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Geoelectric field response
characteristics analysis of floor
roadway surrounding rock fracture
caused due to coal seam mining

Yuanchao Ou'?, Pingsong Zhang'?**, Maoru Fu'2, Xiongwu Hu'?*‘, Rongxin Wu?,
Chang Liu?, Binyang Sun?, Shiang Xu?, Shenglin Li? & Lei Tan?

The fracture of rocks surrounding the floor roadway during the mining of the working face of a coal
mine is a complicated spatiotemporal process due to the superimposed action of multiple stress fields
on the surrounding rock mass. Using the surrounding rock of a floor roadway in the working face of
the Huainan Pan’er Mine as the research subject, we conducted real-time monitoring using geoelectric
field monitoring technology, and found the spatiotemporal response law of the geoelectric field in

the process of regional rupture and damage of engineering rock masses under a complex stress field
environment. The results show that (1) the time series response characteristics and spatial distribution
of the geoelectric field signal are closely related to the stress distribution and damage evolution of the
surrounding rock mass; (2) the rupture and damage degree of the goaf floor significantly increased
when the working face was pushed through the monitoring area for 20-40 m. During this process, the
excitation current dropped by 4-12 mA, and the self-potential pulse fluctuation amplitude was greater
than 400 mV; (3) from the beginning of the monitoring process to the end of the monitoring, the
self-potential in the damaged area decreased by 250 mV, and the self-potential in the mudstone layer
below the damaged area increased by 140 mV. The electrons released into the environment around
the damaged rock mass during the severe impact phase of mining did not flow back to the damaged
area, and the positive charge in the damaged rock mass gradually accumulated in the complete rock
mass in units of rock strata; (4) when superimposed and supported by anchor rod and cables, the
bearing capacity of the shallow bearing circle of the roadway was enhanced, and the excitation current
presented a step-like overall increase during mining of the working face with a small drop after every
significant increase. This result is of significance in monitoring the evolutionary process of real-time
failure of rock masses under complex stress environments using geoelectric field information and in
improving the quality of geoelectric field monitoring technology testing applications in the future.

Numerous types of intelligent mechanical mining equipment have been successfully developed and are currently
used, and they significantly improve the efficiency of coal seam mining'-; however, roadway construction in
mines requires a considerable amount of time. It is imperative to change the problems of single-use and short
service life of previous roadways and design roadways that can be reused and remain safe and stable during mul-
tiple mining of the surrounding working faces. Thus, research on the stability and failure of roadway-surrounding
rock during coal seam mining is of great significance to develop a technical framework for roadway-surrounding
rock stability control and engineering.

Over the years, problems with the mechanism, maintenance, deformation control and failure of roadway
surrounding rock*® have been the focus of academic research and engineering construction. Many studies have
tested the deformation and fracture of roadway surrounding rock, including sonic wave testing’, stress and strain
test'?, multipoint displacement test'!, borehole camera technology'?, and resistivity test"’.

The borehole electrical method uses the resistivity value as a parameter to evaluate and analyse the risk of
rock deformation and failure or water inrush from the working face'***. However, this parameter is unstable,
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Figure 1. Potential time series of a single electrode.

has low accuracy and high interference, and often leads to large jumps and fluctuations in the resistivity value,
which impact the final result. Geoelectric field monitoring based on the borehole electrical method has many
advantages, such as high adaptability, low interference due to abnormalities, robust test results, simple data
processing, and high reliability of test data. In recent years, there has been increasing scientific research on its
technical theory and applications'*2!. For example, Liu et al. designed three types of seepage model tests and
studied the correlation between the excitation current and the water inflow of the test model; their study revealed
the space-time evolution of groundwater seepage systems in the process of mining and the geoelectric field
response characteristics of mine water inrush disasters?. Wu et al. revealed the change law of the spontaneous
potential in the process of rock mass damage based on numerical simulation, physical simulation test and field
monitoring and further mastered the self-potential response characteristics of "three zones" of a coal seam roof
in the mining process®. Wu et al. expounded on the principle of the electrode current method and proposed
the method and construction process to monitor mining overburden damage using the borehole electrode cur-
rent method, which achieved a good application effect in field measurements®. Liu et al. provided a detailed
description of the point discharge occurrence, and the micromechanism of the self-potential anomalies was
explained. Combined with laboratory and in situ test results, it is proven that the spontaneous potential of a rock
mass impulsively fluctuates and decreases as a whole in the process of continuous damage®. Yang et al. studied
the coupling relationships between stress, self-potential, and acoustic emission parameters for bituminous and
anthracitic coals under uniaxial compression®.

In terms of underground practical applications, ordinary strength cables are mainly used in monitoring holes.
This type of cable has low tensile strength and no steel wire or other protective components inside. When the
rock mass is greatly deformed or broken, the cable will be damaged, so it cannot continue to collect later data.
In addition, the rock mass damage and failure of the roof and floor of the working face are due to the change in
the rock mass stress field caused by mining. The stress field environment is relatively single and does not involve
rock mass failure under the superposition of multiple complex stress fields. The analysis of geoelectric field
monitoring data is relatively simple. Meanwhile, the underground in situ monitoring of geoelectric fields in the
existing literature mainly selects excitation currents or self-potentials for testing, while there are few engineering
research results for a comprehensive comparative analysis of these two electrical datasets.

In this regard, the author takes the floor roadway of a working face in the Huainan Paner mine as the engi-
neering background. By constructing the monitoring hole in the floor roadway and using the reinforced cable,
the survival condition of the sensor in the hole under the complex stress environment is obviously improved.
The rock mass damage process in the monitoring area during the entire mining cycle of the working face is
effectively obtained. To master the fracture evolution characteristics of floor roadway surrounding rock under a
complex stress environment, electrical parameters such as natural potential and excitation current are monitored
in real time. This paper reveals the generation mechanism and variation characteristics of electrical anomalies
in the process of rock mass damage, analyses the relationship between self-potential and excitation current, and
discusses the advantages and application effects of geoelectric field tests in a complex test environment affected
by the superposition of multiple stress fields. The research results lay a foundation for further comprehensive
utilization of the geoelectric field technology to accurately identify the rock mass damage and failure and data
fusion processing in complex environments.

Geoelectric field monitoring technology

Technical principle. When the internal stress of the rock mass in the deep environment of the mine accu-
mulates or releases to a certain extent, it will lead to the fracture damage of the rock mass. In the process of rock
mass fracture, it will be accompanied by micro or macro abnormal manifestations such as electromagnetic,
acoustic wave and temperature. The occurrence of these physical phenomena will inevitably lead to the informa-
tion mutation of the physical field and chemical field. By monitoring the geoelectric field in the rock mass, the
electrical data of three stages: natural field, primary field and secondary field can be observed (Fig. 1).

The existing research results have confirmed that there is charge separation at the crack tip in the process of
rock failure. The highly concentrated stress causes the energy release of rock. The escape of charged particles, as a
form of energy release, will lead to abnormal self-potential of the tested rock. Self-potential mainly shows a sud-
den pulse like continuous fluctuation and a slow decline as a whole. For the primary field, the overall conductivity
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Figure 2. Schematic diagram of the monitoring of the geoelectric field of the rock mass fracture®.
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Figure 3. Geoelectric field monitoring equipment. (a) Electrical cable, (b) electrical cable structure details, (c)
parallel electrical method.

of the fracture developed area in the rock mass becomes weak, and the current line in this area is repulsed. The
current decreases during fracture development. Therefore, when the power supply voltage is fixed, the damage
state of rock mass can be inferred according to the change of excitation current?>?>*"%,

Field applicability analysis of the test technology. Mining of the working face changes the original
stress distribution in the surrounding rock mass, which causes the movement, cracking, or even fracture of
the roof and floor rock mass. The roadway-surrounding rock mass located under the coal seam is subjected to
the original rock stress, mining stress, and support stress, which dynamically change when the working face is
mined. The change in the stress field in the rock mass and the development of microcracks and macrofractures
lead to real-time changes in geoelectric field information®***. By monitoring any change in the geoelectric field
signal in the rock mass or any abnormal response characteristics, one can comprehend the evolution process
of the real-time failure of the rock mass in different areas in the roadway-surrounding rock and take targeted
measures for prevention (Fig. 2).

After drilling monitoring holes into the bottom roadway to the coal seam of the working face, an electrical
measurement sensor cable was implanted into the hole, followed by injection of grout until it was well coupled
with the cable electrode. After the grout solidified and was as strong as the surrounding rock, the Parallel Electri-
cal Method® (PEM) was used to collect the background geoelectric field information before coal was mined from
the working face (Fig. 3). As the working face gradually approached and crossed the monitoring hole, the sensor
continuously monitored the changes in natural potential and excitation current in the process of surrounding
rock failure in real time under the impact of the dynamic pressure.
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It should be noted that monitoring boreholes generally pass through multiple rock formations with different
lithologies. The slurry contacted by the sensor was made as close as possible to the mechanical properties of the
original rock around the borehole to effectively transmit the rock mass stress. In this study, field drilling grout-
ing adopts the segmented grouting operation mode. The conductivity of different rock strata is different. In the
non-mining stage of the working face, the measured background excitation current of the rock strata with good
conductivity will be larger; otherwise, it will be smaller. However, the conductivity difference of different rock
layers does not affect the analysis and judgement of monitoring results. The focus of research and analysis is to
compare the changes before and after each measurement point and determine the damage status of the rock mass
in the corresponding measurement point area according to the fluctuation law of the data. Precisely because
different rock strata have different physical properties, when bearing the same size of stress, the damage and
deformation degree of rock masses in different rock strata is also different, and the geoelectric field information
will be clearly reflected.

Furthermore, cracks or pores may appear during slurry solidification, but the pore diameter of the borehole
is very small compared with the large-scale surrounding rock. Moreover, the information that the sensor can
capture is not limited to the borehole; it is the result of comprehensively reflecting the damage status of the rock
mass in a certain area. In addition, there will be different degrees of natural cracks and other defects in different
original rocks. Existing studies have proven that there are near-field effects and far-field effects in geoelectric
fields, but there is no quantitative understanding of how much range of rock mass fracture information can be
reflected by the sensors. These factors will not greatly affect the applicability, feasibility and reliability of geoelec-
tric field monitoring technology in complex geological environments.

The range of the self-potential or excitation current measured by the electrode sensor is mainly constrained
by the spatial scale or damage degree of the test object. The objects in this study have a large spatial scale and
significant damage changes. The fluctuation range of the self-potential reaches hundreds or even thousands
mV, and the excitation current fluctuates in the range of tens of mA. The response of the sensor to the crack is
mainly affected by the damage state of the rock mass in terms of the development size of a single crack, number
of cracks and distribution density of cracks. Therefore, even if the fracture development is small, if the number
is sufficiently large and densely distributed, the geoelectric field will also have an obvious response. In contrast,
when there are only a few fractures, even if they are very developed, the geoelectric field information captured
by the sensor is not necessarily obvious.

Through the specific discussion of the above problems, it is helpful for readers to better understand the work-
ing principle and engineering applicability of the geoelectric field testing technology.

Engineering monitoring and research

Engineering geological conditions. This project is located in a working face of Parer Mine in Huainan.
The elevation of the working face was — 450to — 490 m, the average buried depth was about 470 m, the minable
strike length was about 1345 m, and the inclination length was 155 m. The main coal mining was 3#, the average
thickness of the coal seam was 5.5 m, and the bulk density was 1.34 t/m’. The roof is managed by the method of
full caving along the long wall, and the actual mining thickness of the working face was about 5 m. There are no
major faults or structures within the working face. The lithology and other related information of the floor of 3#
coal seam is shown in Fig. 4.

The floor gas drainage roadway was located in fine sandstone and sandy mudstone, with a width x height of
4600 mm x 3500 mm. The top and bottom rock layers consisted of hard, dense limestone. The roadway was used
mainly for the placing and installation of safety equipment and systems for gas drainage and ventilation. The
support scheme of the floor gas drainage roadway adopts the support form of “bolt +anchor net +local anchor
cable and grouting”. Some fractured or weak surrounding rock sections are strengthened in advance. The anchor
is a strong pre-tensioned anchor, the anchor is @20 * 2500 mm, the spacing is 700 x 700 mm, the anchor cable
is ©21.8 * 6500 mm, and the spacing is 1900 x 2000 mm. According to the symmetrical distribution, each row
has five; the spray layer adopts C20 concrete with a thickness of 100 mm.

Monitoring hole design.  The monitoring orifice was 129.18 m away from the cut-out position of the work-
ing face, the borehole points to the cut-out direction of the coal seam in the working face, the actual length of
the borehole was about 46.20 m, and the vertical height of the borehole was controlled to be 18.79 m. The cable
in the hole was mine used high-strength tensile and compressive cable with electrode spacing of 1.5 m and a
total of 32 electrodes. It should be noted that the 32# electrode which should be placed outside the monitoring
orifice was also fixed inside the orifice. The specific space layout of monitoring hole relative to working face is
shown in Fig. 4.

On-site data collection. The field monitoring lasted for 112 days. During this period, 57 times of geoelec-
tric field data were collected by using the Parallel Electrical Method (PEM) instrument, and the whole process
of roadway surrounding rock failure evolution in the front, middle and back stages relative to the monitoring
position was completely captured. Among them, the acquisition mode of the instrument was single point electric
source field testing method (AM), the power supply time was 0.5 s, the sampling time interval was 50 ms, and
the power supply mode was single positive method***. The mining speed of on-site coal seam working face was
relatively stable, about 1.6 m/d. The specific data acquisition is shown in Fig. 5. The monitoring hole control area
referred to in the figure is only to represent the relationship between the corresponding acquisition time and
mining position when the working face is mined to the area directly above the monitoring hole. It should be
noted that it is not the monitoring hole sensor that can only capture the data information within this time period.
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Figure 4. Location of the research area and cross-section of the strata structure.
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Figure 5. Relationship curve between data collection and mining position of working face.

According to the data provided by the mine during the monitoring period and the observation of the field
data collection personnel, it is known that there is no water outflow phenomenon in the roof and floor of the coal
seam and the bottom drainage roadway during the whole monitoring period. Considering that the working time
of underground coal mining team and industrial electric field may cause interference to the data. To minimize
the impact of industrial electric field and other noise. We choose to collect field data at 2 p.m. every day, during
which the underground coal mining operation is stopped. To ensure the quality and reliability of field data, the
sequence of each electrical data acquisition is: self-potential, excitation current.

Analysis of in situ test results

Evolution of geoelectric field monitoring data. Due to the superposition of multiple stress fields (the
original rock stress, mining stress, and support stress), the response characteristics of the geoelectric field in the
rock mass vary in different regions during the monitoring period. The in situ test data results in the graph show
the evolution of the geoelectric field due to the rupture of the surrounding rock mass in the test area during coal
mining (Figs. 6 and 7).
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Figure 6. Self-potential changes in the roadway-surrounding rock during mining.
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Figure 7. Changes in excitation current in the roadway-surrounding rock during mining.
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When the advancement distance of the working face is 0-50 m, the monitored area is far from the mining
location, and the surrounding rock mass is less affected by the lead abutment pressure. The rock mass is in the
elastic deformation stage, and the pores or original fractures in the rock mass are closed due to compression. The
self-potential shows a slow downward trend with a drop of less than 200 mV, and the excitation current does not
significantly change, with the fluctuation range within 3 mA.

When the working face advances to 80 m, the lead abutment pressure on the floor increases, and the rock
mass in the monitored area undergoes compression with plastic deformation. The microcracks initiate, expand,
and connect in the shallow rock mass of the floor, and some macrocracks appear. The downward trend of the
self-potential ends. With the development of microcracks, the self-potential shows a small increasing fluctua-
tion, which increases to within 100 mV; the excitation current of electrode #3 shows a significant drop of 5 mA,
while the excitation current of electrode #8 more slowly drops. The macrocracks in the floor develop in sandy
mudstone and tend to spread down to fine sandstone. In the surrounding rock mass of the roadway supported
by bolts and anchor cables, the excitation current presents a characteristic increase in the step fluctuation with
an amplitude less than 2 mA, and there is a small decrease before every increase.

As the working face advances, it enters the upper part of the monitored area. Here, the floor rock mass is
severely affected by mining. The rock shifts from compression to expansion and enters a state of plastic yield.
The macroscopic cracks inside the rock mass rapidly expand and penetrate. A wide range of progressive damage
occurs, and the volume expansion is accelerated. In this stage, the self-potential is typically a pulse-like violent
fluctuation with a maximum fluctuation amplitude of 500 mV, and the influence range extends to the entire rock
mass in the monitored area. The self-potential in the mudstone suddenly shifts from a negative value to a positive
value. However, the excitation current does not significantly change, which implies that the mudstone layer is not
macroscopically damaged. Due to the severe macroscopic damage of the rock mass at this stage, the emission of
enriched free electrons and diffusion of positive charges appear in the fracture zone. The spatial impact of this
phenomenon is significantly expanded, and the rock mass in the rock formation remains affected even without
macroscopic rupture. As the working face advances through the measuring points, the stress distribution of the
floor rock mass in the goaf is adjusted, which results in unloading damage and further aggravates the damage of
the floor rock mass, and the excitation current in the rock formations (sand mudstone and fine sandstone layers)
significantly decreases within a range of 4-12 mA within the monitoring hole control height range of 9-18 m.

When the working face moves away from the monitored area, the overlying rock in the goaf collapses to the
floor. The floor rock is compressed, and stress continues to be transmitted by the upper broken coal rock mass.
Before the stress distribution is adjusted, the rupture zone of the floor rocks experiences macroscopic crack
compression, closure, and new cracks, but it generally stabilizes. At this point in time, the self-potential fluctua-
tion amplitude in the floor rupture area is weakened, and the positive charge moves and becomes concentrated
in the undamaged mudstone layer; the excitation current increases, and there is a more significant increase in
the sandy mudstone layer closer to the working face floor than the fine sand layer below it, which shows that
the shallow rock mass of the floor is more affected by mining and caving compaction than the deep rock mass
during the actual mining process. When the distance of the working face reaches 154 m, the rock mass in the
monitored area is in a stable state, and the self-potential of the mudstone layer at this time is higher than that
during the initial period. The final monitoring data show that the electrons released from the damaged rock
mass do not flow back in a short period.

During this process, the damage and fracture of sandy mudstone and fine sandstone closer to the working
face floor are due to the stresses from the original rock and mining. However, the surrounding rock mass in
the roadway anchorage zone is affected due to the superposition of the supporting stress with the above two
stresses. Thus, the mechanism of rock deformation and damage in different monitoring areas differs, and there
is a difference in the response characteristics and evolution of the geoelectric field. In this section, we conduct
an in-depth analysis of the floor failure zone and briefly describe the characteristics of the geoelectric field in
the roadway support zone. The failure characteristics and evolution mechanism of roadway support areas will
be analysed in the next section.

Fracture process analysis of the roadway surrounding rock zone.  After excavation of the roadway,
the radial stress on the surrounding rock is released, and the hoop stress increases. Damage occurs in the sur-
rounding rock mass in the form of cracks and the formation of loose rings on the roadway. The use of high-stress
superstrong bolts and anchors, bolt mesh, and shotcrete increases the normal constraint so that the deformation
of the surrounding rock is slowed down, and hoop stress peaks develop towards the deep part of the roadway-
surrounding rock. Using anchor cable support, the radial stress on the surface of the surrounding rock and the
hoop stress are transmitted deeper, so the range of the load-bearing ring increases, and the anchor rod, anchor
cable, and broken surrounding rock can bear the stress together. Shallow stress is transmitted to the deep stable
surrounding rock mass, and the self-supporting capacity of the broken surrounding rock increases. To distin-
guish the mechanism of action of the anchor rod and anchor cable, the compression structure formed by the
anchor rod is termed the shallow bearing ring, and that formed by the long anchor cable is termed the deep bear-
ing ring. The interaction of the two load-bearing rings forms the load-bearing structure of the superimposed
arch force transmission system?®.

To more intuitively compare the variation laws and differences of various parameters in roadway surround-
ing rock under the influence of mining. We subtract the first set of background data values from each set of data
values. The corresponding relationship between data curve and roadway surrounding rock layer after geoelectric
field difference is shown in Fig. 8. During the mining of the working face, using LTD-2100 geological radar and
gc400mhz antenna, the thickness change of roadway surrounding rock loose zone near the monitoring section
was detected for many times. The detection targets include fine sandstone layer and sandy mudstone layer on the
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Figure 8. Relationship between the corrected data curve of geoelectric field and the surrounding rock
formation of the roadway. (a)-(d) self-potential data; (e)-(h) excitation current data.
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Figure 9. Change in thickness of the loose roadway-surrounding rock zone near the monitored section.

side wall of the roadway (Fig. 9). The effective test depth of on-site geological radar is within 2000 mm, and the
thickness detection error is less than 6%. The boundary of loose zone of roadway surrounding rock is the bound-
ary between broken structure rock mass and complete structure rock mass. The physical properties of rock mass
on both sides of the interface are obviously different. The development thickness of the loose circle can be judged
by the interface with obvious waveform change in the detected radar electromagnetic wave scanning results.
The potential factors that may affect the field test results mainly include the following aspects: (1) Metal sup-
port structure on roadway surface; (2) Contact between geological radar and roadway surrounding rock; (3)
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Selection of geological radar antenna frequency, etc. In order to minimize the impact of the above factors. In the
actual test process, we try to reduce the geological radar directly passing through the metal structure and remove
the metal equipment in the roadway. The geological radar shall be close to the surface of roadway surrounding
rock for movement detection as much as possible. The selection of radar antenna takes into account the needs
of detection depth and detection accuracy. At the same time, the geological radar test area is fixed every time,
and the length of the survey line is the same. Taking the average thickness obtained by each detection as the final
result, the test has continuity, contrast and reliability.

During the initial stage of mining, the rock mass in the monitored area is minimally affected by the mining
stress, the geoelectric field data show no change (Fig. 8a,e), and the loose roadway-surrounding rock zone is
approximately 700 mm. When the work face approaches the monitored area, microcracks in the floor rock near
the coal seam of the working face form, expand, and permeate into one another. Macrofractures form in the rock
mass in some areas. The excitation current of the floor crack development area significantly decreases, and crack
development produces a large amount of free charge, which causes fluctuations in the natural potential. When
superimposed with multiple stress fields, the range of the loose roadway-surrounding rock zone increases to
approximately 910 mm. The excitation current in the shallow bearing zone does not drop due to the expansion
of the loose roadway-surrounding rock zone and slightly increases. The excitation current in the deep bearing
circle shows a downward trend (Fig. 8f), and the spontaneous potential fluctuates (Fig. 8b). Due to the impact of
multiple stress fields, the loose circle in the shallow bearing circle expands. Because the electrode sensor in the
cable is not coupled to the original rock and is placed in the grouted rock mass of the monitoring hole, when the
tensile and compressive stress in the shallow bearing circle does not exceed the load limit of the grouted rock mass
in the monitored hole, the grouted rock mass does not produce macroruptures. The increase in excitation current
demonstrates that the grouted rock mass is anchored by the anchor rod to form a compression zone. During
mining, due to regular periodic pressure on the working face, the excitation current in the shallow bearing circle
shows multiple step-like increases, and due to the continuous change in the relative spatial relationship between
working face and monitored area, it gradually decreases and stabilizes. During the mining process, to remain
stable, the shallow bearing circle transfers a part of the stress to the deep bearing circle, whereas the grouted rock
mass in the deep bearing circle is surrounded by mudstone and shows poor physical and mechanical strength.
The mudstone layer in the bearing circle forms a stress concentration area and consequently macrofractures in
the grouted rock mass, which decrease the excitation current.

As the working face gradually moves away from the monitored area, the geoelectric field response charac-
teristics of different zones of the roadway-surrounding rock within the control range of the monitored hole are
obvious (Fig. 8¢,g). During the mining of the working face, the floor damage depth is approximately 14 m at the
boundary between fine sandstone and mudstone. The structure of the mudstone layer outside the deep bearing
circle does not significantly change, and no macrofractures are formed. The mudstone in the deep control range
of the bearing circle forms a stress concentration zone and consequently few macrofractures, and the rock mass
in the shallow bearing circle, where the impact of multiple stresses is observed, shows improved bearing char-
acteristics due to the action of the anchor bolt prestress, which prevents tensile and shear failure in the fractured
surrounding rock mass and limits the development range of the loose roadway-surrounding rock zone. When the
mining distance of the working face reaches 150 m, the range of the roadway loose circle increases to 1,130 mm,
and the growth rate decreases to 3.67 mm/m. By the time the working face reaches 200 m, the roadway loose
circle has stabilized at 1150 mm, the growth rate decreases to 0.4 mm/m, and the stability of the shallow bearing
circle is sound with no instability or failure of the roadway-surrounding rock (Fig. 9). Data from multiple ground-
penetrating radars show that although the supporting structure of each part of the roadway-surrounding rock is
similar, due to the difference in lithology of the rock and the uneven and asymmetrical distribution of stress in
the surrounding rock, the development of fissures, deformation evolution, and failure vary in each area (Fig. 9).

Mutual change relationship among multiple parameters

Analysis of the fluctuation law of geoelectric field data at each measuring point.  Through the
above analysis, the rock fracture damage under the superposition of multiple stress fields is closely related to the
self-potential, excitation current and other geoelectric field data. Therefore, the relationship between self-poten-
tial and excitation current can be explored by taking the rock fracture damage as a bridge. This helps improve the
comprehensive processing and utilization ability of geoelectric field monitoring data and lay a test foundation for
the next step of parallel analysis and joint inversion of geoelectric field multiparameters.

Under the influence of the mining stress field, the rock mass fracture evolution law and characteristics of each
measuring point in the floor damage area are basically consistent. In the early stage of mining, the rock mass in
the monitoring area is less affected by the advance stress of mining, the primary fissures and new fissures in the
rock mass breed and expand, the self-potential has a weak precursor fluctuation and slow decline process, and
the decline range is generally within 200 mV; the excitation current data has no obvious change (Stage I). When
the working face is approximately 48-58 m away from each measuring point, the monitoring area is strongly
affected by the advance support stress, which makes microcracks in the rock mass continuously expand, mutu-
ally penetrate, and form macrocracks. The amplitude of the self-potential pulse, such as violent fluctuation, is
more than 400 mV, and the excitation current has a significant downward trend with an average decrease of
6 mA (Stage IT). When the working face is gradually away from the measuring point, unloading damage occurs
in the floor rock mass of the goaf, and the fracture depth range and fracture degree significantly increase. When
the working face is 20 m away from the measuring point, with overburden caving and compaction, further
unloading damage of the floor rock mass is inhibited, and cracks in the broken rock mass exhibit extrusion or
even closure. The amplitude of the self-potential fluctuation is obviously weakened, and the excitation current
slightly increases. The change in rock mass in the shallow part of the floor damage area is more obvious (Stage
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Figure 10. Relationship between geoelectric field data changes during mining.
IIT). When the working face is 40 m away from the measuring point, the distribution of the rock stress field in
the floor damage area is basically stable (Stage IV) (Fig. 10a—c).

When the mining length of the working face reaches 60 m, the stress concentration of the mudstone layer in
the anchor cable control area begins to appear, and fracture development is accelerated due to the superposition
of multiple stress fields. The amplitude of the self-potential sharply fluctuates to 900 mV, and the excitation cur-
rent continuously decreases (Stage II). When the working face is mined above the measuring point, the rock mass
cracks propagate and form macrocracks. At this time, the excitation current sharply drops from 76 to 69 mA, and
the self-potential fluctuation amplitude reaches 600 mV. Until the working face is 35 m away from the measuring
point, the excitation current rises to 71 mA (Stage III) (Fig. 10d). However, when each measuring point in the
floor damage area is 22 m, 25 m and 45 m away from the working face, the excitation current data are reduced
to the lowest value, and the sharp fluctuation of self-potential is weakened. On one hand, the damage of the floor
in the goaf after mining will be aggravated, and the risk of water inrush in the goaf increases. On the other hand,
under the influence of the superposition of multiple stress fields, the fracture mechanism of the deep bearing
circle of the roadway is different from that of the shallow damage area of the floor.
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Figure 11. Scatter plot of geoelectric field data during mining. (a) 3D scatter plot. (b) 2D scatter plot.

The bearing capacity of the shallow bearing circle of the roadway supported by the combined support of
anchor rod and cables is obviously enhanced. Under the influence of dynamic pressure, the stress transmission
distance and degree of the shallow bearing circle of the roadway are significantly greater than those of other strata.
During the monitoring period, the excitation current presents a step-by-step overall rising process, but each
time the current increases, there will be a small drop phenomenon. This is considered a dynamic self-adjusting
process of the stress concentration and release of rock mass in the shallow bearing circle of roadway under the
superposition of the mining stress field and support stress field. The existence of this process is an important
sign of good structural stability of the surrounding rock in the shallow bearing circle of the roadway. During the
period of severe mining, the accumulation and movement of electric charge in the floor damage area also affect
the fluctuation of the self-potential in the shallow bearing circle of the roadway (Fig. 10e,f).

Data movement trajectory and distribution at different stages. Further analysis of the movement
and distribution of the geoelectric field data at each measurement point in the mining process shows that there
are certain regular spatial characteristics. In the early stage of mining impact (Stage I), the self-potential and
excitation current data correlate; in the period of severe mining impact (Stage II, III), the data points sharply
fluctuate in space; in the later period of stable mining (Stage IV), the changes in the two parameters tend to be
stable (Fig. 11a). The geoelectric field data in rocks with cracks have a wide range of fluctuations, primarily on
the upper-left side of the graph. The self-potential span is concentrated at - 300 to 400 mV, the excitation current
span is concentrated at 65-85 mA, and the geoelectric field data in the shallow bearing ring of the roadway are
distributed in strips on the lower-right side of the graph (Fig. 11b).

Analysis of the data trajectory of the measurement points at different stages affected by mining shows that
measurement points #3, #8, and #15 have similar data trajectories, and the data trajectories in phases II and
IIT are scattered in a larger area on the graph. The data trajectory distribution of each phase of measurement
point #24 is more concentrated, and the trajectory of each measurement point is from right to left. The data of
measurement points #29 and #31 slowly appear from left to right with a continuous back and forth fluctuation
(Fig. 12). The trajectory and distribution range of the data of each measuring point at different stages are related
to the development of cracks and damage in the rock mass at that location and the complexity of the rock mass
subjected to the superposition of multiple stresses. The development of cracks and macrofractures in the shallow
damage zone of the floor is directly related to the mining stress. Therefore, the trajectory of the measurement
point data in this area is affected by mining. The shallow bearing circle and deep bearing circle of the roadway
are simultaneously affected by the superposition of the mining stress and supporting stress, and the mudstone
in the deep bearing circle shows a stress concentration and ruptures, whereas the shallow bearing circle does not
show a continuous fracture process due to the stronger stress-bearing capacity.

Discussion
Accuracy of the test results. In the monitoring borehole, we also carried out distributed strain optical
fiber test, and obtained the strain data of rock mass damage during mining. The strain test equipment and opti-
cal cable are shown in Fig. 13. The existing literature has introduced in detail the performance parameters, field
construction and test result analysis of optical cables and equipment'®!"!718, Therefore, this part will not discuss
the principle, test effect, influencing factors, judgment standards and other related issues of this technology. The
following mainly focuses on the strain field test results to verify the reliability of the geoelectric field test results.
The load strength of roadway surrounding rock mass under strong support such as bolt is significantly
enhanced. The transmission distance of mining stress field in roadway surrounding rock is obviously farther
than that in other strata. At the initial stage of mining, the stress field in the rock mass near the roadway changes
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Figure 12. Distribution of the trajectory of the geoelectric field data at measurement points.
Figure 13. Strain field monitoring equipment. (a) Structure diagram of reinforced strain sensing optical cable;
(b) BOTDR optical fiber demodulator.
first (Fig. 14a). With the mining approaching, the strain in the surrounding rock of the roadway increases sig-
nificantly, and a stress concentration area is formed in the mudstone layer of the deep bearing circle. When the
stress of mudstone exceeds its bearing strength, macro fracture occurs because the support structure can not
effectively control and restrict the deformation and failure of rock mass in this area. In this process, the excita-
tion current data decreases greatly. The shallow bearing ring of roadway is also affected by the superposition of
multiple stress fields. Due to the effective control constraints of bolt and other supporting structures, although
the strain value has changed greatly, it has not caused the structural damage of rock mass. During this period, the
change of excitation current data is also not obvious. The floor rock near the working face is gradually affected
by the advance bearing stress. The strain captured by the optical fiber in the rock stratum increases. Due to the
lack of support in the rock mass in this area, there are damage cracks in the floor rock mass under the influence
of mining. The strain field and geoelectric field data changed significantly (Fig. 14b). As the mining distance
of the working face exceeds the monitoring area, the internal stress of the floor rock mass decreases and tends
to be stable. In this process, the geoelectric field data is also in a relatively stable state. However, the stress field
in roadway surrounding rock does not decrease significantly. It also shows that the surrounding rock mass of
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Figure 14. Correspondence between optical fiber strain data curve and surrounding strata of roadway.

roadway controlled by bolts can bear a large range of stress field changes for a long time, and the surrounding
rock structure of roadway remains in a relatively stable state (Fig. 14c,d).

By comparing the strain field obtained by field monitoring with the geoelectric field data, it can be seen that
the test results are basically consistent. During this period, the real-time change law and characteristics of multi
physical field data can be verified each other, and it is also consistent with the results in the existing research
literature. In complex geological environment, geoelectric field testing technology is also reliable and practical.
The accuracy and precision of measured data results can meet the interpretation and analysis of various research
purposes and processes at this stage.

Geoelectric field response of rock mass damage during mining. In real time, accurately grasp-
ing the response characteristics of the geoelectric field of internal fracture expansion is of great engineering
significance for the scientific guidance of the stability control of deep underground rock mass engineering and
promoting the safe mining of deep mine resources.

During the working face mining period, the change trend of self-potential of each measuring point in the
monitoring area is relatively consistent; in particular, the characteristics of pulse-like violent fluctuation in the
stage of severe mining influence are more obvious. This is due to the acceleration of crack propagation caused
by stress mutation, which leads to charge accumulation and instantaneous emission and subsequently produces
continuous charging and discharging phenomena. The generated electric charge will rapidly move, gather at
the surrounding rock (including the unbroken rock) and affect further rock, which causes obvious abnormal
changes in the natural electric field in the monitoring area. This phenomenon affects the rock mass in a large
range of the roof and floor of the mining face. The amplitude of the self-potential fluctuation is relatively small
only in the rock without damage®. However, the excitation current is in response to the change in macroscopic
conductivity of the surrounding rock mass. In the early stage of mining, the development of microcracks in the
rock mass is limited, and the conductivity of the rock mass changes only when the damage and failure of the
rock mass reach a certain extent®.

When the working face was 50 m away from the monitoring area, we performed continuous geoelectric
field monitoring. According to the captured self-potential signal, when the mining floor rock mass gradually
stabilized, the negative charge in the damaged rock body relatively gathered, while the positive charge showed
the phenomenon of diffusion and accumulation into the mudstone layer, which continued until the end of the
field monitoring project. Finally, compared with the initial monitoring, the self-potential in the fractured rock
decreased by 250 mV, while the self-potential in the mudstone increased by 140 mV (Fig. 4a,d). The research
results are consistent with Wu’s physical model experiment, which shows that the fracture development degree of
rock masses in different areas and the change in self-potential have obvious changes. A higher degree of fracture
development corresponds to a greater decrease in self-potential. For rock without damage, the self-potential
increases and can be stable for a long time*. According to this study, we also obtain a new understanding: in
deep underground space, the electrons released to the surrounding environment of the damaged rock mass in
the stage of severe mining impact will not return to the damaged area in a short period of time. The positive
charge takes the stable rock stratum as the unit, gradually accumulates in the undamaged rock mass, and will
be stable for a long time.

As a type of geophysical method of electrical exploration, geoelectric field signals can reveal the evolution
process of rock damage and failure at a deep level. The self-potential focuses on capturing the microelectro-
chemical field changes of rock masses, such as microcrack incubation, charge accumulation and migration, and
chemical action. The excitation current mainly reflects the evolution of the rock structure physical field, such as
the fracture development, rock fragmentation, and rock stress concentration. In addition, the self-potential has
higher response sensitivity to the development and expansion of microcracks and the precursor information of
fractures than the excitation current. In the aspect of advanced prediction of dynamic disasters related to rock
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damage, self-potential has obvious advantages in the time domain. However, the excitation current has obvious
advantages in describing the evolution process of macrocracks in different regions, especially in the accurate
determination of the spatial differential failure of rock masses. In the complex stress field environment, the failure
of the spatial difference of the rock mass can also be accurately identified by the excitation current data. These
two electrical parameters can complement each other in the expression of monitoring results. Compared with
the single-parameter test method, such as resistivity, the geoelectric field monitoring results can more compre-
hensively and finely describe the rock failure process. This paper provides guidance for further comprehensive
use of geoelectric field testing technology to carry out accurate identification and early warning of rock mass
damage and failure state in complex environment, and lays a foundation for parallel analysis and joint inversion
of multi parameters.

Conclusions

To study the mechanism of the time-space evolution of rock damage and fracture under complex conditions,
this paper proposes to perform fine real-time monitoring research of the entire process using the geoelectric field
monitoring technology. The research shows that the temporal-spatial response characteristics of geoelectric field
signals are closely related to the stress distribution and damage evolution of the surrounding rock. Self-potential
and excitation current test parameters complement each other in the expression of monitoring results. The two
electrical parameters can fully and accurately describe the entire process of stress damage and fracture of rock
masses in different regions under complex stress environments.

Some deficiencies remain in this study. For example: (1) Only one dip monitoring borehole is constructed
in the field monitoring area, and the results cannot fully reflect the spatial damage evolution state of the sur-
rounding rock in the roadway section. Multi-angle monitoring boreholes should be added in future field test
work to monitor the full section roadway surrounding rock structure. (2) The test results can only qualitatively
analyse the damage process of the rock mass but cannot quantitatively grasp the accurate damage degree of the
rock mass in each period. It is recommended to construct verification holes near the monitoring area to conduct
drilling TV or other test verification work and visually observe the real-time damage conditions such as crack
development in the hole. (3) Some typical rocks can be selected to perform relevant indoor loading experiments
to obtain quantitative characterization information of the geoelectric field in each stage of rock damage during
loading. By improving the geoelectric field test in the complex environment of the entire space, we expect to gain
a deeper understanding of the accurate identification of rock mass damage and fracture risk.

Received: 18 July 2021; Accepted: 3 November 2021
Published online: 16 November 2021

References
1. Wang, J. H. & Huang, Z. H. The recent technological development of intelligent mining in china. Engineering 3(4), 439-444 (2017).
2. Wang, G. F. & Zhang, D. S. Innovation practice and development prospect of intelligent fully mechanized technology for coal
mining. J. China Univ. Min. Technol. 47(3), 459-467 (2018).
3. Jonathon, R., David, R., Chad, H. & David, H. Sensing for advancing mining automation capability: A review of underground
automation technology development. Int. J. Min. Sci. Technol. 24(3), 305-310 (2014).
4. Yang, Z. Q, Liu, C,, Tang, S. C., Dou, L. M. & Cao, J. L. Rock burst mechanism analysis in an advanced segment of gob-side entry
under different dip angles of the seam and prevention technology. Int. J. Min. Sci. Technol. 28(6), 55-63 (2018).
5. Wang, Q. et al. Study and engineering application on the bolt-grouting reinforcement effect in underground engineering with
fractured surrounding rock. Tunnel. Underground Space Technol. 84, 237-247 (2019).
6. Yu, W.J, Li, K, Lu, Q H., Guo, H. X. & Du, S. H. Engineering characteristics and deformation control of roadways in fractured
rock mass. J. China Coal Soc. https://doi.org/10.13225/j.cnki.jccs.2020.2029 (2021).
7. Kang, H. P. et al. Roadway soft coal control technology by means of grouting bolts with high pressure-shotcreting in synergy in
more than 1000 m deep coal mines. J. China Coal Soc. 46(3), 747-762 (2021).
8. Hou, C.J., Wang, X. Y,, Bai, J. B., Meng, N. K. & Wu, W. D. Basic theory and technology study of stability control for surrounding
rock in deep roadway. J. China Univ. Min. Technol. 50(1), 1-12 (2021).
9. Sun, X. K, Chang, Q. L., Shi, X. Y. & Li, X. Y. Thickness measurement and distribution law of loose rings of surrounding rock in
large cross section semicircle arch seam gateway. Coal Scie. Technol. 44(11), 1-6 (2016).
10. Zhang, D., Wang, J. C., Zhang, P. S. & Shi, B. Internal strain monitoring for coal mining similarity model based on distributed fiber
optical sensing. Measurement 97, 234-241 (2016).
11. Zhang, P.S., Oy, Y. C,, Liu, C., Sun, B. Y. & Xu, C. Stability of a roadway below a coal seam under dynamic pressure: A case study
of the 11123 floor gas drainage roadway of a mine in Huainan, China. Adv. Civil Eng. 2020, 8478043 (2020).
12. 1i, S. C. et al. In-situ monitoring research on zonal disintegration of surrounding rockmass in deepmine roadways. Chin. J. Rock
Mech. Eng. 27(8), 1546-1553 (2008).
13. Wang, H., Cheng, H. & Rong, C. X. Research on measurement and test technology of strata released zone base on high density
resistivity method. Coal Sci. Technol. 36(3), 53-57 (2008).
14. Wu, R. X,, Liu, S. D. & Zhang, P. S. The exploration of two-gateways parallel 3-D electrical technology for water-rich area within
coal face floor. Coal Geol. Explor. 35(3), 454-457 (2010).
15. Ou, Y. C,, Zhang, P. S. & Wang, W. Study on the evolution rule of land damage based on electrical resistivity imaging technology
in mining face. Geotech. Geol. Eng. 37, 4259-4268 (2019).
16. Jin, D. W. et al. Research on 3D monitoring and intelligent early warning system for water hazard of coal seam floor. J. China Coal
Soc. 45(6), 2256-2264 (2020).
17. Zhang, P. S., Ou, Y. C,, Sun, B. Y. & Liu, C. A case study of floor failure characteristics under fully mechanised caving mining
conditions in extra-thick coal seams. J. Geophys. Eng. 17(5), 813-826 (2020).
18. Sun, B. Y, Zhang, P. S.,, Wu, R. X,, Fu, M. R. & Ou, Y. C. Research on the overburden deformation and migration law in deep and
extra-thick coal seam mining. J. Appl. Geophys. https://doi.org/10.1016/j.jappgeo.2021.104337 (2021).
19. Freund, F. Charge generation and propagation in igneous rocks. J. Geodyn. 33(4-5), 543-570 (2002).
20. Song, X.Y., Li, Z. H. & Wang, E. Y. Charging characteristics of the crack propagation of rock under load. J. China Coal Soc. 41(8),
1941-1945 (2016).

Scientific Reports |

(2021) 11:22361 | https://doi.org/10.1038/s41598-021-01823-0 nature portfolio


https://doi.org/10.13225/j.cnki.jccs.2020.2029
https://doi.org/10.1016/j.jappgeo.2021.104337

www.nature.com/scientificreports/

21. Wang, E. Y. et al. Characteristics and distribution laws of electric potential response to mining failure of deep coal seam. Coal Geol.
Explor. 49(1), 241-248 (2021).

22. Liu, J, Liu, S. D., Cao, Y. & Yang, S. L. Quantitative study of geoelectrical parameter response to groundwater seepage. Chin. J.
Rock Mech. Eng. 32(5), 986-993 (2013).

23. Wu, C. E, Liu, S. D, Yang, S. L., Lu, T. & Wang, B. Natural potential response during the coal rock failure process. J. China Coal
Soc. 38(1), 50-54 (2013).

24. Wu,R. X,, Hu, Z. A. & Hu, X. W. Principle of using borehole electrode current method to monitor the overburden stratum failure
after coal seam mining and its application. J. Appl. Geophys. 179, 104111 (2020).

25. Liu, J., Liu, S. D. & Cao, Y. Self-potential characteristics in deep rock mass damage based on point discharge mechanism. Chin. J.
Geophys. 61(1), 323-330 (2018).

26. Yang, C., Liu, S. D,, Liu, J. & Xie, J. Y. Characteristics of self-potential of coal samples under uniaxial compression. J. Appl. Geophys.
168, 1-11 (2019).

27. Liu, J. L. & Xia, R. A unified analysis of a micro-beam, droplet and CNT ring adhered on a substrate: Calculation of variation with
movable boundaries. Acta. Mech. Sin. 29(1), 62-72 (2013).

28. Liu, S. D, Liu, ], Qi, J., Cao, Y. & Lu, R. Q. Applied technologies and new advances of parallel electrical method in mining geophys-
ics. J. China Coal Soc. 44(8), 2336-2345 (2019).

29. Liu, S. D. & Zhang, P. S. Distributed parallel intelligent electrode potential difference signal acquisition method and system. Chinese
Invention Patent: Z1.200410014020.0 (2005).

Acknowledgements

This research work was supported by the National Natural Science Foundation of China (No. 41877268), the
Key R&D Program Projects in Anhui Province (No. 1804a0802213), and the Graduate Innovation Fund Project
of the Anhui University of Science and Technology (Nos. 2020CX1001 and 2019CX1002), which are gratefully
acknowledged.

Author contributions
Y.O. and P.Z. conceived and wrote the paper. Y.O., P.Z., M.E, X.H. and R.W. provided the ideas and designed the
experiments; Y.O., C.L., B.S., $.X., S.L. and L.T. performed the experiments and collected the data.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to PZ. or X.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:22361 | https://doi.org/10.1038/s41598-021-01823-0 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Geoelectric field response characteristics analysis of floor roadway surrounding rock fracture caused due to coal seam mining
	Geoelectric field monitoring technology
	Technical principle. 
	Field applicability analysis of the test technology. 

	Engineering monitoring and research
	Engineering geological conditions. 
	Monitoring hole design. 
	On-site data collection. 

	Analysis of in situ test results
	Evolution of geoelectric field monitoring data. 
	Fracture process analysis of the roadway surrounding rock zone. 

	Mutual change relationship among multiple parameters
	Analysis of the fluctuation law of geoelectric field data at each measuring point. 
	Data movement trajectory and distribution at different stages. 

	Discussion
	Accuracy of the test results. 
	Geoelectric field response of rock mass damage during mining. 

	Conclusions
	References
	Acknowledgements


