third, the dramatic PSRC variations that occurred prior to rock failure showed
poor relationships with AE activity.

The MCD mechanism always occurs in association with brittle fracturing (Vallianatos et al.,
2004). In a crystalline structure, charged edge dislocation, which is electrically neutral in thermal
equilibrium (Whitworth, 1975), is moved under a dynamic process and no longer maintains
neutrality, thereby inducing an electric signal (Slifkin, 1993). An experimental study conducted in
1994 reported that a variation in electric signals occurs when the applied stress increases at an
increasing rate, but no change in electric signal occurs when the stress increases at a constant rate
(Hadjicontis and Mavromatou, 1994). Thereafter, Vallianatos et al. (2004) developed MCD theory
and correlated the variation in electric currents to the changing Young’s modulus. They found that
PSRC only appears when the stress is high enough for the material to enter the plastic deformation
phase. The MCD model is generally accepted and has been verified by many experiments on rocks
and minerals (Stavrakas et al. 2004; Triantis et al. 2006; Anastasiadis et al. 2007; Stergiopoulos et
al. 2015). MCD theory appears to be responsible for the step-like rise in PSRC measured in our
experiments. However, providing a reasonable explanation for the potential difference between
the upper and lower parts (Fig. 6) is difficult.

From a chemical point of view, peroxy defects, which are typically formed with a molecular
structure of 03X-00-YO3 (X, Y=Si**, AI** etc.), are ubiquitous in rock forming minerals of the
Earth’s crust (Rossman, 1996) and embodied massively in silicates (Freund et al., 2006) and
igneous rocks (Freund, 2002; Balk, et al., 2009). The peroxy bond (-OO-) in rock materials can be
disturbed by additional stress; as a result, positive holes are produced and propagate from the
stressed rock volume to the unstressed parts (Freund et al., 2006; Scoville et al., 2015). Given that
diorite is a typical igneous rock and the particular loading and detecting mode applies (Fig. 2), the
effect of peroxy defects could be an underlying mechanism of the diorite PSRC measured in our
experiments. Scoville et al. (2015) found that upon loading a rock with a constant rate, the current
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begins to rise rapidly and reaches its maximum at 5 MPa, which is far smaller than rock strength.
However, such a phenomenon did not occur repeatedly in our experiments.

Physically, the experimentally detected variations in PSRC could be attributed to a combination
of several mechanisms rather than a single one, and all the possible mechanisms or physical
processes should be considered simultaneously. In the following parts, the contributions of
different mechanisms at different stages are analyzed and discussed in detail.

4.3 Step-like rise in PSRC
4.3.1 Causes of PSRC remains indistinctive at the first two stages

Despite the effects of the loading and detection method applied in our experiments, the theories of
MCD and field emission of electrons can reasonably explain why PSRC kept “silent” at stage |
because no or only a few dislocations or microcracks occurred during this period. However, several
studies have demonstrated that PSRC rises immediately as the specimen is loaded because the
dormant -OO- embodied can be activated when the peroxy bond angle is changed (Freund et al.,
2006; Scoville et al., 2015; Li et al., 2021a, 2021b). In our experiments, a remarkable rise in PSRC
did not occur at the early loading stage. The mineral components of the diorite specimen, namely,
plagioclase, pyroxene and biotite (Fig. S1a), are typical tectosilicate, inosilicate, phyllosilicate
minerals, respectively, within which the structural units of O3Si-O0-SiO3 bearing dormant peroxy
links (-OO-) are richly embodied (Freund, 2002). Therefore, as shown in Fig. 7a, the low-level
pressure can also disturb the peroxy links and activate he, which propagates through the stationary
O? sublattice; their mutual electrostatic repulsion forces them to the unstressed or less-stressed
surfaces. In fact, the numerical simulation results show that stress is also distributed on the upper
part of specimen (Fig. S6), but the values of stress on upper part are much less than that on lower
part; thus, the stress gradients along with the height of specimen was formed and the he propagated
to upper part of specimen. In such case, the upper unloaded volume of the specimen most likely
behaves as the cathode due to the accumulation of he. Accompanied with the activation of he, the
decoupling peroxy bond receives an electron (¢) from the neighbouring [SiO4]*. Freund (2006)
supposed that the trapped e is loosely bonded and can move within the stressed rock volume. Thus,
the lower pressed volume behaves as the anode. Once the connection between the upper and lower
parts is established, the circuit loop closes, allowing the electrons to flow out (Fig. 7b).

For a given rock type, the amount of stress-activated he mainly depends on the stressed volume
of the rock specimen. In laboratory experiments (Freund et al., 2006) on a long granite slab, when
one end (the stressing volume was about 1500 cm?) of the slab rock was compressed at a constant
rate of 0.1 MPa/s until 67 MPa, the measured PSRC increased linearly at a rate of 10.4x107 nAJs.
In our experiments, the compressed diorite volume was 161.3 cm?, and the loading rate was (0.3
MPa/s. The PSRC induced by he is expected to be approximately 1.1x10° nA/s about. The impact
of such a small amount of he on PSRC was limited and most likely obscured by the background
noise. Consequently, remarkable PSRC variations were difficult to observe at the early loading
stage. Meanwhile, part of stress-activated he could also propagate to the less-stressed side and
bottom surfaces. Thus, the amount of net negative charges that could be received by the lower
copper foil was smaller than the amount of he flowing into the upper copper foil. The induced
PSRC variation was limited because the electric current flowing through the closed circuit was
physically determined by the relatively small amounts of net negative charges flowing out from
the lower part.
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Figure 7. Stress-activated positive hole charge carries in the partly loaded diorite specimen. (a) Generation
and propagation of positive hole charge carries, (b) positively discharging effect, and the local cracks and global
fractures in the lower part of specimen, (c) negatively discharging effect induced by surface ionization.

With the increase in compressive stress, the AE activities began to occur when the stress
exceeded 0.60¢. At stage Il, the microcracks initiated from local stress concentrations resulting
from mismatches in elastic properties along the grain boundaries (Tapponnier and Brace, 1976) or
from natural flaws and pores (Sprunt and Brace, 1974); thus, these microcracks were distributed
discretely as local cracks (Fig. 7b, Fig. S7). As shown in Fig. S8, in the process of fracturing the
peroxy bond embedded in the crack tip would be bent and decoupled, then separated thoroughly.
It is no doubt that he would be released in the process of bending, and an extra electron would be
trapped at the parent peroxy entities at the same time. With the complete separation of the bond,
the previously trapped electron would occupy the valence band of oxygen as an eight-electron
configuration and become immobile. At the same time, the other unpaired electron behaves as
dangling bond, that are expected to trap the free electrons on or near the freshly created crack wall
surface, i.e., the negative charges separated on the crack walls may be consumed by such dangling
bond (Dickinson et al., 1981). Only when local cracks are generated on or in the vicinity of a
specimen surface, the micro-fracturing induced charges, including crack separation charges and
electrons driven by field emission (Enomoto and Hashimoto, 1990, 1992), could be transferred to
the copper foil, and the total net electrons flowing out the lower part may increase accordingly.
However, our numerical simulation results show that most of the newly generated microcracks at
early loading stage (before 0.850;) were inside the rock volume rather than on the rock surface

(Fig. S7), and notably these local cracks are discrete and isolated; thus, their negative charges
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could not be transferred to the rock specimen surface at stage 11. Therefore, with the comprehensive
effects of the reduction in loosely trapped electrons at the parent peroxy entities and the slight
increase in negative charges from the rock surface cracks, the PSRC variation was still indistinctive.

The above-mentioned MCD mechanism is also associated with micro-fracturing. According to
MCD theory, the transient electric variation of a crystalline structure in a dynamic process is
related to the non-stationary accumulation of deformations (Vallianatos et al., 2004). When the
stress exceeds the elastic limit and micro-cracks begin to generate, actually the rock is still nearly
linear if the micro-fracturing activity is very low (Scholz, 1968); thus, PSRC is still not changed.
In addition, as illustrated in previous experiments (Stavrakas et al., 2004; Pasiou and Triantis,
2017; Li et al., 2021b), the measured currents start to increase after a certain critical stress
threshold, but the maximal variations of currents could reach 0.1-0.4 nA, which is much less than
the background noise of PSRC in our experiment. Meanwhile, if a crack open inside the stressed
rock volume, its impact on the electric signals on the rock surface is limited because the intensity
of the electric field decays with distance. Therefore, although the field emission of electrons is
truly existed at stage-11 in the current study, its effects on PSRC were minimal and limited.

4.3.2 Coalescence and connection of microcracks induce remarkable PSRC variations

The step-like rise of PSRC in all the specimens started at the stress level of 0.84-0.994; and
significant cumulative damages were reached (Fig. 5). Hence, we analyzed the characters of stage
I11 with respect to the microstructures and charge distributions of the specimens. Physically, as the
compressive loading increased further, many new microcracks are activated, and the existing
microcracks continued growing until the size and numbers of the cracks were so large that they
began to interfere and interact with each other, eventually linking the surface and inner cracks and
forming global fractures (Fig. 7b), which are characteristic of rock specimens approaching failure
[35]. We could not investigate the source locations of the microcracks by using one AE sensor
only, but the numerical simulation indicates that the evolution of microcracks inside the specimen
underwent coalescing and connecting processes at this stage (Fig. S7).

In fact, as illustrated in Fig. 7b, in the process of loading diorite specimen several local cracks
initiated on the rock surface, during which the electric charges resulting from broken peroxy bonds
or charge separations could transfer and flow into the copper foil on the surface. Meanwhile, other
local cracks initiated in the inner part of the rock volume; in this case, the free electric charges
formed with crack growth were constrained on or near the crack surface or crack tips until these
local cracks extended to the specimen surface. In addition, the generation of global fractures at
stage 11 attached to the specimen surface provided channels for the free charges from other local
cracks inside the rock volume. On the other hand, at stage 111 the positive holes were also activated
by the cracking behavior and propagated continuously into the upper part. Therefore, with the
coalescence and connection of the microcracks, abundant cracking-induced negative charges were
transferred to the rock surface and led to the significant increment in PSRC.

These discussions suggest that in process of loading the diorite specimen to failure, P-hole
activation, crack charge separation, and field emission were facilitated by the coalescence and
connection of microcracks at a high level of stress. Notably, the critical stress level and
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accumulative damage may be influenced strongly by rock types, loading modes, specimen size,
and the rock volume subjected to compressive load. These factors will be studied in another work.

4.4 Drastic PSRC oscillation prior to rock failure

All of the seven diorite specimens showed that drastic PSRC variations occurred one second about
prior to rock failure. The physical processes prior to rock failure, especially within such a short
period, are difficult to be illustrated clearly because of the impending sudden failure of diorite
specimens, and the corresponding fracture mechanics or stress state in the rock volume are also
poorly understood. As discussed in Section 4.3, at stage 111, the intensive local cracks should have
interfered and interacted with each other and developed into multiple groups of global fractures
(Atkinson, 1987), which could be distributed throughout the entire rock volume. Thus, assuming
that the generation of positive holes at stage Il is only related to the opening of local cracks, the
amounts of electrons or negative ions at the lower part that result from the broken peroxy bond,
charge separations, field emission effect, and MCD effect are much larger than the amounts of
positive charges transmitting into the upper part, which results only from the activation of positive
holes. Hence, the detected PSRC in this study was determined by the amounts of positive holes at
stage 11 that were kept relatively stable because the generation and consuming rates of positive
holes may have a dynamic equilibrium state. As stage IV approached, a few AE signals were
detected, and the significant deformation of the specimen was mainly caused by the dislocations
or deformations of the lattice inside the mineral grains rather than the growth of microcracks along
the grain boundary. Thus, the main generation mechanism of positive holes was changed, and the
peroxy bonds embedded inside the mineral grains, the amount of which was much larger than that
of the peroxy bonds embedded in the grain boundaries or flaws, might have been activated. PSRC
increased drastically when the large amounts of positive holes propagated into the upper part.

At stage IV, because almost no local cracks or global fractures occurred accompanying the
drastic PSRC variations, the electrons or negative ions reserved in the lower part at stage 111 were
consumed rapidly by the large amounts of upward positive holes. Thus, the detected PSRC
returned to zero instantaneously, and a positive fluctuation occurred. Most of the time, large
amounts of positive holes accumulated in the upper part. The accumulation of positive hole charge
carriers he on the surface produced a positive surface charge layer, as shown in Fig. 7c, and the
microscopic high electric field on the rock surface may have caused air molecules to be ionized.
The field ionization of air molecules (O2 — O2" + e7) produced Oz" ions and electrons. At stage
IV, the applied stress on the lower part might be concentrated locally because the structure of this
sub-volume was changed by the multiple global fractures. Consequently, part of the sub-volume
became less stressed or unstressed (Fig. S6), and the positive holes were transmitted to the surface.
Therefore, as illustrated in Fig. 7c, the battery polarity was reversed; the upper part became the
cathode due to the ionization electrons, and the lower part became the anode due to the
accumulation of positive holes, leading to the negative fluctuation of the detected PSRC.
Meanwhile, the physical processes of several positive or negative fluctuations in certain specimens
are difficult to illustrate clearly because the structures, deformations, and stress concentrations at
such a short stage are complex and often transient. Basically, the significant and abnormal



565
566

567

568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583

584

585
586
587

588

589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605

JOURNAL OF GEOPHYSICAL RESEARCH-SOLID EARTH

variations of PSRC were contributed comprehensively by the physical processes mentioned and
discussed above.

5 Conclusions

By uniaxially compressing cubic- and conical-shaped diorite specimens to failure and pasting
copper foil on large parts of the rock surface for the first time, this study synchronously measured
the pressure-stimulated rock current (PSRC) and acoustic emission (AE). The experimental results
revealed that the temporal variation of the PSRC of the diorite specimen could be divided into
three phases: (1) indistinctive at stages of elastic deformation and early micro-fracturing, (2) step-
like rise at a high level of stress and significant accumulated damage, and (3) dramatic oscillation
shortly prior to impending rock failure.

The stress-activated P-hole activation, crack charge separation, and field emission of electrons
are suggested responsible for the PSRC variations, and the prominent mechanism might be
different in varied phases of the PSRC evolution. The coalescence of local microcracks and its
connection to global fractures provided important channels for the movement of electric charges
and consequently promoted remarkable PSRC variations. The experimental results of this study
provide a new understanding of the stress-activated electric current of compressively loaded rocks
embodied with peroxy minerals, which exhibit potential use of dynamic signal detection of PSRC
and possible precursor identification of rock fracturing, which includes but not limited to rock
mass breaking, rock structure failure, mine burst, and seismic activity.
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Text S1.

Simulation of stress distribution and microcracks growth. The Grain-Based Discrete
Element Modelling (GB-DEM) method [1] was used to simulate the initiation and growth
of microcracks in the process of loading the diorite specimen to failure by using the
programs PFC2D. First, as shown in Fig. S5a, the initial two-dimensional grain structure
model was created according to the contents and sizes of four main minerals embedded
in diorite specimen (Fig. S1, Table S2), and the generated disks has been divided into
four groups accordingly. By connecting the centers of the disks that share the same
contact points, multiple convex polygons are formed correspondingly (black solid lines).
Second, the centroids of convex polygons were calculated and illustrated by the red dots
in Fig. S5b. Third, by connecting the red dots of polygons that share the same edge (blue
solid lines in Fig. S5c), a new polygonal mesh was formed (yellow solid lines). Then, all of
the original disks in the initial model were deleted and the remaining convex polygons
corresponds to the mineral grains (Fig. S5d). Lastly, each newly formed convex polygon
was filled with new disks, of which the scale is much smaller than that of polygon;
thereby, the geometric model with polygon grain structure reflects the distributions of
different mineral crystals (Fig. S5e and 5f). There are no gaps between polygons - each
polygon edge is either internal (adjacent to two polygons) or external (adjacent to one
polygon) such that each polygon and internal edge correspond with a grain and a grain-
grain interface, respectively.

Based on the modulus and Poisson's ratio of minerals given in Table S1, “trial and
error” method was used for calibrating the mechanical parameters of the filled small
disks in Fig. S5e, such that the established numerical model matches the macroscopic
response and most of the mechanisms that occur during compression test on diorite
specimen. Besides, material properties are associated with the grains and the interfaces
such that both entities are deformable and capable of fracturing. The calibrated results
are listed in Table S3. The overall macro-properties of simulations and experiments are
well agreed.

Type or paste text here. This should be additional explanatory text, such as:
extended descriptions of results, full details of models, extended lists of
acknowledgements etc. It should not be additional discussion, analysis, interpretation or
critique. It should not be an additional scientific experiment or paper.
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Figure S1. Preparation of rock specimen. (a) thin section of diorite with cross light (b) bar-
shaped diorite specimen with a conical head (c) the strain gauges pasted on the specimen
surface, CH2 and CH3 are pasted on side surface, CH4 and CH5 are pasted on underside
surface. (d) the stress-strain curves of specimen in process of axially loading to failure.
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Figure S2. Detected PSRC and AE signals of diorite specimens S2 - S7, corresponding (a)
- (f) respectively.
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Figure S3. PSRC variations during several seconds prior to the rock failure for specimens
S2-S7, corresponding (a) - (e) respectively.
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Figure S5. Construction process of grain-based discrete element method (GB-DEM). a.
initial disk packing showing disks and contacts, where Am, Px, Pl and Bt represent four
main minerals in diorite specimen that illustrated in Fig. S1. b. filled dots (red) at internal-
void centroids. ¢. grain structure consisting of polygons, one for each internal disk, with
nodes at internal-void centroids. d. generated polygon mesh. e. two-dimensional
numerical model of diorite specimen in our experiment. f, enlarged polygon mesh with
filled particles.
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Figure S6. Results of numerical simulation (with particle flow model) for the distribution
of stresses in the loaded diorite specimen. (a) the stress distribution at x direction; (b) the
stress distribution at y direction.
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Figure S7. Results of numerical simulation (with particle flow model) for growth and
propagation of microcracks in process of loading specimen to failure. o represents the

failure strength
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Specimen o (MPa) R AC, (nA) AC; . (nA) Tp — T, (S)

S1 128.27 91.6% +4.1 +114 0.48
S2 138.99 90.3% +3 +53 0.78
S3 145.54 89.1% +3 +96 0.89
S4 147.32 98.7% +3.4 +115 1.1
S5 135.12 83.7% +3.5 +199 0.64
S6 132.14 91.9% +3.1 +682 0.61
S7 115.48 96.9% +3.5 +203 0.95

R represents the strength ratio at which the PSRC of each specimen began to rise in a step-like
way, AC, represents the increment amplitude of step-like rise in PSRC, AC;, represents the
increment amplitude of first positive fluctuations in PSRC prior to specimen failure, T, represents
the time of the specimen failure, T, represents the time of the first positive fluctuation in PSRC prior
to specimen failure.

Table S1. The detected PSRC variations in experiments.



Plagioclase Hornblende Pyroxene Biotite

Physical properties

Volume composite  Vy4ti0 60% 20% 10% 10%
Density p (kg/m?3) 2620 3124 3260 3050
Modulus E (GPa) 37.5 87 94.1 51
Poisson’s ratio u 0.32 0.29 0.25 0.27
Sizes

Minimum grain size d,,;;, (mm) 4.0 2.2 2.0 14
Maximum/Minimum d,,,,./dmin 1.4 1.27 1.2 1.14

Table S2. Physical properties and size of particles for different mineral materials.



Plagioclase =~ Hornblende Pyroxene Biotite

Balls
Minimum radius Rin (MM) 0.25
Radius ratio Rinax/Rmin 1.66
Density p (kg/m?3) 2620 3124 3260 3050
Young Modulus Epau (GPa) 33.5 68.0 78.0 56.0
Stiffness ratio k,/ks 2.3 1.9 1.4 1.8
Friction coefficient u 0.5 0.5 0.5 0.5
Transgranular contacts
Young Modulus Ef-. (GPa) 33.5 68.0 78.0 56.0
Stiffness ratio kire/ktra 2.3 1.9 1.4 1.8
Friction angle Pire. (degree) 10.0 15.0 15.0 10.0
Cohesion strength ¢, (MPa) 100.0 80.0 110.0 50.0
Tension strength otra (MPa) 70.0 60.0 80.0 40.0
Intergranular contacts
Linear Young Modulus  Ef,, (GPa) 20.0
Linear stiffness ratio k' /it 2.9
Parallel Young Modulus E, (GPa) 20.0
Parallel stiffness ratio k' /kint 2.9
Friction angle Qine. (degree) 40.0
Cohesion strength Ctrq. (MPa) 35.0
Tension strength o™ (MPa) 30.0

Table S3. Calibrated parameters for different mineral materials in GB-DEM.
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