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The study of pressure stimulated current (PSC) changes of rocks is significant to monitor dynamic disas-
ters in mines and rock masses. The existing studies focus on change laws and mechanism of currents gen-
erated under the loading of rocks. An electrical and mechanics test system was established in this paper
to explore the impacts of loading rates on PSCs. The results indicated that PSC curves of different rocks
had different change laws under low/high loading rates. When the loading rate was relatively low, PSC
curves firstly changed gently and then increased exponentially. Under high loading rates, PSC curves
experienced the rapid increase stage, gentle increase stage and sudden change stage. The compressive
strength could greatly affect the peak PSC in case of rock failure. The loading rate was a key factor in aver-
age PSC. Under low loading rates, the variations of PSCs conformed to the damage charge model of frac-
ture mechanics, while they did not at the fracture moment. Under high loading rates, the PSCs at low
stress didn’t fit the model due to the stress impact effects. The experimental results could provide theo-
retical basis for the influence of loading rates on PSCs.
� 2023 Published by Elsevier B.V. on behalf of China University of Mining & Technology. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Coal mining has gradually entered the stage of deep mining in
China. Meanwhile, the coal and rock dynamic disasters such as
rock burst and coal and gas outburst become increasingly serious
and complex, which has strong impacts on efficient and safe pro-
duction of coal mines [1,2]. Besides the direct hazards, they may
easily trigger other tremendous accidents. Gas explosion occurs
occasionally during the coal mining, due to a large amount of elec-
tric charge released along with the redistribution and fracture of
roof rock stress [3–5]. The essential reason and monitoring mech-
anism of these dynamic disasters are that the roof rock produces
freely moving charges when the stress changes [6,7]. Therefore, it
is of great significance to study the current changes generated by
stress stimulation of the rock to prevent coal mine roof dynamic
disasters and the induced secondary disasters.

A large number of studies have proved that currents are formed
by freely moving charges produced during the deformation process
of rocks under loads. This kind of current is called the pressure
stimulated current (PSC). The macroscopic laws and generating
mechanism of PSCs have been studied in different types of rocks,
such as marble, granite, sandstone and coal rock [8]. Stavrakas,
Anastasiadis and etc. studied the change laws of currents gener-
ated in marble under the action of uniaxial compression. It is gen-
erally believed that these currents are generated during the
initiation and propagation of cracks in the rock [9–11]. The most
representative theory is moving charged dislocations (MCD)
model, proposed by Slifkin and further improved by Vallianatos
and Tzanis based on change laws of currents in different rocks
under uniaxial compression [12–14]. In some experiments, PSCs
will only be detected when the stress applied to the rock specimen
exceeds a certain level [15,16]. While in other experiments, PSCs
will be generated immediately when any significant stress is
applied to the rock specimen [9,17,18]. When the stress is at a con-
stant level, PSCs will attenuate and remain constant when it atten-
uates to a certain value. The reason for this difference is the
different lithology and mechanical properties of rocks [19–21]. A
large number of experimental results have indicated that the
change of PSC values is closely related to mechanical properties
of the tested rock samples [22–26].

The mechanical property parameters of rocks are not only
related to the natural occurrence conditions such as rock types,
mineral compositions and cementation types, but also closely
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related to the loading rates [27–29]. During the coal mining, the
temporal and spatial changes of mining velocity and stress distri-
bution will change the loading rate of the roof overburden, and
thus PSC characteristics of roof rock will be changed, thereby
affecting the stability prediction of the rock. The current research
focuses on the change laws and mechanism of PSCs to reveal the
generating mechanisms of earthquakes and coal mine dynamic
disasters and provide theoretical basis for the prediction of earth-
quakes and volcanic eruption, and the rock mass instability moni-
toring. However, there are few studies on PSC changes of the rock
masses with different lithology during the loading, and the influ-
ence mechanism is still unclear. Therefore, this paper constructed
a rock electrical and mechanics test system, explored the variation
law of PSCs of rock with different lithology, analyzed the mechan-
ical effect of PSCs under different loading rates, and provided a the-
oretical basis for the mechanical influence mechanism of electrical
effect during the process of rock failure.

2. Experimental methods

2.1. Experimental specimens

In this paper, the rocks with different lithologies were chosen as
the research objects, including the granite (belonging to magmatic
rocks) from Yantai, Shandong province, marble (belonging to meta-
morphic rocks) from Dali, Yunnan province, and sandstone (be-
longing to sedimentary rocks) from Renlou coal mine, Anhui
Province. After obtaining bulk rock specimens, the rocks with high
homogeneity and sound mechanical properties were selected and
processed into cylinders of u50 mm � 100 mm. The residual rock
specimens were used for X-ray diffraction analysis (XRD) and SEM
(scanning electron microscopy) analysis. As shown in Fig. 1, the
granite is dominated by quartz, followed by amphibole and biotite.
Marble mainly consists of dolomite, with a small amount of amphi-
bole. The main composition of sandstone in Renlou deposit is
quartz, followed by albite and a small amount of mica. In order
to avoid stress concentration during the loading process, the upper
and lower surfaces of each specimen were polished, and the sur-
face roughness didn’t exceed ±0.05 mm. After selecting a certain
number of rock specimens, the specimens with larger differences
were eliminated using the ultrasonic velocimeter. In order to
achieve the drying effect and reduce the influence of polarization
potential, the processed rock specimens were dried in a vacuum
drying oven at 60 �C for 48 h to eliminate free water.

2.2. Experimental system and process

In this paper, a PSC test system was constructed for the failure
of rock materials under uniaxial compression. It was used to mea-
sure the current, stress and strain changes over time during the
compression deformation and failure process of granite, marble
and sandstone. It was mainly composed of a uniaxial compression
Fig. 1. Result
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test system, PSC data acquisition system and a shielding and pro-
tection system. Fig. 2 shows the schematic diagram of the system.

In this paper, the electro-hydraulic universal testing machine
MTS-C64.605 was used for the uniaxial compression testing to
record the real-time changes of parameters such as force, load,
strain and etc. Its computing system can record and calculate the
stress and strain changes of rock specimens under loading, as
shown in Fig. 2. The Keithley DMM6500 was used to acquire cur-
rents generated by the rock specimens from the loading process
to the failure process. With high accuracy and large measuring
range, it could directly collect the waveforms in the measurement
range of 10 pA and 10 A, without using the separate instrument. As
shown in Fig. 2, one end of the DMM was connected to the lower
indenter through an alligator clip, and one end was grounded.
The connecting wires were shielded cables and were not subjected
to external electromagnetic interference. The indenter was made of
stainless steel, whose deformation and resistance could be ignored.
During the experiment, the rock specimens and the experimental
system needed to be shielded and protected, so that the collected
voltage data were true and effective. Besides, the 200 copper mesh
was used to make a Faraday cage to cover the rock specimens and
press blocks, thus isolating the interference of external electromag-
netic signals. Meanwhile, the shielded cables could effectively
reduce the noise. In order to prevent the debris generated during
the loading and crushing process from splashing out and reduce
unnecessary damages, a transparent protective cover was installed
outside the testing machine.

2.3. Experimental process

The whole experiment was carried out according to the follow-
ing steps:

(1) After the preparation of rock specimens, the ultrasonic
velocity testing was conducted for the cylinders of u50
mm � 100 mm to eliminate the specimens with larger dif-
ferences. This could minimize the effects of the primary
abnormal cracks or secondary cracks caused during the pro-
cessing and ensure the experimental results.

(2) One end of the DMM6500 was connected to the lower
indenter through an alligator clip, and the other end was
grounded to test the currents generated by the rock speci-
mens. The indenter was connected to the alligator clip
through the copper tape. The resistance was zero on both
sides of the copper tape. The data were stored by the com-
puter. The resistance value of the insulating paper was effec-
tive, greater than 2.4 MX.

(3) After connecting the rock specimens and the experimental
equipment, the MTS testing machine microcomputer system
was started. Different loading rates were designed by pro-
gramming. The force loading method was adopted in this
experiment, and the loading method was the linear loading.
s of XRD.



Fig. 2. Experiment system of PSC.
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With the uniform loads, the linear loading method could be
expressed as follows:

S ¼ a � t ð1Þ
where S is the stress; a the rate of the stress change, i.e. the loading
rate; and t the time.

When t=Smax/a, the rock specimen was broken, and Smax repre-
sents the ultimate compressive strength of the rock specimen.

In this experiment, the loading rates were set as 0.5, 1, 5 and 10
kN/s. According to Kato [30], 0.5 and 1 kN/s belonged to the low
loading rates, and 5 kN/s and 10 kN/s were high loading rates.

(4) The KickStart was started to choose proper sample rates, and
other experimental parameters were set.

(5) After the preparation of each test system, the stress loading
of the testing machine and the voltage test data collection
were started at the same time.

(6) After the rock specimens were destroyed, the testing
machine would automatically stop.

3. Results and analysis

3.1. PSC change laws under different loading rates

Different rock specimens were loaded by uniaxial loading, with
the loading rates of 0.5, 1, 5 and 10 kN/s, respectively. The speci-
mens of granite, marble and roof sandstone in Renlou coal mine
were marked as HGY-0.5, HGY-1, HGY-5, HGY-10, DLY-0.5, DLY-
1, DLY-5, DLY-10, RL-0.5, RL-1, RL-5 and RL-10, respectively. One
end of the ammeter was grounded, so the current measurement
value represented the flow of electric charge at one end of the rock
specimen under loading. To facilitate the analysis of the change
law, the absolute values of the current values were taken to ana-
lyze the magnitudes of the currents without analyzing the polarity
changes.

Figs. 3–5 show the PSC change laws of specimens of granite,
marble and roof sandstone under various loading rates. For the
convenience of analysis, s=S/Smax in the figure, where Smax is the
ultimate compressive strength and is a constant. Therefore, the
change law of S is the same as that of s. In Fig. 3, the PSC curves
changed significantly with different loading rates under dry condi-
tions. Obviously, the PSC curves showed different laws under dif-
ferent loading rates.

The PSC changes were small under low loading rates in the ini-
tial stage of loading. The current values remained constant at a low
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level or increased slowly, with low-frequency fluctuations. When
the stress continued to increase and t=td, the current began to
increase slightly. At this time, the corresponding stress level S
was Sd, and s was sd. When the stress continued to increase, the
PSC increased exponentially until tf, that is, the rock was com-
pletely damaged. At this point, S=Smax, and s=1. The stress reached
the ultimate compressive strength of the rock. The peak Cpeak of
PSC could be observed, which was consistent with the occurrence
of stress mutation.

While under high loading rates, PSC curves could be divided
into three stages in the whole loading process. At Stage I, PSC
increased with the increase of the stress and reached the Cmax in
a short time. Especially in Fig. 3d, there was a sudden increase in
currents due to the stress impact in the initial stage of loading.
The comparisons between Fig. 3c and d showed that the increase
rates of the currents varied with the loading rates. As the stress
increased, the current change entered Stage II. At this stage, the
PSC changed slightly and the current values were basically the
same or increased moderately. A downward trend could be
observed in some areas. When the loading rate was 10 kN/s, the
current value dropped slowly after the sudden increase in Stage
I, and then increased slowly. When the stress continued, and
S=Smax, PSC increased suddenly, quickly reached the peak for a
short duration and then decreased. The time of peak occurrence
was basically the same as that of stress mutation occurrence. After
the peak current, the current value still maintained at a relatively
high level, indicating that the granite could continue to discharge
and form strong currents after experiencing the main failure. The
results indicated that the PSC curves of the granite were different
with various loading rates under the loading and failure process,
and had good consistency with the stress. The current change
could reflect the stress and failure state of the granite, but couldn’t
give advance warning. Similarly, PSC curves of marble and roof
sandstone changed obviously under different loading rates in
Figs. 4 and 5.

In summary, PSC curves of different rocks presented different
change laws under low and high loading rates during the loading
and failure process, with good consistency with the stress. The
current change could reflect the loading and failure states of
rocks.

The change of current could reflect the state of stress and
destruction of the rock. At a lower loading rate, the PSCs first had
a low level and a flat phase, and then an exponential growth phase.
At high loading rates, PSCs went through three stages: the rapid
growth stage, the gentle stage and the sudden change stage.



Fig. 3. PSC curves of granite under different loading rates.

Fig. 4. PSC curves of marble under different loading rates.
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Fig. 5. PSC curves of sandstone under different loading rates.

Fig. 6. Peak currents under different loading rates.
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3.2. Change characteristics of peak currents

In Section 2.1, the change laws of the PSC of a rock specimen
were different under high and low loading rates. With the loading
rates of 0.5 and 1 kN/s, Cpeak and Smax of the specimen of the granite
were 52.04 nA, 60.01 MPa and 62.6 nA, 80.05 MPa, respectively.
When the loading rates were 5 and 10 kN/s, Cmax were 64.36 and
96.55 nA, respectively. The corresponding Cpeak and Smax were
104.14 nA, 118.6 MPa and 97.67 nA, 88.22 MPa, respectively. For
the specimen of the marble under the loading rates of 0.5 and 1
kN/s, Smax and Cpeak were 77.73 MPa, 43.98 nA, and 118.14 MPa,
60.41 nA, respectively. When the loading rates were 5 and 10
kN/s, Cmax were 11.93 and 20.59 nA, respectively. Cpeak and Smax

were 55.26 nA, 95.35 MPa, and 35.87 nA, 67.28 MPa, respectively.
For the specimen of the roof sandstone of the coal mine, when the
loading rates were 0.5 and 1 kN/s, Cpeak and Smax were 159.81 MPa,
84.15 nA, and 162.05 MPa, 104.61 nA. When the loading rates were
5 and 10 kN/s, Cmax were 35.41 and 43.2 nA, respectively. Cpeak and
Smax were 78.39 nA, 138.04 MPa, and 94.03 nA, 147.8 MPa.

Fig. 6 shows variations of peak currents of rock specimens
under different loading rates. It could be seen that the peak cur-
rents were not consistent with the loading rates. They didn’t
increase with the increase of the loading rate, and there were no
correlations between them. The loading rate couldn’t affect the
peak current, so it was not the decisive factor for the current
formed at the moment of rock failure. Fig. 7 shows peak currents
of rock specimens under different compressive strengths when
fracture and unstability occurred. For the same rock specimen
under failure, its peak currents increased with the increase of the
compressive strength, without presenting linear relationship. The
correlations between each rock specimen’s compressive strength
and peak currents were analyzed. The Pearson correlation coeffi-
cients of the granite, marble and roof sandstone of Renlou coal
mine were 0.88, 0.967 and 0.954 in a 95% confidence interval.
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The values of P were 0.12, 0.033 and 0.046, respectively. The P
value of granite was greater than 0.1, and other values were all less
than 0.05, indicating that the compressive strength was signifi-
cantly correlated with the peak current. Through the correlation
analysis between the compressive strengths and peak currents of
all rock specimens, the value of P was 0.006, less than 0.01, pre-
senting significant correlations. Therefore, the compressive
strength was the key factor for generating peak currents in case
of rock failure. In the process of uniaxial loading of the rock,
micro-cracks occurred under various loading rates. After reaching
the compressive strength, rock specimens subjected to larger com-
pressive strengths generated more micro-cracks. When the rock
specimen was fractured, a large number of micro-cracks pene-
trated instantly and formed stronger and abrupt peak current.



Fig. 7. Peak currents under different compressive strength.
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Therefore, the compressive strength played a key role in generating
peak currents in case of the rock specimen failure, which was a key
factor affecting the occurrence of intense electromagnetic radiation
and secondary disasters.
3.3. Change characteristics of average PSC

Lv et al. have evaluated the characteristics of charge generation
on the surface of the rock through the accumulation of electrical
signals [31]. However, the previous experimental results indicated
that under different loading rates, the duration of rock specimens
with different strengths varied from loading to failure. Meanwhile,
due to instrument errors, the acquisition times were different
under the same acquisition frequency. Besides, the rock specimens
varied considerably, and there were large differences even for the
same kind of specimens. Therefore, the cumulative electrical sig-
nals couldn’t represent the electricity generation capacity of vari-
ous rock specimens with different compressive strengths. Thus,
the average current CA was proposed in this paper to evaluate
the rock specimens’ electricity generation capacity. It was
expressed by the quotient of the cumulative current C value and
the cumulative acquisition times.

CA ¼
P

C
N

ð2Þ

where N refers to the cumulative acquisition times during the load-
ing process. CA of each specimen could be calculated.
Fig. 8. Average PSC under different loading rates.
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Fig. 8 shows the change law of the average PSC of rock speci-
mens under different loading rates. When the loading rate was
low, the average PSC was relatively low. While the average PSC
increased sharply under the high loading rates. On the whole, the
average PSC increased as the loading rate increased, and the PSC
was directly related with the loading rate from the loading to fail-
ure of the rock specimen. The correlation analysis results indicated
that the Pearson correlation coefficients of the granite, marble and
roof sandstone of Renlou coal mine were 0.949, 0.96 and 0.938,
respectively, with a 95% confidence level. The values of P were
0.051, 0.04 and 0.062, representing significant correlation, existing
correlation and significant correlation. Therefore, the loading rate
could determine the average PSC to some extent. Especially under
the continuous loading conditions, the greater the loading rate, the
higher the stress and the faster the crack propagation rate, the
higher the electron energy level on the separation surface, and thus
the stronger the PSCs. As the loading rate increased, more free
charges would be generated per unit time, and higher PSC would
be observed macroscopically.

Fig. 9 shows the average PSC in case of instability and failure of
rock specimens under different compressive strength. It could be
seen that there were no obvious relationships between the PSC
and compressive strength. The greater the compressive strength
of the rock specimen, the smaller the difference between the mate-
rial mechanical parameters of the rock specimen unit. During the
process of uniaxial loading, various micro-cracks occurred with dif-
ferent loading rates, while the micro-cracks rarely penetrated in
rock specimens with relatively larger compressive strength.
Fig. 10 shows the SEM experimental results of different rock spec-
imens. Marble is a metamorphic rock whose microcrystal morphol-
ogy is mostly irregular scaly and disorderly accumulation. It was
composed mostly of dolomites and its compressive strength was
large. There were large gray areas on the smooth specimen surface
of granite and Renlou Mine roof sandstones, whose main mineral
composition was feldspar. Meanwhile, there were large irregular,
granular shiny white areas whose mineral composition was quartz.
It could be seen that the quartz crystals of granite were more
stereoscopic with larger and irregular particles. The quartz of sand-
stone was flaky grains with sedimentary rocks, and the particles
were tightly combined with the cements. Both the granite and
sandstone had extremely strong compressive strength, especially
the roof sandstone of Renlou Mine. Weak surfaces were hard to
be formed by the mirco-cracks around the crystal particles due
to the cements, so the average generation ratezhi of electric charge
was not affected by the strength. After reaching the compressive
strength, the rock specimens with larger compressive strength
generated. In case of failure, a large number of micro-cracks
Fig. 9. Average PSC under different compressive strengths.



Fig. 10. SEM results of different rock samples.
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penetrated instantaneously and thus formed stronger and sudden
peak PSC. Therefore, the compressive strength was a key factor
for the peak PSC, and the loading rate could determine the average
PSC during the loading process of the rock specimen.
4. Influence mechanism of loading rates on PSCs

The fracture of heterogeneous rock masses is usually a complex
nonlinear process, which involves highly complex interactions
across multiple time/length scales under non-equilibrium condi-
tions. During the deformation process, PSCs occurred under various
mechanisms when rock specimens were subjected to external
stresses. These mechanisms were related to crack initiation and
propagation processes. The fracture and stress induced effects
could be regarded as irreversible kinetic results of disordered sys-
tems resulting from scale-invariant long-term interactions. The
stress S of the rock specimen was a function of the strain e in the
linear-elastic range, which could be expressed as Eq. (3).

S ¼ Υ0 � e ð3Þ

where Y0 is the constant Young’s modulus of undamaged materials
in the elastic range. When the stress exceeds the elastic range,
micro-cracks will occur. For a given S, the strain e shall be larger
than the value calculated by the Eq. (3). Therefore, Eq. (4) could
be obtained.

S ¼ Υe � e ð4Þ

where Ye is the effective elastic modulus, and is no longer constant.
It decreased gradually with the increase of stress in the plastic
range. In order to present the process, the damage parameter D
was introduced and expressed by Eq. (5).

Υe ¼ Υ0ð1� DÞ ð5Þ
The damage parameter could quantitatively describe the devia-

tion from linear elastic fracture, so it could represent the rate of
micro-crack generation, within the range of 0 to 1. When D was
0, the rock specimen was in the linear-elastic stage, which could
be expressed by Eq. (3). When D was 1, the rock specimen failure
occurred. According to Vallianatos and Tzanis’s theoretical model
Fig. 11. Stress–strain curve
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of current generation due to stress both in piezoelectric and non-
piezoelectric rocks, the pressure stimulated current I was propor-
tional to the strain rated de/dt. Thus, if Y=Y0 (a constant), then

I / de
dt

ð6Þ

If Y=Ye, according to Eqs. (3) and (4), Eq. (7) could be obtained.

I / 1
Υe

de
dt

/ 1
1� D

de
dt

ð7Þ

To facilitate the analysis, the graph was drawn with s as the y-
axis, and e as the x-axis. Fig. 11 shows the stress–strain curves of
the granite, marble and sandstone with the loading rate of 1 kN/
s. When s was less than 0.3, their strain change rate was relatively
large, and the specimens were at the stage of compaction. When s
was larger than 0.3, the strain curves increased linearly, and the
rock specimens were at the linear-elastic stage. As the stress con-
tinued to increase, the stress-strain curves began to deviate from
the straight line. At this point, s=sd. It was remarkable that when
the normal stress (s=0.065) exceeded the limit value, the rock spec-
imens were beyond the linear-elastic range. The Young’s modulus
decreased as the stress increased. Therefore, when s was between
0.6 and 0.75, regardless of rock types, PSC began to increase. That
is, the transient currents occurred, which was consistent with the
results obtained by Eq. (7) and the current change law in Sec-
tion 3.1. dS/dt was constant, but the change of PSC was caused
by the changes of Young’s modulus.

To sum up, no obvious PSCs were observed under low loading
rates, with dS/dt=a (a constant) and Eq. (3) was effective (s<sd).
Micro-cracks began to occur when the stress exceeded the elastic
limit (Eq. (4)). They continued to propagate and develop as the
stress increased. Finally, the non-elastic deformation occurred
and the transient and enhanced PSC could be observed. The results
in Fig. 11 showed that under low loading rates, the currents con-
formed to the damage model of the fracture mechanics, while they
did not at the moment of rupture. Under high loading rates, PSCs
could be detected even though external stresses were applied to
the rock specimens in the linear range. At this point, the original
cracks of the rock closed rapidly due to the impact effects of the
loading rate. Meanwhile, new cracks occurred and PSCs were also
generated.

5. Conclusions

In this paper, the uniaxial compression PSC test system was
established to explore the influences of the loading rates on PSCs
of rocks. The conclusions were given as follows:

(1) PSC curves varied for different rock specimens under low/
high loading rates, which were highly consistent with the
stresses. When the loading rate was relatively low, the PSC
s of the rock samples.
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was firstly small and gentle, and then increased exponen-
tially. In case of high loading rates, PSC experienced the
rapid increase stage, gentle stage and sudden change stage.

(2) Pearson correlation coefficients of the granite, marble and
sandstone were 0.88, 0.967 and 0.954 in a 95% confidence
interval of compressive strength and peak current. The gran-
ite’s P value was greater than 0.1, while marble and sand-
stone’s P values were less than 0.05, indicating that the
compressive strength played a key role in generating peak
currents in case of rock failure.

(3) The loading rate could determine the average PSC of the
rock. Under the continuous loading, the greater the loading
rate, the faster the growth rate of the cracks, the higher
the electronic level on the separation surface, and the easier
the generation of free charges. The loading rate could deter-
mine the generation rate of the micro-cracks of the rock
specimen, so the faster the generation of the free charges,
the larger the currents.

(4) Under low loading rates, when dS/dt=a(a constant), no sig-
nificant transient PSCs could be observed. When the stress
exceeded the elastic limit, micro-cracks began to occur. As
the cracks propagated and expanded, the transient and
enhanced PSCs could be detected. While under high loading
rates, due to the impact effects of the loading rates, even if
stresses were applied to the rock specimen in the linear
range, the increased PSCs could also be detected.
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