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Abstract: In shaft mining, monitoring the deformation of the roadway due to mining pressure is of
great significance to the safe production of coal mines. For this reason, a distributed high-density
anchor (cable) support force monitoring system was designed by developing a low-cost anchor (cable)
stress monitoring device, which consists of an anchor (cable) stress sensor and a data acquisition
device. The whole system consists of an anchor bar (cable) stress monitoring device and a mine
roadway deformation monitoring substation. The signals collected by the anchor force sensors are
processed by the data acquisition device and sent to the self-developed mine roadway deformation
monitoring substation through Long Range Radio (LoRa) wireless communication. All data from
the monitoring substation are transmitted to the ground control center in real time via the Message
Queuing Telemetry Transport (MQTT) network transmission protocol. The distributed high-density
arrangement of monitoring nodes reflects the deformation trend of the whole section of the roadway
by monitoring the anchor bar (cable) support force data of multiple sections, which effectively ensures
the safety of the roadway.

Keywords: support force monitoring; anchor bar; data acquisition device; wireless transmission;
monitoring substation

1. Introduction

With the continuous expansion and deepening of the mining scale, roadway support
becomes particularly important in coal mining. Roadway deformation is the deformation
and displacement of the surrounding rock caused by mining pressure, which may lead to
safety problems such as surrounding rock instability, roofing sheet, coal and gas protrusion,
and so on [1–3]. Therefore, the monitoring and early warning of roadway deformation are
essential to ensuring mine mining safety [4,5]. The stability and smoothness of coal mine
roadways are essential to ensuring the safety and efficient production of coal mines.

Coal mining can lead to stability problems on underground roadways. As coal is
mined, the rock around the roadway may be damaged or deformed, increasing the risk of
roadway collapse, slippage, or fracture [6–8]. The rock layers around the roadway may
also be damaged, causing groundwater to pour into the roadway and making drainage
more difficult [9,10]. In addition, mining activities may have an impact on the surrounding
environment by altering groundwater levels and water quality. What is particularly worry-
ing is that some perimeter rock instability and protrusion occur without obvious changes
in the roadway perimeter rock visible to the naked eye [11,12]. Therefore, monitoring the
quality of anchor support is particularly important to ensure safe production in coal mines.
With the continuous development of sensors and terminal instrumentation, a variety of
effective technologies and means have emerged in the field of anchor (cable) support force
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monitoring [13–15]. These include a force measuring anchor, a vibrating string anchor force
meter, a piezoelectric anchor tension meter, a hydraulic force meter, and so on [16–18].

Conventional anchor force sensor detectors are large, costly, and difficult to install
at high density. Therefore, it is necessary to develop a low-cost and convenient bolt force
measuring device that adopts a separate design to achieve the high-density installation of
roadway bolts (cables) [19,20]. The traditional bolt (cable) sensor needs to transmit data
by wire, so the mine personnel cannot monitor and analyze the deformation of the mine
roadway and the quality of bolt (cable) support in real time [21,22]. Well personnel are
able to construct the deformation of an entire section of the roadway from anchor (cable)
pressure data from multiple sections.

Aiming to solve the above problem, based on field practice, the authors studied
distributed anchor bar (cable) support force monitoring and roadway deformation. By
monitoring the large-density distributed stress changes in the roadway anchor rods (cables),
the changes in multiple points in multiple sections are obtained to reflect the deformation
of the roadway. A low-cost anchor bar (cable) stress monitoring device and a mine roadway
deformation monitoring and control substation were designed [23,24]. The data prepro-
cessing of the sensor data was performed with Romano’s rule stress [23,24]. The sensor
coefficients were adjusted in combination with a Kalman Filter [25,26]. The anchor stress
monitoring device is installed in a wide range of distributions, and the monitoring data
are transmitted to the monitoring substation through wireless mode for unified process-
ing [27]. Through the analysis of dynamic pressure under the influence of the whole section
of the roadway, the anchor stress distribution rule of change was characterized, and then
we studied the deformation of the roadway in the mining process. Nodes need to have
wireless self-organizing network function because the monitoring node uses battery power
supply. In the case of the high-density installation of underground anchors, the battery of
the monitoring node is almost impossible to replace, so it is necessary to design low-power
energy management algorithms and develop energy-saving programs for the node. The
deformation of the whole section of the roadway is presented through the monitoring
substation, and the data can also be transmitted to the ground control center in real-time
through the monitoring substation for analysis and prediction. This is of great practical
significance for the state assurance of roadway anchor support, the optimization of support
design, and the prevention and control of roofing accidents.

The paper will start with a description of the studied anchor (cable) stress monitoring
device. The error of the sensor data is analyzed, and the stress data are processed and
analyzed. The proportional relationship between the stress data and the voltage value
is finally obtained. Then, the research mine roadway deformation monitoring substa-
tion is introduced. Finally, we deploy several monitoring nodes to experiment with the
whole system.

2. Anchor (Cable) Stress Monitoring Device
2.1. Data Acquisition Device

According to the principles and requirements of the early warning of roadway roofing
hazards, an anchor bar (cable) stress monitoring device is developed. The apparatus adopts
a separate design and consists of an anchor (cable) stress sensor and a data acquisition
device. The data acquisition device collects the differential electrical signals from the stress
sensors and performs processing such as conversion, filtering, wireless transmission, and
storage. The data acquisition device is equipped with various functional modules such as a
central processor, power supply module, LoRa (Long Range) transmission module, clock
chip, storage chip, etc., as shown in Figure 1. LoRa (Long Range) is a wireless communica-
tion technology designed for low-power wide-area network (LPWAN) applications.
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Figure 1. Circuit structure of data acquisition device. 
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ber of the LoRa gateway in the monitoring substation. The data from all data acquisition 
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trol center. Taking one section installing five sets of monitoring devices as an example, the 
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Figure 1. Circuit structure of data acquisition device.

The data acquisition device requires distributed monitoring and wireless transmission.
The LoRa network adopts a star topology in which one or more base stations (also known
as gateways) act as a central node that communicates with multiple end devices (also
known as nodes or terminals). The base station is responsible for receiving data from the
end devices and forwarding it to the network server for processing. According to the actual
situation of different mines, 5 to 10 sets of anchor (cable) stress monitoring devices are
installed in each section, and the nodes can communicate with each other. In the LoRa
module of the data acquisition device, the network number, device ID, and transmitting
address of this device are configured in advance, and the network number of all nodes is
the same on the same roadway. Each data acquisition device sets a unique ID number, and
the transmitting address of all data acquisition devices in the same lane is the ID number
of the LoRa gateway in the monitoring substation. The data from all data acquisition
devices is uniformly sent to the mine roadway deformation monitoring supervisor, and the
monitoring substation uniformly processes and transmits the data to the ground control
center. Taking one section installing five sets of monitoring devices as an example, the
distributed connection relationship of anchor bar (cable) stress monitoring devices is shown
in Figure 2.
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Figure 2. Distributed connection relationship of anchor rod (cable) stress monitoring device.

2.2. Anchor Stress Sensor

Anchor (cable) stress sensors are installed between the anchor nut or anchor cable
anchorage and the pallet to monitor the working resistance of the support material and to
reflect the state of pressure or tension applied to the anchor cable. The sensor transmits
the force changes to the data acquisition device via a data line. The signal acquisition
module of the data acquisition device further amplifies and filters the sensor electrical
signals to obtain the required sensitivity and accuracy. The amplifier circuit amplifies the
signals monitored by the sensor, while the data acquisition device filter circuit removes
high-frequency noise and other interferences. The processed data are sent to the monitoring
substation via LoRa wireless transmission. The installation schematic of the anchor (cable)
stress monitoring device is shown in Figure 3.

Electronics 2024, 13, x FOR PEER REVIEW 4 of 18 
 

 

Figure 2. Distributed connection relationship of anchor rod (cable) stress monitoring device. 

2.2. Anchor Stress Sensor 
Anchor (cable) stress sensors are installed between the anchor nut or anchor cable 

anchorage and the pallet to monitor the working resistance of the support material and to 
reflect the state of pressure or tension applied to the anchor cable. The sensor transmits 
the force changes to the data acquisition device via a data line. The signal acquisition mod-
ule of the data acquisition device further amplifies and filters the sensor electrical signals 
to obtain the required sensitivity and accuracy. The amplifier circuit amplifies the signals 
monitored by the sensor, while the data acquisition device filter circuit removes high-fre-
quency noise and other interferences. The processed data are sent to the monitoring sub-
station via LoRa wireless transmission. The installation schematic of the anchor (cable) 
stress monitoring device is shown in Figure 3. 

 
Figure 3. Installation diagram of anchor (cable) stress monitoring device. 

The internal circuitry of the sensor uses a bridge differential signal for output. A 
bridge differential signal typically consists of a bridge circuit consisting of four resistors, 
two of which are varied by the physical quantity to be measured. By measuring the dif-
ferential signal of the bridge circuit, information about the physical quantity to be meas-
ured can be extracted. The differential signal is obtained by measuring the voltage differ-
ence between the two output terminals of the bridge circuit as a signal. In this way, the 
effect of the supply voltage and the effect of other resistors can be eliminated, so that sig-
nals directly related to the physical quantity to be measured can be extracted. 

The reliability of anchor (cable) stress sensors in harsh conditions, such as under-
ground tunnels, is critical for anchor (cable) support force monitoring. In order to ensure 
the accuracy of the sensor, as well as environmental adaptability and stability, the main 
components of the anchor (cable) stress sensor are high-strain elastomer and adhesive 
strain gauges, and the housing is fully sealed and explosion-proof. Traditional pressure 
sensors are designed with only a single strain gauge with a small deformation; this design 
will lead to errors in the measurement data when the sensor is not uniformly stressed or 
when the force is applied at a single angle. Two half-bridge high-precision strain gauges 
are used, and the strain gauges themselves are self-compensated for temperature. The use 
of self-developed elastomers, which are low cost, can be installed over a wide range of 
applications. Two half-bridge, high-precision strain gauges are symmetrically pasted at 
both ends of the elastomer in opposite directions to form differential signals. When defor-
mation occurs, one signal increases, and one heel signal decreases, as shown in Figure 4. 

Figure 3. Installation diagram of anchor (cable) stress monitoring device.

The internal circuitry of the sensor uses a bridge differential signal for output. A bridge
differential signal typically consists of a bridge circuit consisting of four resistors, two of
which are varied by the physical quantity to be measured. By measuring the differential
signal of the bridge circuit, information about the physical quantity to be measured can be
extracted. The differential signal is obtained by measuring the voltage difference between
the two output terminals of the bridge circuit as a signal. In this way, the effect of the
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supply voltage and the effect of other resistors can be eliminated, so that signals directly
related to the physical quantity to be measured can be extracted.

The reliability of anchor (cable) stress sensors in harsh conditions, such as under-
ground tunnels, is critical for anchor (cable) support force monitoring. In order to ensure
the accuracy of the sensor, as well as environmental adaptability and stability, the main
components of the anchor (cable) stress sensor are high-strain elastomer and adhesive
strain gauges, and the housing is fully sealed and explosion-proof. Traditional pressure
sensors are designed with only a single strain gauge with a small deformation; this design
will lead to errors in the measurement data when the sensor is not uniformly stressed or
when the force is applied at a single angle. Two half-bridge high-precision strain gauges
are used, and the strain gauges themselves are self-compensated for temperature. The use
of self-developed elastomers, which are low cost, can be installed over a wide range of ap-
plications. Two half-bridge, high-precision strain gauges are symmetrically pasted at both
ends of the elastomer in opposite directions to form differential signals. When deformation
occurs, one signal increases, and one heel signal decreases, as shown in Figure 4.
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Two sets of strain gauges are fixed to the elastomer, thus accurately obtaining the
strain variation in the elastomer structure while effectively isolating it from the effects of
the complex external environment. The outer shell is designed to meet the requirements of
explosion-proof standards, as shown in Figure 5.
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2.3. Monitoring and Amplification of Bridge Differential Signals during Low-Voltage Excitation

When the anchor rod or anchor cable is subjected to the pressure or tension of the
surrounding rock, the Halfbridge high precision strain gauges will undergo elastic defor-
mation, resulting in a change in the resistance value of the pasted strain gauges. Two sets
of strain gauges are pasted at the two ends of the elastomer and in opposite directions, gen-
erating differential signals, with one increasing and one decreasing in the two sets of signal
lines. By monitoring the voltage difference between the two electrical signals to reflect the



Electronics 2024, 13, 2221 6 of 18

changes in the elastomer, we can obtain accurate information about the stress state of the
anchor or anchor cable. Changes in roof pressure generally do not occur suddenly, and
elastomer deformation with the change in roof pressure is very small, using the anchor
pulling instrument on the anchor (cable) stress sensor for on-site pressure testing, as shown
in Figure 6.
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Figure 6. Sensor on-site testing diagram.

The electrical signal reflected by the anchor (cable) stress sensor (the difference between
the two signal lines, that is, the difference between the signal positive and the signal
negative) changes in millivolts. At present, four anchor (cable) stress sensors are randomly
selected for pressure testing, as shown in Figure 7.
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Figure 7. Test values of anchor rod (cable) stress sensor.

In Figure 7, due to the production process, the signal of each sensor head has some
fluctuation, and the anchor bar (cable) stress sensors 1~3 are positively correlated with
the pressure. With the increase in the anchor puller force, the electrical signal will also
increase, and with every increase of 40 kN, the electrical signal increase range is about
0.56 mV. Anchor (cable) stress sensor 4 and pressure are negatively correlated; if the
pressure increases and the electrical signal increases instead of decreasing, then it can be
shown that sensor production is not of high quality.

The data acquisition device voltage acquisition circuit uses the MCP3201 ADC acquisi-
tion chip to convert analog to digital; MCP3201 has 12-bit conversion accuracy. Take the
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3 volts reference voltage as an example. The minimum voltage value that can be collected
is 0.73 mV, which is larger than the sensor’s change signal. Therefore, a voltage amplifier
circuit is designed to collect, amplify, and follow the differential signal.

The schematic diagram of the amplifier circuit of the data collector design is shown in
Figure 8. The AD623 chip is used to collect differential electrical signals, and the LM258
chip is used as the voltage following and adjusting reference voltage. Amplification is
determined by the resistor R1 in Figure 8, and the resistance value of resistor R1 is 1.02 kΩ.
Resistor R1 corresponds to RG in the formula. The amplification is 99.04 times higher after
the formula is calculated, and the amplification formula is as follows:

VO = (1 +
100 kΩ

RG
)VC (1)
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Figure 8. Schematic diagram of signal amplification and filtering circuit for data acquisition device.

In the formula, VO represents the amplification, RG is the resistance value of resistor
R1, VC is the differential signal collected, and the difference is S+ minus S−. After the
amplification circuit, the electrical signal changes significantly, combined with the perfor-
mance indicators of the chip ADC, by adjusting the pre-tuning potentiometer R6. Usually,
the chip detects the lowest voltage and the highest voltage, and there is a large signal
fluctuation. In order to more accurately detect the anchor (cable) stress sensor electrical
signals, the reference voltage of the AD623 chip is set to 1 volt so that the subsequent
converted electrical signals all start from a 1 volt base. The final signal is output from
the ADC_SENSOR terminal, and the amplified data derived from the conversion of the
MCP3201 ADC acquisition chip are shown in Figure 9.
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After amplification, for every 40 kN increase in force, the electrical signal increased
by about 0.06 volts; thus, MCP3201 can be accurately collected. Due to the production
process and workmanship errors, the initial value of different sensors at 0 pressure and the
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coefficient of variation of the sensor will be slightly different. Therefore, in the following
section, the data coming from the anchor (cable) stress sensor algorithm will be filtered
and optimized.

3. Data Processing
3.1. Data Preprocessing

Due to the deviation of the sensor manufacturing process and the complex environ-
ment of the mine tunnel, the failure of the anchor (cable) stress sensor may cause the
measurement data of the data acquisition device to be abnormal and carry coarse errors,
which will have a serious impact on the accuracy of the results of the monitoring of the
support force of the anchor (cable). Therefore, it is necessary to preprocess the initial data
to eliminate the coarse errors that affect the system.

Statistical discrimination methods for gross errors include Romano’s Rule (t-test
criterion), Dixon Criterion, Grubbs Criterion, Lyddane-Shindo (3σ criterion), and so on.
In this paper, Romano’s Rule is used to discriminate the gross error of the collected data,
which is applicable to the number of samples n:

10 ≤ n ≤ 30 (2)

It is characterized by first removing a suspect measurement and then testing the
excluded measurements for gross errors by a t-distribution. The Romano’s rule is as follows:

(1) Let a quantity be measured several times independently with equal precision:

x1, x2, x3, . . . . . . , xn (3)

(2) If xj is considered coarse, calculate the average x of the remaining data:

x =
1

n − 1

n

∑
i=1;i ̸=j

xi (4)

(3) Set the error of the ith measurement Vi = xi − x, and calculate the standard deviation
σ of the data:

σ =

√
∑n

i=1,i ̸=j V2
i

n − 2
(5)

(4) Select the appropriate significance α and data processing length n. Find the coefficient
K(n, α) in the t-distribution table, with α often taken as 0.01 or 0.05. The test coefficient
K takes the values shown in Table 1 below.

(5) Let xj satisfy the following relation:∣∣xj − x
∣∣> Kσ (6)

Table 1. The coefficient K value of the t-test criterion.

α n = 11 n = 12 n = 13 n = 14 n = 15 n = 16 n = 17 n = 18 n = 19 n = 20

0.01 3.41 3.31 3.23 3.17 3.12 3.08 3.04 3.01 3.00 2.95
0.05 2.37 2.33 2.29 2.26 2.24 2.22 2.20 2.18 2.17 2.16

Then, the jth measurement result xj is considered to be an outlier containing gross
error and should be rejected, and vice versa. Using the above guidelines, each measurement
is examined until the pressure data tested by the anchor (cable) stress transducer does not
contain gross error values, and the transducers whose measurement data errors are out of
the allowable range are filtered out.
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3.2. Kalman Filter

In order to realize a large-area distributed installation, self-developed elastomers are
used to reduce the cost. This leads to a certain error in the trend between the elastomers,
but the overall trend is linear, so the signals from multiple elastomers can be collected
for filtering.

A Kalman Filter is a recursive filter used to estimate the state of a dynamic system. It
is based on the mathematical model of the system and the measurement data and provides
an optimal estimate of the state by fusing the a priori information with the measurement
information. Thus, the Kalman Filter can help eliminate noise from sensor data and provide
a more accurate estimate of the state. The collected data from a linear sensor can be
considered the output of a linear system. If the dynamic characteristics of the system and
the noise of the sensors satisfy the assumptions of the Kalman Filter, then the Kalman Filter
can process these data efficiently. The filtering and estimation of linear sensor data can be
achieved by modeling the system, including the state transfer and observation matrices, as
well as estimating the covariance matrix of the measurement and process noise.

The Kalman Filter process consists of two steps: prediction and correction. The
prediction step utilizes the state estimate of the previous moment to predict the state value
at the current moment. Then, the correction step uses the estimated and observed states
at the current moment to obtain the optimal state estimate at that moment through an
optimization method. The process of a Kalman Filter can be described by the following
state equation.

Prediction process:
x̂k = Ax̂k−1 + Buk−1 (7)

Pk = APk−1 AT + Q (8)

Equation (7) is the state prediction process and Equation (8) is the error matrix
prediction, where x̂k and x̂k−1 are the a posteriori state estimates denoting k − 1 and
k moments, respectively, and are one of the results of the filtering, i.e., the updated
result, also called the optimal estimate. A is the state transfer matrix, which is actually a
conjectural model of the target state transition. B is the matrix that transforms inputs into
states, and uk−1 is the external action on the system at time k − 1. Pk and Pk−1 denote
the a posteriori estimated covariance at k − 1 and k moments, respectively, which is one
of the results of the filtering, and Q is the prediction noise covariance matrix. Since the
anchor (cable) stress sensor is continuously and individually varied without interference
from other control systems, Ak = Hk = 1 is taken in constructing the equations; Bkuk is the
matrix of state parameters at k moments, and Bkuk = 0 is taken. The calibration process:

Kk =
Pk HT

HPk HT + R
(9)

x̂k = x̂k + Kk(zk − Hx̂k) (10)

Pk = (I − KkH)Pk (11)

Equation (9) is the Kalman gain calculation, Equation (10) is the system state correction,
and Equation (11) is the error matrix update, where Kk is the Kalman gain at time k, an
intermediate filter computation. H is the transition matrix from state variables to measure-
ments (observations), denoting the relationship that connects the state to the observation,
which is linear in the Kalman filter. R is the measurement noise covariance matrix. zk is
the observation of the system at time K. q is the residual of the actual observation and the
predicted observation. zk − Hx̂k is the residual of the actual and predicted observations,
which, together with the Kalman gain, corrects the prior (prediction) to obtain the posterior.
x̂k is the final output of the Kalman filter.

After data pre-processing, the large errors and coefficient deviations of the large
sensors were eliminated, and the remaining sensors and anchor puller pressure were
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positively correlated. As can be seen from Figure 9, there is also a certain fluctuation
between different sensors. Now, filter the two groups of sensor data, with each group
composed of 50 anchor (cable) stress sensors, under the same pressure test conditions.
Each sensor is tested 100 times, and the test data are used to take the average value. Two
groups of data are used to calculate the observed value, and another group is used to
calculate the estimated value. The final filtered value is processed by the Romanovs basis
rule, eliminating the great error value, and the remaining data are averaged to obtain the
corresponding voltage value of the sensor under this pressure. The initial data and the data
after Kalman filtering are shown in Figure 10.
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Figure 10. Comparison chart before and after Kalman filtering.

Figure 10 shows a test of the sensor head at a pressure of 40 kN, with a peak value of
1.33 V before filtering and a minimum value of 1.23 V, with data fluctuating in the 0.1 V
interval. After Kalman filtering to obtain smoother data, the peak value before filtering is
1.27 V, the minimum value is 1.3 V, and the data fluctuations are in the interval of 0.03 V. By
removing the large error values, using the remaining data for the average, and retaining two
decimal places, we obtain the anchor (cable) stress sensor at a 40 kN pressure corresponding
to the value of the electrical signal, which is 1.28 V. Other pressure values were tested, and
the data after the test were filtered and finally synthesized into a one-time function curve.
We obtained the conversion relationship between the pressure and voltage, as shown in
Figure 11.
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4. Mine Tunnel Deformation Monitoring Substation
4.1. Hardware Design of Mine Tunnel Deformation Monitoring Substation

Figure 12 shows the hardware framework of the monitoring substation, which is
mainly composed of the control board, display, switch LoRa gateway modules, etc. The
WAN port of the LoRa gateway is connected to the switch through a network cable, and
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the switch is connected to the underground base station through a network cable or fiber
optic to enter the internal loop network of the coal mine and transmit the data back to the
ground control center. The LoRa gateway is paired with a LoRa directional antenna with
a frequency range of 433 MHz and a gain of 6 dBi (dBi is relative to the gain of the point
source antenna). With a specific frequency transmission rate and a directional antenna, the
LoRa transmission distance is tested to be up to 3 km under one network. The theoretical
maximum number of devices received by the LoRa gateway is 65,535, and the number of
devices is 1000 under the condition of stable reception and no loss of data.

Electronics 2024, 13, x FOR PEER REVIEW 11 of 18 
 

 

4. Mine Tunnel Deformation Monitoring Substation 
4.1. Hardware Design of Mine Tunnel Deformation Monitoring Substation 

Figure 12 shows the hardware framework of the monitoring substation, which is 
mainly composed of the control board, display, switch LoRa gateway modules, etc. The 
WAN port of the LoRa gateway is connected to the switch through a network cable, and 
the switch is connected to the underground base station through a network cable or fiber 
optic to enter the internal loop network of the coal mine and transmit the data back to the 
ground control center. The LoRa gateway is paired with a LoRa directional antenna with 
a frequency range of 433 MHz and a gain of 6 dBi (dBi is relative to the gain of the point 
source antenna). With a specific frequency transmission rate and a directional antenna, 
the LoRa transmission distance is tested to be up to 3 km under one network. The theo-
retical maximum number of devices received by the LoRa gateway is 65,535, and the num-
ber of devices is 1000 under the condition of stable reception and no loss of data. 

LORA Wireless 
Communication 

Gateway

Monitoring 
Substation Core 
Control Board

Intrinsically Safe 
Mining Switch

LoRa Directional 
Antenna

Display and Control

Intrinsically Safe 
Explosion-Proof 
Power Supplies

Signal 
Amplification

Power

Interactive

Monitoring Substation

 
Figure 12. Mine roadway deformation monitoring substation structure. 

The control board is also connected through Ethernet cables and switches, and the 
data received by the LoRa gateway are read and displayed in a loop on the display screen 
according to the cross-section. The LoRa gateway ultimately transmits data to the ground 
control center through the MQTT protocol. The MQTT (Message Queuing Telemetry 
Transport) is a lightweight publish/subscribe-based messaging protocol. The control cen-
ter can construct a deformation model for the entire roadway based on the pressure data 
for each section, improving the monitoring quality and early warning efficiency of road-
way deformation during the mining process. 

4.2. Substation Display and Control for Monitoring Deformation in Mine Roadways 
The display screen of the monitoring sub-station can show the stress of anchor rods 

(cables) in multiple sections, and the display interface can show 3~8 monitoring sections 
at a time. The monitoring substation can adjust the collection frequency according to the 
advancing speed of the synthesized mining face and the change in the surrounding rock 
of the mine tunnel. The underground roadway is mostly in complicated and harsh condi-
tions such as drenching, humidity, and high temperatures, and the construction workers 
will make certain errors during installation, which will affect the accuracy of the anchor 
bar (cable) stress sensor. Therefore, the monitoring substation can adjust the coefficient of 
the pressure and voltage relationship of each data acquisition device. By setting the trans-
mission address of the monitoring substation to the LoRa device ID of the data acquisition 
device, the coefficient can be set for the data acquisition device in a point-to-point manner. 
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The control board is also connected through Ethernet cables and switches, and the
data received by the LoRa gateway are read and displayed in a loop on the display screen
according to the cross-section. The LoRa gateway ultimately transmits data to the ground
control center through the MQTT protocol. The MQTT (Message Queuing Telemetry
Transport) is a lightweight publish/subscribe-based messaging protocol. The control center
can construct a deformation model for the entire roadway based on the pressure data for
each section, improving the monitoring quality and early warning efficiency of roadway
deformation during the mining process.

4.2. Substation Display and Control for Monitoring Deformation in Mine Roadways

The display screen of the monitoring sub-station can show the stress of anchor rods
(cables) in multiple sections, and the display interface can show 3~8 monitoring sections
at a time. The monitoring substation can adjust the collection frequency according to
the advancing speed of the synthesized mining face and the change in the surrounding
rock of the mine tunnel. The underground roadway is mostly in complicated and harsh
conditions such as drenching, humidity, and high temperatures, and the construction
workers will make certain errors during installation, which will affect the accuracy of
the anchor bar (cable) stress sensor. Therefore, the monitoring substation can adjust the
coefficient of the pressure and voltage relationship of each data acquisition device. By
setting the transmission address of the monitoring substation to the LoRa device ID of
the data acquisition device, the coefficient can be set for the data acquisition device in a
point-to-point manner. If it is necessary to set coefficients for all data acquisition devices
in the whole section of the roadway uniformly and set the transmitting address of the
monitoring substation to 65535, then one-to-many communication can be realized. The
workflow diagram of the monitoring substation is shown in Figure 13.
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5. Experiments
5.1. Field Test Installation

Based on the above research, the distributed high-density anchor (cable) support force
monitoring system is arranged in a coal mine in Hujirt Mining District, and the anchor
(cable) stress sensors, data acquisition devices, and monitoring substations are applied in
the field. There are two workers in a coal mine in Hujirt Mining District. The working face
of 21,407 has a depth of about 650 m, and the thickness of the coal seam is from 2.95 m to
5.27 m, with an average thickness of about 4.0 m. The return tunnel of the working face of
21,407 belongs to a tunnel along the air excavation, and the right side of the return tunnel
is an open area, with a width of a small pillar of coal of 6 m. The width of the small pillar
of coal of 21,407 is 6 m, and the thickness of the coal seam in 21,407 is 5.27 m.

Now, the roadway deformation of the return airway is monitored and warned. An
anchor (cable) stress sensor and data acquisition device form a complete set of anchor
(cable) stress monitoring devices. Seven sets are installed in each row, one monitoring
device is arranged in the middle of the mining side, and three sets are installed in the roof
anchor ropes. The non-return side is the small coal pillar side, and the coal pillar near
the hollow side has a large amount of deformation from previous mining processes, so
one set of monitoring devices is installed at the top corner, bottom corner, and middle of
the roadway. The installation diagram of the section of the return roadway is shown in
Figure 14, and the anchor rods (cables) that need to be installed with stress monitoring
devices are circled with red boxes.

On the return air lane, each section is spaced about 1.2 m apart, and one row is installed
at every interval of 5 rows. The interval between the monitoring sections is about 7.2 m,
and the section monitoring interval diagram is shown in Figure 15.

The seven sets of anchor rod (cable) stress monitoring devices in the first row of
monitoring sections are numbered 101, 102, 103, 104, 105, 106, and 107, respectively. Among
them, 101 represents the first anchor in the first row, where the tail number of 101 is 1,
which is the anchor rod for the mining face; 102–103 are the top anchor cables of the first
row; 106 tail number is 6, which is the middle anchor rod on the small coal pillar on the
non-mining side; and 105 and 107 tail numbers 5 and 7 are the anchor cables at the top
and bottom corners of the small coal pillar on the non-mining side, respectively. The first
monitoring section is located 1500 m away from the return airway, and similarly, the second
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row is numbered 201, 202, 203, 204, 205, 206, and 207. The last row of monitoring sections
is located 2200 m away from the return airway, with section numbers 9801, 9802, 9803,
9804, 9805, 9806, and 9807. The length of the monitoring tunnel is 700 m, with a total of
98 sections monitored and 686 sets of anchor rod (cable) monitoring devices installed. A
monitoring substation is installed at a distance of 400 m from the first monitoring section,
which is 1100 m from the return air lane.
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Figure 15. Section monitoring interval diagram.

A prestressing force of 200 kN will be applied during the installation of the anchor
cable. The initial tightening torque of the anchor is 200 N.M. The diameter of the anchor is
21.8 mm, and the equation for the relationship between the preload torque and the preload
force of the anchor is as follows:

P = M/(K × D) (12)

where P is the anchor preload force in kN; M is the torque applied by the anchor in N.M; D
is the diameter of the anchor in m; and K is the coefficient related to the form of the anchor
thread, the contact surface, the material, and the rod diameter. After conversion, the anchor
preload is 47.6 kN.

The anchor (cable) stress monitoring device collects data every half hour. At a distance
of 200 m from the comprehensive mining face, the deformation of the surrounding rock
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and the stress on the anchor rods (cables) change quickly, and the collection frequency will
be increased to once every 15 min. The acquisition frequency of the monitoring device
can also be adjusted by a monitoring substation according to the actual conditions of the
mine tunnel.

5.2. Cross-Sectional Monitoring and Analysis

The monitoring started when the comprehensive mining face was at 2900 m in the
return airway. When the comprehensive mining face advances to 2800 m, the monitoring
section is 600 m away from the comprehensive mining face at this time, and the overall
deformation of the roadway from 2200 m to 1500 m does not change much, as shown in
Figure 16. It shows the stress changes in section 98, section 97, section 96, and section 95 at
600 m away from the comprehensive mining face. Compared with the initial monitoring
data of the hewing face at 2900 m, the average increase in the roof anchor cable is 6.4 kN,
and the average increase in the two gang anchors is 3.8 kN.
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When the fully mechanized working face is advanced to 2500 m, the roadway roof
anchor pressure and two-side anchor pressure increase more than when the fully mecha-
nized working face is at 2900 m. At this time, the monitoring section is 300 m away from
the fully mechanized working face, and the anchor cable pressure at the bottom corner of
the 9807 small coal pillar side of section 98 increases the most, with an increase of 23.35 kN,
with an average increase of about 16.6 kN. The anchor pressure at the small coal pillar side
of the two side bolts increased significantly, and the anchor pressure at the 9806 small coal
pillar side of section 98 increased the most, with an increase of 17.21 kN and an average
increase of about 12.38 kN, as shown in Figure 17. The graph shows the increase in pressure
at each monitoring node of sections 95–98 at a distance of 300 m from the working face.
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5.3. Small Coal Pillar Side Monitoring Analysis

The side pressure of the small coal pillar obviously increased during the process of
working face advancement, and now, the anchor rods (cables) on the side of the small coal
pillar are monitored. When the working face advances to 600 m, the no. 98 monitoring
section is 100 m away from the working face; the pressure of the top anchor cable of the
small coal pillar increases by 29.47 kN compared with the initial stress. and the pressure
is 247.87 kN at most. The pressure of the anchor cable at the low part of the small coal
pillar increases by 30.91 kN compared with the initial stress, and the pressure is 244.81 kN
at most. The pressure of the anchor cable at the bottom increases gently along with the
advancement in the mining distance, and the pressure of the top anchor cable has a gentle
increase when the working face advances to 100 m and 400 m, and the pressure has an
increase at the top. Anchor ropes have a significant increase in pressure when the working
face advances to 100 m and 400 m. In general, the pressure at the top of the small coal
pillar increases by 30.91 kN compared with the initial stress. Overall, the pressure of the
top anchor cable of the small coal pillar is greater than that of the bottom anchor cable, as
shown in Figure 18. The blue curve represents the value of anchor cable pressure change at
the bottom of the small coal pillar, and the black curve represents the value of anchor cable
pressure change at the top of the small coal pillar.

Electronics 2024, 13, x FOR PEER REVIEW 15 of 18 
 

 

 
Figure 17. Stress monitoring of anchor rods (cables) 300 m away from the working face. 

5.3. Small Coal Pillar Side Monitoring Analysis 
The side pressure of the small coal pillar obviously increased during the process of 

working face advancement, and now, the anchor rods (cables) on the side of the small coal 
pillar are monitored. When the working face advances to 600 m, the no. 98 monitoring 
section is 100 m away from the working face; the pressure of the top anchor cable of the 
small coal pillar increases by 29.47 kN compared with the initial stress. and the pressure 
is 247.87 kN at most. The pressure of the anchor cable at the low part of the small coal 
pillar increases by 30.91 kN compared with the initial stress, and the pressure is 244.81 kN 
at most. The pressure of the anchor cable at the bottom increases gently along with the 
advancement in the mining distance, and the pressure of the top anchor cable has a gentle 
increase when the working face advances to 100 m and 400 m, and the pressure has an 
increase at the top. Anchor ropes have a significant increase in pressure when the working 
face advances to 100 m and 400 m. In general, the pressure at the top of the small coal 
pillar increases by 30.91 kN compared with the initial stress. Overall, the pressure of the 
top anchor cable of the small coal pillar is greater than that of the bottom anchor cable, as 
shown in Figure 18. The blue curve represents the value of anchor cable pressure change 
at the bottom of the small coal pillar, and the black curve represents the value of anchor 
cable pressure change at the top of the small coal pillar. 

 

Figure 18. Stress variation in anchor cables at the top and bottom of small coal pillars.



Electronics 2024, 13, 2221 16 of 18

The monitoring of the anchor rod in the middle of the side of the small coal pillar can
conclude that the maximum stress of the anchor rod is 80.84 kN, increasing by 27.44 kN
compared with the initial stress. When the working face advances to 400 m, there is a
significant increase in the stress of the anchor rod, as shown in Figure 19.
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Through the monitoring data of the support force of the roadway anchor rods (ropes),
it can be concluded that the side pressure of the small coal pillar increases obviously during
the mining process, and the reinforcement support should be carried out in advance during
the overrun support. The change in roof pressure on the side of a small coal pillar is larger
than that on the side of back-mining, so the support strength of unit-type over-head support
and end-head support should be improved during over-support. In the process of mining,
the stress of the small coal pillar at the top anchor cable and the stress of the middle anchor
bar increased significantly when the working face advanced 400 m. About 300 m from
the working face, the top anchor cable pressure and two-gang anchor bar pressure of the
roadway will increase sharply. In the process of coal mining, the quality of the anchor rod
(cable) support on the roadway 300 m away from the working face is detected in advance
and combined with the monitoring data to set the support force of the end bracket and the
portal overrun bracket to ensure the safety of the roadway.

6. Conclusions

Through the design and development of wireless transmission anchor (cable) monitor-
ing nodes, the high-density and wide-range monitoring of anchor (cable) support strength
is realized. Combined with the pressure data of multiple sections, it can analyze the change
in pressure of the whole section of the roadway. A distributed self-organizing network is
realized by means of LoRa wireless communication, and the data transmission is stable and
complete. Combined with the MQTT protocol to transmit data to the ground control center
in real time, the well can also monitor the deformation of the roadway in real time and
analyze and predict the data. Embedded technology is adopted to introduce the working
principle of anchor bar (cable) stress monitoring devices and mine roadway deformation
monitoring and control substations from the aspects of hardware design and software
design. The sensor signal is amplified by the design of the hardware circuit. The Romanovs
base rule is used to eliminate the large error values of the sensor, and combined with a
Kalman Filter, the optimal estimation is obtained to determine the proportional relation-
ship between the sensor pressure and the electrical signal and to solve the defect that the
coefficients of the low-cost sensors are not uniform.
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