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The in situ stress measurement technique can be used in long-termmonitoring

of induced stress to obtain three-dimensional stress states in slope engineering.

In the monitoring, the ambient temperature fluctuation, “zero” drift of the

logging data, and stable power supply should be considered. A dual

temperature compensation circuit and experimental calibration techniques

are proposed to increase accuracy based on the principle of the CSIRO

method and considering the effect of a long-term disturbance of

temperature in slope engineering. In view of the characteristics of the stress

field distribution of the slope rock, the strain gauge layout scheme for induced

stress monitoring of slope rock is modified to achieve the acquisition of three

parallel measurements at one measurement and a stress–strain relationship

equation for multilayer elastic layers is derived. An in situ stress logging system

with the function of transient logging and data-connection in power cut

condition is introduced to achieve a continuous correlation of measurement

data under power cut conditions. An online cloud platform is established for the

slope engineering of Au Mountain Iron Mine in Maanshan City. The results show

that the data deviation of logging system is ±14 με with 24 days’ power off, and

errors with amount of 15% were corrected by the dual temperature

compensation method. The remotely transmitted data reflect the effect of

temperature changes and the evolution of strain (induced stress) in real time to

satisfy the demand of long-term monitoring of slope engineering.
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Introduction

In recent years, as the demand for iron resources has increased and the consumption

of shallow resources has grown, many iron mines are gradually entering the deep mining

state (Li XB. et al., 2017; Xia et al., 2018; Cao et al., 2019; Du et al., 2020a; Liu et al., 2020).

When mining open-pit iron, high and steep artificial slopes are frequently generated, of
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which rock slopes are the most prominent (Han, et al., 2022). The

open-pit slope of Au Mountain Iron Mine in Maanshan City,

Anhui Province, for example, is as high as 392 m, with an average

slope gradient of 50°. Many factors can influence slope stability,

such as in situ stress, strong rainfall, and earthquakes (Song et al.,

2018b; Du et al., 2020b). In the process of deep open-pit mining,

high-stress hard rock is generally subjected to blasting

operations, mechanical shock, and other dynamic

disturbances, which cause changes in the stress field of the

slope and degrades its stability (Guo, et al., 2017; Guo, et al.,

2018; Guo, et al., 2019; Song, et al., 2021; Du and Song, 2022).

In situ stress is the fundamental force of rock damage and the

measurement of in situ stress is a basic prerequisite for many

engineering activities. Excavation activities disturb the original

stress state of rockmasses in a slope, and themechanical behavior

of rock masses is closely related to the induced stress. Therefore,

the effect of both the original stress state and induced stress on

the rock mechanics must be considered, and the disturbance

caused by engineering activities is combined with the mechanical

behavior of the rock mass.

In the design and construction of the excavation of rock

masses, two types of in situ stress information are essential: the

first is the absolute stress (i.e., the initial original stress state of

rock), which is the natural stress existing in the stratum before

the excavation of the rock (Hayashi et al., 1997; Xu et al., 2021; Li

et al., 2022; Liu et al., 2022); the second is the induced stress of the

rock, which is the change in the stress of the surrounding rock

during and after excavation (Huang et al., 2014; Lin and Zou,

2021; Chen, 2022; Yuan et al., 2022). At present, the

measurement techniques for absolute stress are relatively

mature, but there is still a lack of techniques for induced

stress. With the development of rock engineering, the long-

term monitoring of induced stress related to time-dependent

nonlinearity has become an indispensable technique in the field

of slope engineering (Xie, 2017).

Long-term monitoring techniques for the induced stress of

rock could be developed based on in situ stress measurement

techniques. The purpose is to obtain the magnitude and direction

of induced stress, which will enable us to master the change in

stress in the earth’s crust with time. Regarding the monitoring of

induced stress after excavation, Wang et al. (2013) used a

nonelectrical KS-type borehole stress gauge to monitor the

induced stress of coal body caused by mining and obtained

the characteristics of the distribution of induced stress. Zhang

et al. (2016) constructed a coupled three-dimensional (3D)

poroelastic finite element numerical model to examine the

change in stress after a powerful M5.1 earthquake in Badong

County, in China’s Hubei Province. Several studies have used

monitoring techniques and equipment of induced stress to obtain

the stress changes before and after an earthquake (Liao et al.,

2003; Cai et al., 2009; Peng et al., 2009). Clark (1982) found that,

for at least the duration of several weeks or months prior to an

earthquake, signs of activity on deep inception faults can be

transmitted into the rock mass at depths greater than 20 m from

the surface, thereby causing changes in stress. This suggests that

it is possible to record the crustal activity using stress monitoring

techniques. However, none of these studies have considered the

effect of temperature change in long-term stress monitoring.

Among in situ stress measurement techniques, hydraulic

fracturing and CSIRO methods are widely used quantitative

methods (Ulusay, 2014; Cai, 1993; Haimson and Fa Irhurst,

1967; Zoback and Harjes, 1997; Wu et al., 2009) that are also

recommended by the International Society of Rock Mechanics

for measuring the in situ stress (Ulusay, 2014). The hydraulic

fracturing method requires continuous injection of high-pressure

water and splitting of the rock to determine the direction of

stress. Consequently, its use in the real-time monitoring of rock

stress can be difficult. The CISROmethod can achieve the full 3D

stress tensor and direction in a single measurement, which can be

used for the long-term monitoring of induced stress of rock.

However, due to the use of a resistor and Wheatstone bridge

circuit, the drift of temperature mean that this measurement

technique is unable to satisfy the requirements for the long-term

monitoring of induced stress (Li et al., 2006; Li Y. et al., 2017).

The aim of this paper is to propose a new method for the

long-term stress monitoring of slope engineering according to

the CSIRO measurement techniques. An optimized layout

scheme of strain gauges and the corresponding stress–strain

calculation equation was proposed for slope monitoring. The

calibration experiment of the temperature compensation method

was improved to reduce the effect of temperature change. This

paper introduces a new power system that was designed to ensure

a stable supply using the temperature compensation method, an

in situ data-logging system, and a transmission module. This

technique was applied in slope engineering and an online

monitoring system for induced stress was established. The

application of the dual temperature compensation technique,

modification of HI cell structure, and remote transmission

platform improved the stability and reliability of the long-

term monitoring of induced stress in slope engineering.

Theory of induced stress calculation
using the CSIRO method

Circuit of a logging system for strain
monitoring

Logging systems are very sensitive to temperature; thus,

spurious additional strains can be generated by changes in

temperature. Compensation or correction measures are

essential to reduce the additional strain induced by

temperature. However, the conventional compensation

resistance is not bonded to the HI cell, which causes it to be

unaffected by the deformation of the HI cell. Moreover, the strain

gauges that are used for temperature compensation are not
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arranged at the same location as the strain gauges of a HI cell but

are placed at the end of the HI cell or in the external logging

system, which cannot feel the real temperature conditions near

the strain gauges. Therefore, Cai (1991) of the University of

Science and Technology Beijing (USTB) proposed a complete

temperature compensation method (Cai, 1993) by replacing the

conventional compensation resistance by temperature

measurement elements (thermosensors), placing them in the

same position as the strain gauges in the HI cell, and

cementing them together in the core. The temperature of the

thermosensor fully reflects the temperature near the strain gauge

in the HI cell. The additional strain caused by temperature

changes during in situ stress monitoring is deducted

according to the precalibrated temperature strain rate of the

strain gauges in the HI cell.

During field monitoring, a HI cell is placed inside the hole

and the logging system is placed in the external environment,

especially in slope engineering, where the ambient temperature

varies greatly. Therefore, the logging system is also affected by

temperature variation. Therefore, based on the idea of complete

temperature compensation, considering that the HI cell and the

logging system are simultaneously affected by the temperature

fluctuations in slope engineering, the dual temperature

compensation method is proposed to compensate for the

temperature effect of the strain gauge in a HI cell and the

logging system at the same time; that is, the temperature

compensation of the logging system is added on the basis of

temperature compensation of the strain gauge in HI cell, which is

known as the dual temperature compensation technique. In

addition, according to the power supply and data-logging

conditions on the site, a new CSIRO method with the

function of transient logging and data-connection in power

cut condition has been developed. The original circuit of the

logging system was improved to ensure the consistency and

stability of the thermal output−temperature correspondence of

the temperature measurement channel. The improved circuit

board of logging system is shown in Figure 1.

In the dual temperature compensation method, two sensors

are used simultaneously: the first is arranged in the HI cell

(thermosensor: for temperature measurement of the strain

gauge) and the second is located in the circuit of the logging

system (resistor: for temperature compensation of the circuit).

The thermosensor is highly sensitive to temperature changes and

its temperature sensitivity is much higher than that of a

conventional resistor. The thermosensor is placed near the

strain gauge in the HI cell to detect the temperature change of

HI cell in the measurement hole to achieve real-time temperature

monitoring. The size of the thermosensor is 2.3 mm × 2.1 mm ×

0.9 mm (L × W × H), and it has a wide working temperature

range (−50–300°C) and high accuracy (temperature coefficient:

TCR-3850 ppm/K). A 2 ppm low temperature coefficient resistor

was used in the circuit of logging system as a strain display when

the temperature changes; that is, it displays the strain changes

caused by temperature changes in the circuit of logging system

and eliminates them in the calculation.

Induced stress calculation method

In the stress monitoring of a slope rock mass, the stress in the

direction perpendicular to the excavation face was released in a

certain range. Therefore, the consideration of principal stress in

the other two directions can be reserved. The strain gauge layout

scheme of the conventional HI cell in the in situ stress

measurement was modified. The layout scheme for hole wall

strain monitoring on the slope was designed as three groups of

circumferential measurement (each group contains three strain

gauges along the hoop direction, a total of nine strain gauges) and

FIGURE 1
Circuit board of the logging system of the CSIRO method
with dual temperature compensation.

FIGURE 2
Layout scheme of strain gauges for stress monitoring in a
slope rock mass.
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one group of axial measurement (three strain gauges along the

ring direction), as shown in Figure 2. Three groups of strain

gauges were used in the circumferential strain measurement,

which can be averaged to reduce the error.

According to the theory of in situ stress measurement, the

relationship between stress and strain in each direction can be

expressed as follows (Kim and Franklin, 1987; Cai, 1993):

ϵθ � 1
E
{(σx + σy) + 2(1 − v2)[(σx − σy) cos 2θ − 2τxy sin 2θ

− vσz}
(1)

ϵz � 1
E
[σz − v(σx + σy)] (2)

where εθ and εz are the circumferential strain and axial strain,

respectively; and σx, σy, and σz are the horizontal stress, vertical

stress, and axial stress, respectively.

The strains along the circumferential hole at 0°, 120°, and 240°

were obtained by averaging the strain on the three measurement

rings, as shown in Figure 2. According to Eq. 1, the

circumferential stress–strain equation can be obtained as follows:

1
3
(ϵθ(0+) + ϵθ(120+) + ϵθ(240+)) � 1

E
[(σx + σy) − vσz] (3)

There are three axial strain gauges along the hole at 0°, 120°,

and 240°. According to Eq. 2, the axial stress–strain equation can

be expressed as follows:

1
3
(ϵz(0°) + ϵz(120°) + ϵz(240°)) � 1

E
[σz − v(σx + σy)] (4)

The axial stress and the sum of circumferential stresses can be

obtained from Eqs 3, 4.

Laboratory calibration

Stress calculation by field measured strains requires the

determination of elastic parameters (modulus: E; Poisson’s

ratio: v) of the rock. The best way to obtain the E and v of

the rock at the measurement site is to perform a biaxial pressure

test on the core containing the HI cell (Amadei and Stephansson,

1997). In themeasurement of absolute stress, biaxial pressure was

applied to the core containing the HI cell retrieved from the site,

and then E and v of the rock were derived from the measured

stress–strain relationship of the core caused by the confining

pressure. The elastic parameters of the core taken from the

original measurement site can avoid the effect of geological

conditions on the measurement results. This method can also

be considered if the cores exhibit significant nonlinearity

deformation.

A biaxial pressure test was conducted and a biaxial chamber

that was developed by our research team was applied as the test

apparatus. The maximum confining pressure that can be applied

is 120 MPa and the maximum diameter of the core is 110 mm.

The core is in the plane stress state. The relationship between the

strain and the confining pressure can be deduced by elastic

mechanics analysis as follows (Leeman, 1968):

E � P0

ϵθ
2R2

R2 − r2
(5)

where P0 is the confining pressure; R andr are the outer and inner

radii of the hole core; and εθ is the average circumferential strain

caused by confining pressure.

Considering the effect of behavior and thickness of glue, Cai.

(1993) proposed a modification of Eq. 5, as follows:

E � K1
P0

ϵθ
2R2

R2 − r2
(6)

In this study, the core was installed in the biaxial chamber

cylindrical hole. Then, confining pressure was gradually applied,

and data were recorded using the logging system. A

loading−unloading path was applied, and the maximum

pressure was 120 MPa.

Calibration of the HI cell and logging
system using the dual temperature
compensation method

Stability test of the logging system

During long-term monitoring, a key problem is to maintain

the stability of the power supply. The function of transient

logging and data-connection in power cut condition was

developed for the logging system, which would ensure the

data recoverability if the power is cut off for a certain time. A

stability test of the function was conducted. A resistor was

connected to the test channel and the test was carried out

under constant-temperature conditions; that is, the power was

cut for a certain period of time, and the logging was started again.

By comparing the data at different times for the same channel

TABLE 1 Strain drift under power cut conditions (με).

Time (Days) 35°C 40°C 45°C

0 0 0 0

3 −2 −9 −5

6 −5 −3 −12

9 12 −14 −2

12 6 −6 −14

15 −2 −1 −10

18 −2 −8 −12

21 4 −3 4

24 7 −5 −5
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with the same temperature, the drift of data before and after can

be calculated, and then the stability of the function of logging

system can be verified.

In the test, a constant-temperature chamber was used to

carry out tests at different temperatures (35°C, 40°C, and 45°C,

temperature error +0.5°C). The maximum time of power cut

during the test is 24 days. The data collected at different times

were compared and the drift was calculated under power cut

conditions (see Table 1). The test results show that the maximum

drift is 14 με under the same temperature in the longest 24-days

power cut test and the range of strain in the stress measurement

in slope is generally 2000 με. This error is negligible in

engineering applications, which verifies the stability of the

function.

Calibration test for the evaluation of the
temperature effect

The data-logging system is applied during the in situ stress

measurement or long-term monitoring of induced stress,

especially in the monitoring of induced stress in a slope where

the measurement points are buried at a shallow depth and the

ambient temperature varies greatly, which can directly affect the

accuracy of the logging system and cause measurement

(monitoring) errors. In the dual temperature compensation

technique, temperature compensation is required for both HI

cell and logging system. Therefore, the strain gauges,

thermosensor, and logging system need to be calibrated in the

laboratory separately.

Thermal output calibration of the strain gauges
in the HI cell

The strain gauges are embedded in hollow inclusion

cylinders, which are also sensitive to temperature changes;

therefore, the effect of temperature on the measurement

results cannot be ignored. Effective temperature compensation

is required to reduce this part of the effect. The relationship

between the strain and temperature (temperature strain rate) of

the strain gauges is calibrated based on a temperature calibration

test of the strain gauges. According to the temperature changes in

the strain gauge during the stress monitoring, the additional

strain caused by environmental temperature in each strain gauge

can be calculated and deducted from the total strain measured

during the stress monitoring to obtain the true strain of each

strain gauge, thus achieving accurate measurement results.

Two thermostats are used in the calibration: the first is used

to provide a constant temperature for the logging system and the

second is used to provide a variable temperature for the HI cell

with a strain gauge (high- and low-temperature thermostats). To

ensure that the temperature near the strain gauge is the same as

the thermosensor, the thermosensor is placed near the strain

gauge to ensure the same temperature condition (see Figure 3).

FIGURE 3
Arrangement of a thermosensor in a HI cell.

FIGURE 4
Relationship between temperature and strain of a strain
gauge in a HI cell.

FIGURE 5
Fitting of temperature vs. strain of a strain gauge in a HI cell.
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The calibration test is carried out by placing the logging system

into the thermostat and maintaining the temperature at 30°C.

The HI cell with strain gauge was then placed in the high- and

low-temperature thermostat, and different temperatures were set

for the HI cell (i.e., 5°C, 10°C, 15°C, 20°C, 25°C, 30°C, 35°C, and

40°C). The duration of each temperature gradient was 8 h. The

experimental results are shown in Figure 4.

The strains of the strain gauge in HI cell at each temperature

were averaged, and a trend regression analysis was performed on

the temperature calibration data to obtain the relationship

between the temperature and strain of the strain gauge (as

shown in Figure 5). In the range of 5–40°C, the temperature

and strain are linearly correlated. Therefore, the calibration

equation can be obtained as follows: y � 3500x + 34508. The

additional strain of strain gauge caused by temperature can be

calculated directly from the temperature in long-term

monitoring.

Calibration of the thermosensor
To obtain the actual temperature near the strain gauges, the

relationship between the temperature and thermal output of the

thermosensor was established by conducting a temperature

calibration test on the thermosensor. The temperature near

the strain gauge was calculated from the thermal output of

thermosensor and used in the temperature compensation of

the strain gauge.

The calibration test was carried out by placing the logging

system into a thermostat and maintaining the temperature at

30°C. Then, the HI cell with thermosensor was placed in a high-

and low-temperature thermostat, and different temperatures

(i.e., 10°C, 20°C, 30°C, and 40°C) were set. The duration of

each temperature gradient was 3 h. The experimental results

are shown in Figure 6.

The thermal output of thermosensor at each temperature was

averaged, and a trend regression analysis was performed on the

temperature calibration data to obtain the relationship between

the temperature and thermal output of the thermosensor (as

shown in Figure 7). The temperature is linearly correlated with

thermal output in the range of 10–40°C. Therefore, the

calibration equation can be obtained as y � 3500x + 34508.

The temperature of HI cell can be calculated directly from the

thermal output of the thermosensor in long-term monitoring.

FIGURE 6
Relationship between the temperature and thermal output of
a thermosensor.

FIGURE 7
Fitting of temperature vs. thermal output of a thermosensor.

FIGURE 8
Relationship between the temperature of the logging system
and the strain of resistor.

Frontiers in Earth Science frontiersin.org06

Jin et al. 10.3389/feart.2022.981470

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.981470


Temperature calibration of the logging system
To calibrate the effect of temperature on the logging system, a

logging system temperature calibration test was carried out to

eliminate the logging error caused by the temperature changes in

the logging system. In the temperature calibration test of the

logging system, a 2 ppm/°C low temperature coefficient resistor

obtained from Vishay, Israel was connected to the temperature

compensation channel of the logging system. The logging system

and resistor were placed in a high- and low-temperature

thermostat, and different temperatures (i.e., 20°C, 30°C, 40°C,

and 50°C) were set. The duration of each temperature gradient

was 3 h. The relationship between the temperature of logging

system and the strain of the resistor is shown in Figure 8. The

strain variation curve reflects the error caused by the logging

system due to the temperature variation.

The strains at each temperature were averaged, and a trend

regression analysis was performed on the temperature calibration

data to obtain the relationship between the temperature of the

logging system and strain of resistor (as shown in Figure 9). In the

range of 20–50°C, the temperature of the logging system is

linearly correlated with the strain of the resistor. Therefore,

the calibration equation can be obtained as follows: y � 33.4x −
69.9.

Cloud platform for online monitoring
of induced stress

The data acquired during on-site monitoring need to be

constantly exported, processed, and analyzed for real-time

feedback. Therefore, a stable power supply system and

transmission system need to be built. An induced stress online

monitoring system was developed to overcome the drawbacks of

long-term on-site monitoring that requires the establishment of a

machine room, provision of dedicated personnel for regular

power supply replacement and data logging, operation of

cumbersome equipment, and high maintenance costs. The

architecture of this system is shown in Figure 10. The

monitoring system utilizes solar power and the power grid for

equipment power supply, HI cell and logging system for strain

monitoring, a network transmission module combined with fiber

optic network to transmit the data to the Internet, and a remote

server for data logging and storage. The monitoring cloud

platform not only has the characteristics of low equipment

cost of cloud platform architecture, fast system response, and

high stability but it also frees the monitoring system from the

limitation of transmission distance, achieves the advantage of

unattended equipment in the field monitoring environment,

interconnection of multiple measurement points of stress

monitoring data, real-time uploading into the network to

form a monitoring network, and conveniently performs a

comprehensive analysis of the monitoring data through the

cloud platform network. It achieves the purpose of long-term

and stable monitoring of induced stress of rock masses.

The system consists of the following main components:

FIGURE 9
Fitting of the temperature of the logging system vs. the strain
of the resistor.

FIGURE 10
Architecture of a cloud platform monitoring system.
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1) Power supply system. This utilizes solar power and power

grid together to provide stable power supply for the HI cell,

logging system, and network transmission module.

2) HI cell. This is the core component in this system to monitor

the change in a long-term induced stress of rock masses.

3) Logging system. This can record and save the monitoring

data, and transfer the data to the network transmission

module to access the network.

4) Network transmission module. The WIFI module (or 4G

module) is an important transcoding component for

transferring the data to the Internet and converting the

485 data format to TTL data format. The 4G module can

be used for slope stress monitoring and the WIFI module can

be used when there is a wireless network. The WIFI module

can also be used for in situ stress monitoring in deep

engineering with the downhole fiber optic network.

5) Cloud server. This is used for long-term storage, processing,

and display of monitoring data.

6) Visualization terminal. The monitoring data in the cloud

server are retrieved for online viewing by the end users.

Application of a monitoring system
for induced stress in slope
engineering

Given that the slope rock mass is affected by temperature

fluctuation, blasting excavation, rain and snow, the

environment is more complex than underground

engineering and the range of temperature change is

obviously large (the daily temperature change in the site in

spring is about 20°C). Therefore, in stress monitoring, the

impact of significant temperature changes on the monitoring

equipment needs to be considered, in addition to long-term

stable power supply and data transmission. The double

temperature compensation technique developed by this

research team (which was introduced earlier) can be used

for temperature compensation of the equipment to reduce

the effect of temperature and achieve long-term stable

monitoring under strong temperature fluctuation.

Project overview

The monitoring system that is developed in this study was

applied to the open-pit of Au Mountain of Maanshan Iron Mine

in eastern Anhui Province, where the highest elevation of the

exposed iron body is +175 m and extends down to −214 m. At

present, the +45 m closed circle has formed a depression pit with

an east-west length of 1,200 m, a north-south length of 980 m,

and a vertical depth of 255 m. The average annual temperature is

about 16°C, with an annual temperature variation range

of −15 to 40°C.

Site monitoring program

A total of three boreholes were set up on the site, with two

measurement points in each hole, located at 5 and 10 m depth,

for a total of six measurement points. One and two holes were

located at an elevation of −30 m, and three holes were located

at −45 m, see Figure 11 for site layout.

Considering the problems of stable power supply, data

transmission, and construction disturbance, a layout scheme

of the remote monitoring system for slope rock induced stress

was designed (as shown in Figure 12). HI cells are installed in the

borehole, and the data-logging mode of the logging system is set

for continuous logging with an interval of 30 min. The data can

be transmitted to the monitoring cloud platform through the

Network transmission module and downloaded at the

visualization terminal.

Data logging and analysis

According to the indoor temperature calibration results, the

strain data were processed by the dual temperature

compensation algorithm to reduce the effect of temperature,

and the strain monitoring data of 5 m hole depth in No.

2 borehole were obtained (as shown in Figure 13). Both the

circumferential strain and axial strain at the monitoring point

showed a linear growth trend with time. This shows that the

displacement of slope rock after excavation has a linear growth

trend, and it still has not reached the stable state within 30 days.

During the monitoring, there were two power cuts in the

logging system due to rainy weather. However, the data showed

continuity and did not show large fluctuations after the power

was restored each time. This reflects the reliability of the logging

system with the function of transient data-logging and data-

connection in power cut condition; that is, the data can be

collected after the power supply is restored and can be shut

down when the power supply is insufficient. This fully reflects the

superiority of the logging system in the long-term monitoring of

induced stress in slope engineering.

The indoor calibration method for confining pressure

described in Laboratory Calibration Section was used to

calibrate the field retrieved cores with a HI cell in measuring

the absolute stress. The variations in circumferential and axial

stress were calculated using the stress–strain relationship Eqs 3, 4

as described in the Induced Stress Calculation Method Section (as

shown in Figure 14).

Discussion

The present study concentrates on the long-term monitoring of

the in situ stress field around the excavation surface in slope

engineering with a normal ambient temperature rather than
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underground cavern groups with higher temperatures. However, the

high-temperature resistance of the HI cell in the presence of high-

temperature conditions in underground engineering needs further

study. The measurement of in situ stress using a HI cell requires the

strain to be converted into stress, which requires the participation of

elastic parameters. Nevertheless, in the slope construction, it is easy to

create strong disturbances to the rock of excavation surface and thus

affect the rock parameters (i.e., the rock parameters are variable).

However, it is difficult to adjust the calculated parameters in real time

by conducting only one calibration test of biaxial pressure when

acquiring rock parameters, and therefore further research on

parameter acquisition methods is needed.

Conclusion

Based on the in situ stress measurement techniques, a new

method for long-term stress monitoring of slope engineering

FIGURE 11
Layout of on-site measurement points.

FIGURE 12
Layout scheme of a remote monitoring system.

FIGURE 13
The 5 m hole depth strain monitoring data of measurement
hole No. 1.

FIGURE 14
The 5 m hole depth stress variation in measurement hole
No. 1.
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using HI cell was proposed by considering the characteristics of

long-term stress monitoring environment of slope engineering,

and improving the dual temperature compensation method and

related testing techniques. The method was applied to long-term

monitoring of Au Mountain Iron Mine in Maanshan City. The

measurement results satisfy the engineering requirements and

the remotely transmitted data reflect the effect of temperature

changes:

1) The strain gauge in HI cell layout scheme was improved to

achieve the logging of three parallel measurements at one

measurement and the stress–strain relationship equation for

multilayer elastic layers based on the HI method was derived,

according to the stress characteristics in the direction

perpendicular to the excavation face of the slope rock.

2) The indoor test results show that the in situ stress logging

system with the function of transient logging and data-

connection under power cut condition can maintain the

data deviation of logging system at ±14 με with 24 days’

power off, which satisfies the requirements of field

monitoring accuracy.

3) The dual temperature compensation technique could reduce

the additional strain caused by the temperature changes of the

HI cell and logging system. An amount of 15% temperature

compensation was corrected in the long-term stress

monitoring of the slope of Au Mountain Iron Mine

according to indoor temperature calibration tests for strain

gauges, thermosensor, and logging system.

4) An online monitoring system for induced stress in slope

engineering was established. The remotely transmitted data

reflect the effect of temperature change and the evolution of

strain (induced stress) in real time to satisfy the demand of

long-term monitoring of slope engineering. In the 1-month

monitoring, the stress changes showed a linear growth trend

with small changes and the stress changes were basically

stable. After the temperature compensation of each

measurement channel, the axial stress remained unchanged

and the circumferential stress change was 0.73 MPa.
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