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Throughout engineering construction, large deformation disasters in soft rock tunnels are encountered increasingly frequently.
Therefore, structural health monitoring not only ensures accurate construction management but also provides a basis for
dynamic adjustment of the support structure. The existing monitoring technology has certain shortcomings, such as poor anti-
interference ability, non-real-time operation, and great security risks. Consequently, high-precision real-time monitoring has
become a key scientific issue in tunnel engineering. For this work, multisource information fusion technology was adopted,
while data security reserve systems, such as cloud server (ECS) based on the fiber Bragg grating multisource sensing system,
cloud database (RDS), and cloud website, were embedded into the No. 2 inclined shaft of the Muzhailing tunnel. Based on the
negative Poisson’s ratio (NPR) anchor cable control technology for large deformation of the soft rock in the No. 2 inclined shaft
of the Muzhailing tunnel, reasonable and effective intelligent monitoring was carried out for tunnel construction. Monitoring
and early warning cloud service platforms, based on the Internet of Things and cloud technology, could quickly produce query
and statistic tunnel monitoring information. The monitoring system provided the collection, transmission, storage, processing,
and early warning information sending of data, such as NPR anchor cable axial force, steel arch stress, deep surrounding rock
displacement, surrounding rock deformation, and contact pressure between primary support with secondary lining. This
monitoring system ensured construction safety and provided monitoring application case support for the related problems of
similar projects.

1. Introduction

In recent years, the construction of railway and highway tun-
nels in China has been abruptly developed [1-3]. Due to the
special influence of the tunnel construction conditions and
environment, many unpredictable factors exist [4, 5]. An
effective monitoring work in the construction is conducive to
the supervision and management of the entire construction
link, in combination with the promotion of construction
safety and construction quality [6-8]. Large deformation or

collapses often occur throughout in tunnel construction with
soft surrounding rock [9-11], resulting in major safety acci-
dents and economic losses. With the development of high pre-
cision, high intelligence, and diversified monitoring
equipment, as along with the demand for fine management
in each link of tunnel construction, many scholars have paid
increased attention to tunnel safety monitoring. Chang and
colleagues dealed with using wireless sensor network (WSN)
in the application of the tunnel environmental monitoring
purpose in the Snow Mt. Tunnel for Fire Exam testing [12-
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14]. Ding and colleagues presents a real-time safety early
warning system to prevent accidents and improve safety man-
agement in underground construction, based on the “internet
of things” (IoT) technology [15]. Through monitoring of the
settlement and clearance convergence deformation of the
Wolong tunnel construction vault, Pan and colleagues pre-
dicted the dangerous situation timely, adjusted the construc-
tion plan according to the monitoring results [16]. Based on
a 3D laser scanner and processing algorithm for point cloud
data, Jiang and colleagues presented a technology for measur-
ing the 3D deformation of a deep tunnel in the Jinchuan No. 2
Mine to predicting deformational performance and determin-
ing the reasonable support opportunity [17].

Fiber Bragg grating (FBG) sensor technology is charac-
terized by strong antielectromagnetic interference capability,
wide measurement range, low transmission loss, high preci-
sion, and strong real-time performance. It has been proved
as especially suitable for large projects, such as dams, tunnels,
bridges, and highways, which require real-time monitoring
of multiple parameters (strain, temperature, and vibration)
[18-20]. Ding Yong and colleagues realized real-time distrib-
uted remote settlement monitoring of subway shield tunnels
through FBG sensor pasting upon the aluminum alloy
inclination-measuring tube surfaces [21]. Wang and col-
leagues encapsulated the FBG strain sensor in colloidal mate-
rial and explored the surrounding rock strain distribution
under the support step excavation, support full section exca-
vation, and no support full section excavation through model
experiments [22]. Zhu and colleagues proposed the method
of continuous monitoring of surrounding rock deformation
through the fiber Bragg grating displacement sensor assem-
bly into a series, to obtain the axial displacement distribution
at any distance within the large-scale monitoring line, which
had certain reference significance for geotechnical engineer-
ing deformation monitoring [23]. Pan and colleagues built
a monitoring system through embedded FBG strain sensor
utilization, based on the strong anti-interference capability
of FBG, verifying the feasibility and advantages of FBG sen-
sor in the safety secondary lining structure monitoring of
the water diversion tunnel [24]. Cai utilized the fiber Bragg
grating sensing technology in the secondary lining and sur-
rounding rock pressure monitoring of a tunnel, utilizing the
method of nonlinear regression analysis, to predict and warn
the possible disruptions within the tunnel [25]. Tao Zhigang
and colleagues established the Newtonian force change mon-
itoring and early warning system through multisource infor-
mation fusion technology utilization, which satisfied the
requirement for landslide disaster monitoring and early
warning within a complex environment [26]. The latter sys-
tems provided a rich platform for data collection, transmis-
sion, management, analysis and release for the monitoring,
and warning of engineering disasters, while a significant
amount of research results was obtained. However, for the
new tunnel support technology for large deformation control
technology of soft rock tunnels through NPR anchor cable
utilization, the monitoring methods and evaluation system
were relatively deficient.

In this work, based on the support design scheme of NPR
anchor cable for large deformation of the soft rock in the No.
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2 inclined shaft of the Muzhailing tunnel, the axial force of
anchor cable, steel arch stress, and deep displacement as well
as the pressure of primary support with second lining was
monitored with the ECS (elastic compute service) and RDS
(relational database service), with which multisource infor-
mation release and interaction technology were integrated.
The improvement of intelligence, adaptability, safety, and
stability of the entire monitoring system could provide tech-
nical reference for tunnel construction monitoring and early
warning under various complex environments in the future.

2. Distributed Sensing Technology Based on
Fiber Bragg Grating (FBG)

Fiber Bragg grating (FBG) sensors were produced through
the refractive index change of the fiber core to produce small
periodic modulation. When the temperature or stress chan-
ged, the fiber produced axial strain, which increased the grat-
ing period, whereas the core layer and cladding radius
became lower-sized. The refractive index of the fiber was
changed through the photoelastic effect, consequently caus-
ing the grating wavelength deviation. Through the drift A
amount measurement, the deformation or temperature
change amount of the fiber can be obtained as equation (1):

where 7.4 is the effective refractive index of the fiber, and
A is the grating period. The strain and temperature had a
good linear relationship with the center wavelength and were
independent of each other. The correlation equation is pre-
sented as equation (2).

Adp = a,Ae + ap AT, (2)

whereAA; is the grating wavelength drift, Ae is the axial
strain variable of grating, and AT is the temperature change
of the grating. Thea, anda, are the strain coefficient and
thermal expansion coeflicient, respectively. Based on the lin-
ear relationship among strain, temperature, and the offset of
grating wavelength, the strain variables of the structure under
testing were calculated. The principle of the FBG sensor sys-
tem is presented in Figure 1.

If the temperature remains unchanged, the relationship
between the strain on FBG and the central wavelength shift
can be expressed as equation (3):

A/\B :Ae(l'Pe>/\B’ (3)

where A is the central wavelength of the grating, and P, is

the effective photoelastic coefficient. If the FBG sensors with
different initial center wavelengths were connected in series
on the same fiber, the quasidistributed monitoring of strain
at each point on the fiber could be realized. Quasidistributed
FBG sensor technology mainly encapsulated the fiber Bragg
grating strain gauge into a variety of different types of fiber
Bragg grating sensors, which were arranged and installed
on the object under testing, to realize the various deforma-
tion parameter measurements of this object under testing.
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FIGURE 1: Principle of the FBG sensing technique [27].

3. System Unit of Soft Rock Tunnel Monitoring

3.1. Axial Force Monitoring of the NPR Anchor Cable. In
order to adapt to the requirement increase for bolt devices
in underground engineering projects, the constant resistance
and large deformation anchor cable were developed, also
known as the NPR anchor cable [28-30]. The corresponding
structure is presented in Figure 2(a). It was composed of a
steel strand, a tray, a constant resistance device, and a lockset
as well as other parts. Among these parts, the constant resis-
tance sleeve was composed of a constant resistance body and
steel casing, as presented in Figure 2(b). The constant resis-
tance sleeve has a negative Poisson ratio effect. The constant
resistance body moves under the axial force action of the
anchor cable and interacts with the constant resistance
sleeve, to realize constant resistance sliding. When the
anchor cable stress is lower than the constant resistance
value, the anchor cable is in the elastic working state. When
the anchor cable stress exceeds the constant resistance value,
the NPR material constant resistance device generates slip
deformation through the cone body to absorb energy, to
ensure that the anchor cable does not break and continues
to have the corresponding bearing capacity [31, 32].

During the NPR anchor cable support within the soft
rock tunnel, the stress state was measured by the NZ-FBG-
ALG fiber grating anchor cable axial force sensor, as pre-
sented in Figure 3(a). The sensor precision was 0.1 kN, and
the maximum range was 500 kN. The measured data of the
sensor could be obtained through the fiber grating demodu-
lator utilization, to obtain the wavelength date that caused
the deformation of the steel barrel and consequently, the cal-
ibration coefficient was substituted, to calculate the load
value of the fiber grating anchor cable force sensor. Since
the external diameter of the NPR anchor cable constant resis-
tance sleeve was up to 75 mm, this axial force sensor required
a larger diameter. It was necessary for the two steel pallets to
be utilized at the same time, to clamp the sensor in the mid-
dle, to maintain the axial force test as more accurate and sta-
ble. The installation mode of the sensor is presented in
Figure 3(b).

3.2. Deep Displacement Monitoring of the Surrounding Rock.
The fiber Bragg grating multipoint displacement meter could
reflect the plastic zone expansion depth of the surrounding
rock after the support structure completion. It was of high

significance to evaluate the restraining effect of the high pre-
tension support structure on the surrounding rock loose
zone. The displacement sensor of NZ-FBG-FPG is presented
in Figure 4(a). The sensor accuracy was 0.1 mm, and the
maximum range was 1500 mm.

Through grouting, the sensor end was fixed with the deep
surrounding rock. The surrounding rock deformation pres-
sure acted on the sensor free end, while the relative motion
between the sensor and the fixed end was realized through
the transfer rod, for the central wavelength of the fiber Bragg
grating to change. After the monitoring data was demodu-
lated by the fiber grating demodulator, the displacement var-
iation of each point was obtained. NZ-FBG-FPG fiber grating
displacement sensor as well as the corresponding installation
method is presented in Figure 4(b).

3.3. Pressure Monitoring of Steel Arch Frame. As a new
method to control large deformation of the soft rock in the
tunnel, the support effect of the NPR anchor cable was of
high significance to the optimization design of steel arch
frame parameters. Simultaneously, the monitoring data
could effectively reflect the stability of the primary support
structure. The NZ-FBG-SSG fiber Bragg grating strain sensor
is presented in Figure 5(a), with a sensor accuracy of 0.1 MPa
and a maximum range of 500 MPa. The sensor was installed
upon the groove surface of the steel arch through spot weld-
ing, as presented in Figure 5(b). The steel arch was subjected
to deformation and bending by surrounding rock pressure,
which changed the central wavelength of the fiber Bragg grat-
ing stress sensor. The stress characteristics of the steel arch
could be obtained with a demodulation instrument.

3.4. Pressure Monitoring of Primary Support with Secondary
Lining. The monitoring of contact pressure between primary
support with secondary lining could not only contribute to
the pressure distribution evaluation of the primary support
system on the secondary lining, but it also played an impor-
tant role in the thickness and strength design optimization of
secondary lining concrete. As presented in Figure 6(a), the
NZ-FBG-ALG pressure sensor had a precision of 0.01 MPa
and a maximum range of 5MPa. The sensor was welded to
the steel pallet through spot welding, while the steel pallet
was welded to the two-wire steel cage, to achieve a tight fit-
ting between the sensor and the waterproof plate. The instal-
lation method of the sensor is presented in Figure 6(b).
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FIGURE 4: Fiber Bragg multipoint displacement sensor.

3.5. Data Acquisition Unit. Quasidistributed optical fiber
sensing technology is utilized for centralized parametric
management of multisource information through a series of
sensors. Different types of sensors are grouped and con-

nected in parallel to the demodulator. Demodulator data is
encrypted and transmitted to the server or cloud platform
through GPRS module or Beidou module, which is conve-
nient for terminal equipment, through which, to the data
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are extracted and analyzed. The fiber potential demodulator
of NZ-FBG-AO02 is presented in Figure 7.

3.6. Deformation Monitoring of the Surrounding Rock. Mon-
itoring of the surrounding rock deformation is a necessary
parameter for tunnel deformation control. The deformation
of the surrounding rock was observed with the Leica
TDO06Plus-2R500 total station, as presented in Figure 8(a).
When it is deemed necessary, a 3D laser scanner is utilized
to measure the deformation of the surrounding rock section,
as presented in Figure 8(b), with a measurement accuracy of
up to 0.1 mm. Since the data of total station and 3D laser
scanner cannot be transmitted online in real time, the defor-
mation data dynamic management of the surrounding rock
could be realized through manual input.

4. Cloud Platform Construction of the Tunnel
Multisource Information Monitoring System

4.1. Multisource Information Monitoring System Platform
Framework. The platform of the tunnel multisource informa-
tion monitoring system is positioned and developed to pro-
mote the accurate collection, efficient calculation, and real-
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FIGURE 7: Fiber potential demodulator of NZ-FBG-A02.

time release of monitoring information. The construction
of a system platform is presented in Figure 9.

4.2. Composition and Function of System. Based on cloud
computing technology, the tunnel monitoring cloud service
platform was established. The intelligent remote multisource
tunnel monitoring system was divided into four layers: data
layer, transmission layer, computing layer, and output layer,
as presented in Figure 10, while the specific functions were

(1) Perception layer: it was composed of data acquisition
subsystems, such as NPR anchor cable anchoring
force monitoring, surrounding rock deformation
monitoring, deep surrounding rock displacement
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FIGURE 10: Tunnel intelligent remote monitoring data center management system and release system.

monitoring, steel arch frame pressure monitoring,
primary support with secondary lining pressure
monitoring, data acquisition equipment, data trans-
mission module, and power supply system

(2) Transmission layer: through the dual-channel com-
munication mode adoption of GPRS and Beidou satel-
lite, according to the principle of “first come, first
served”, the data obtained after automatic discarding

would be avoided to receive data duplication. When
it was found that one signal communication was dis-
connected, the other system would automatically
switch to run, to ensure that the data would not be lost

(3) Calculation layer: the received data was compiled and
secondary processed, while the data could be calcu-
lated and stored for the terminal device to call. The
cloud platform automatically stored the data in the
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FIGURE 13: Large deformation of the surrounding rock in the No.2 inclined shaft of the Muzhailing tunnel.

cloud database after the receiving program of the  data centers. The intelligent tunnel monitoring system will
cloud server received the data, which was convenient  be installed to utilize the cloud server of Aliyun, which will
for the cloud website and the monitoring workstation ~ have the following advantages [33, 34]:

retrieval. When the data volume was high, big data

processing and analysis could be realized with the (1) Stability: cloud disk data reliability of the cloud server

cloud platform contribution reaching 99.9%, automatic down migration, auto-

matic snapshot backup, and data recovery as conve-

4.3. Cloud Platform Service System Advantages. With the nient and fast. A traditional server is limited by the
advent of the cloud computing and big data era, traditional hardware configuration limitations and the influence

data servers will gradually be replaced by cloud computing of machine room conditions, requiring manual
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FIGURE 14: Design of the NPR anchor cable support in the No. 2 inclined shaft of the Muzhailing tunnel and three bench support design.

backup, while the manual data recovery is proven dif-
ficult and time-consuming

(2) Flexibility: a cloud server could freely configure CPU,
memory, and bandwidth, as well as upgrade the con-
figuration at any given time, to ensure that the data
will not be lost. The traditional server is a fixed con-
figuration. If the configuration is modified, the hard-
ware is required to be upgraded. The cycle is long,
and the service stops

(3) Security: the cloud server comes with security mea-
sures, such as distributed denial of service (DDOS)
protection, Trojan horse detection, and antiviolence
cracking, to ensure the safety and reliability of big
data. Traditional servers require extra security to be
purchased and deployed

(4) Extensibility: the elastic compute service (ECS) could
be seamlessly connected to a variety of cloud prod-

ucts, while providing complete computing, storage,
security, and other solutions for system applications
in a sustainable manner. Traditional servers cannot
guarantee the scalability and sustainability of data
growth

4.4. System of Information Publishing. The information pub-
lishing system of the tunnel intelligent remote multisource
monitoring system mainly includes three parts: the central
control system, the network cloud platform, as presented in
Figure 10(a), and the terminal display system, as presented
in Figure 10(b).

Among these parts, the central control system is installed
on the management and control server, with data manage-
ment, analysis management, terminal management, and user
management along with other major functional modules,
through which the monitoring data could be received, ana-
lyzed, published, and monitored, while all functional mod-
ules could be uniformly managed and controlled. The
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network cloud platform is the information transmission
bridge between the central control system and the terminal
display system. The terminal display system includes termi-
nal release, release of field data transmitted by the cloud
server, automatic analysis, and generation of curves, along
with real-time determination and monitoring of the safety
and stability of the tunnel in the field, as presented in
Figure 11.
The WEB platform has the following functions:

(1) With the background of the tunnel simulation map,
the positions of the measuring points and each sub-
station correspond to the graph, while the real-time
information of each monitoring point is displayed
intuitively. The graph could be scaled and moved,
which is easy to be altered. The monitoring point sta-
tus is refreshed in real-time

(2) Comprehensive data display, including curve display,
bar chart display, and report display

(3) Data query function, including daily query and
monthly query

(4) Overlimit alarm function

(5) Perform information editing and management func-
tions for the monitoring system equipment

5. Field Engineering Application

5.1. Project Overview and Monitoring Design. The Muzhailing
tunnel constituted a control project of the WeiYuan to WuDu
section of the national highway from Lanzhou to Haikou
(G75). The total length of the tunnel was 15.2km, the No. 2
inclined shaft was 1.813km in length, and the maximum
depth was 592 meters, having the entire level of class sur-

WHD u

FIGURE 16: Position of the No. 2 inclined shaft in the Muzhailing
tunnel.

rounding rock classification, with maximum horizontal prin-
cipal stress of 24.95 MPa, while the R /o, was <4. It was a
typical ultrahigh pressure soft rock tunnel. The surrounding
rocks of the Muzhailing tunnel were relatively fractured and
passed through the complicated geological structures, as pre-
sented in Figure 12. Since the construction of the No. 2
inclined shaft of the Muzhailing tunnel started in 2016, large
deformation of the surrounding rock at multiple locations
occurred, with a maximum deformation of 3145 mm and an
arch replacement rate of up to 36%, as presented in Figure 13.

On October 12, 2018, the soft rock large deformation
control technology utilization of the NPR anchor cable tun-
nel was initially tested on-site. The support design of the
NPR anchor cable included three-step construction pro-
cesses, as presented in Figures 14(a) and 14(b), which consti-
tuted the first field test of a tunnel within the transportation
industry. The tunnel support scheme was asymmetric long
and with short NPR anchor cable combined support, as pre-
sented in Figure 14(a). As the surrounding rock of the left
half of the tunnel was severely deformed and fractured, the
left half of the tunnel was densely supported. The support
density of the NPR long anchor cable in this area was higher
than for the right half, while the other support parameters
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were the same. The specific performance was the longitudinal
spacing of the NPR long anchor cable ring in the left half of
the tunnel was 2000 mm x 1200 mm. The longitudinal spac-
ing of NPR long anchor rings at the right half of the tunnel
was 1000 mm x 1200 mm.

To effectively evaluate the NPR anchor cable soft rock
large deformation control effect, while ensuring construction
quality and safety, the multisource system cloud service plat-
form of Monitoring in the No. 2 inclined shaft of the Muz-
hailing tunnel was established. The monitoring contents
included axial force monitoring of the NPR anchor cable,
stress monitoring of steel arch frame, deep displacement
monitoring of surrounding rock, pressure monitoring of ini-
tial support with secondary lining, and deformation moni-
toring of the surrounding rock. The specific monitoring
information is presented in Figure 15.

The position of the No. 2 inclined shaft of the Muzhailing
tunnel is presented in Figure 16, while the monitoring section
of the No. 2 inclined shaft is presented in Figure 15.

5.2. Sensor Installation and Monitoring Results. The sensor
installation with multisource monitoring data information
through the optical fiber transmission, as well as the demod-
ulation with the data acquisition instrument is presented in
Figure 17. The encrypted data was transmitted to the cloud
server for calculation and storage through the wireless net-
work, while the data were uploaded to the cloud platform
for the terminal platform to call and analyze. The monitoring
data were utilized for feedback design, to guide the NPR
anchor cable construction.

5.2.1. Monitoring Results of NPR Anchor Cable Axial Force.
After the construction completion of the NPR anchor cable,

Installation of pressure box

Data acquisition unit

I: Elastic deformation stage
II: Constant resistance slip stage

Anchor cable stress (kN)
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F1GuRE 18: Axial force monitoring curve of the NPR anchor cable at
section XK1+770.

the anchor cable dynamometer was installed at XKI
+765/77717751790 sections. The control effect of the NPR
anchor cable on the surrounding rock was evaluated through
the axial force of NPR anchor cable monitoring. The charac-
teristic section XK1+770 is presented in Figure 18. The axial
force change of the anchor cable was executed in two stages:
elastic deformation stage and constant resistance slip stage.
In the elastic deformation stage, the elastic deformation of
steel strand was mainly utilized to resist the cracking and
expansion deformation of the surrounding rock. In the con-
stant resistance sliding stage, the stress state of the
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FIGURE 19: Axial force monitoring curve of the NPR anchor cable at
section XK1+790.

surrounding rock was mainly adjusted by the NPR anchor
cable constant resistance slip, to turn asymmetric stress char-
acteristics into symmetric stress characteristics.

Due to the asymmetric stress characteristics of the left and
right shoulders of the No. 2 inclined shaft of the Muzhailing
tunnel, the NPR anchor cable of the left shoulder first entered
the constant resistance slip stage after 4 days from installation,
while the right shoulder entered the constant resistance slip
stage after 12 days from installation. The force monitoring sys-
tem truly reflected the adaptive adjustment of the NPR anchor
cable support for the surrounding rock. The NPR anchor cable
penetrated the constant resistance body slips, to uniformly
release the deformation energy of the surrounding rock, turn-
ing the asymmetric stress state into a symmetrical uniform
distribution load, which effectively controlled the large defor-
mation of the soft rock inside the tunnel. In order to realize
combined support, NPR anchor cable encryption asymmetric
support was required on the tunnel left shoulder, to effectively
uniformly deform the surrounding rock. The axial force curve
of the XK1+790 anchor cable with characteristic cross-section
is presented in Figure 19. Following monitoring and feedback
design, the anchor cable was reinforced and supported at the
left shoulder position. The asymmetric stress characteristics
of the surrounding rock were significantly improved, fully
demonstrating the adaptive adjustment of NPR anchor cables
and surrounding rock. The large deformation of the jointed
broken rock is caused by many factors [35, 36], but the NPR
anchor cable with high preload is one of the effective ways to
solve this problem [37].

5.2.2. Monitoring Results of Pressure on Steel Arch Frame.
Subsequently, to the construction of the NPR anchor cable
completion, the steel arch stress sensors were installed at the
sections of XK1+765/770/775. The characteristic section
XK1+775 is presented in Figure 20. The stress on the left
and right shoulders of the steel arch exceeded the stress on

11

the vault. The maximum pressure on the left shoulder was
150 MPa, which did not reach the yield strength value of the
steel arch. The support system of the steel arch was in healthy
operation. After the construction of the upper steps, the stress
of the steel arch increased gradually. The excavation of the
middle steps and the lower steps resulted in the arch tempo-
rary suspension, while the steel arch stress decreased. After
the completion of the inverted arch, the pressure of the steel
arch gradually tended to stabilize. In addition, 30 days after
the completion of the steel arch, the entire support system
force of the steel arch was basically stable, which further indi-
cated that the surrounding rock deformation was effectively
controlled, laying the foundation for the secondary lining trial.

5.2.3. Monitoring Results of the Deep Displacement of the
Surrounding Rock. After the construction of the steel arch
frame was completed, the multipoint displacement sensors
were installed at the left shoulder positions of the XK1
+770/775/790 sections, for deep displacement real-time
monitoring of the surrounding rock under the NPR anchor
cable support system. The characteristic section XK1+790 is
presented in Figure 21.

For the short anchor cable, the combined arch effect of
the surrounding rock was utilized, to transform the sur-
rounding rock into a uniform stress-bearing arch through
multiple groups of anchor cables [38]. For the long anchor
cable, the theory of suspension was utilized, to form a
stress-strengthening arch through the stress-bearing arch
through suspension, to resist the deformation of surrounding
rock. It could be observed from Figure 21 that the deforma-
tion of surrounding rocks mainly occurred at the depths of
7m and 10 m, reaching 102 mm. The displacement between
the depths of 5m and 7m reached 58 mm, indicating that
the length of the long anchor cable must exceed 7 meters,
to effectively control the deformation of surrounding rocks.
After 30 days, the deep displacement of the surrounding rock
was basically stable, while the deformation of the surround-
ing rock was effectively controlled.

5.2.4. Monitoring Results of Primary Support Structure
Deformation. The deformation of the surrounding rock was
measured with the total station. The arrangements of
the monitoring sections were at XK1 + 750/765/770/775/785/
795/800/810. Five monitoring points were arranged for each
monitoring section, while the monitoring results of XK1
+795 are presented in Figure 22. It could be observed from
the monitoring curve that the maximum deformation of the
surrounding rock was located at the left arch spandrel of
the tunnel, reaching 160 mm, while the vault and right arch
spandrel were approximately 90 mm. After the excavation
of the tunnel face, the subsidence rate of the left spandrel in
the rapid deformation stage was 10 mm/d. After the comple-
tion of the middle step, the surrounding rock deformation
entered the slow deformation stage, while the deformation
rate dropped to 2 mm/d. The surrounding rock deformation
was basically stable after 25 days. It could be observed from
the monitoring curve that the application time of the second
liner concrete should have been no less than 28 days after the
tunnel face excavation completion.
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5.2.5. Pressure Monitoring Results of Primary Support with
Secondary Lining. The pressure monitoring between primary
supports with secondary lining was of high significance to the
evaluation of the primary support system and the healthy
operation of the secondary lining. Fiber Bragg grating pres-
sure sensors were installed at the sections of XKl
+770/790/800, respectively, while the characteristic section
curve of XK1+ 800 is presented in Figure 23.

It could be observed that the maximum pressure between
the primary supports with secondary lining was approxi-
mately 0.7 MPa, while the highest stress occurred at the vault
and left shoulder, whereas the right shoulder pressure was

approximately 0.6 MPa. The pressure of the left and right
hances was approximately 0.3 MPa. The pressure value was
quite lower than the yield strength of the secondary lining
concrete. After the completion of the second liner for 30 days,
the pressure of the primary support with the second liner
remained stable, while the entire support system was in a
healthy state of operation.

6. Conclusions

In this work, multisource information fusion technology was
adopted to embed into the No. 2 inclined shaft of the
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Muzhailing tunnel. The monitoring system provided the collec- the evaluation of the supporting effect of the new sup-

tion, transmission, storage, processing, and early warning infor- port technology of the NPR anchor cable on the tunnel
mation sending of data. The main conclusions are as follows: with large deformation of the soft rock was solved

(1) The cloud server was better than the traditional server (2) Based on the FBG sensor with high accuracy and

in terms of elastic expansion, stability, and security. strong anti-interference ability, multisource monitor-

Based on the cloud platform server, a multisource infor- ing information and publishing technology were

mation monitoring system was built for the No. 2 integrated into one, and centralized monitoring of

inclined shaft of the Muzhailing tunnel, through which tunnel multiparameter information was successfully
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carried out. According to the feedback of the moni-
toring information, the reverse guidance of the NPR
anchor cable support design played an important role
in the large deformation control of the surrounding
rock

(3) During multisource information monitoring, the
axial force monitoring of the NPR anchor cable could
effectively distinguish the asymmetric stress charac-
teristics of the surrounding rock. Through asymmet-
ric support of the NPR anchor cable, the load
uniformity of the surrounding rock could be realized,
effectively controlling the deformation of surround-
ing rock. The stress monitoring of steel arch was of
high significance to the safety evaluation of the pri-
mary support structure. The monitoring of deep dis-
placement could effectively verify the rationality of
NPR anchor cable length. The monitoring of sur-
rounding rock deformation could more directly
reflect the control effect of the NPR anchor cable on
the surrounding rock, also constituting the basis of
reasonable time selection for secondary lining. The
monitoring of contact pressure between the primary
support structures with the second lining was of high
significance to the uniform load evaluation on the
second lining and to the structure safety

(4) The monitoring system had the characteristics of
timely processing, intelligence, adaptability, and sta-
bility. Through prompt monitoring and dynamic
design, the scientific nature of support design could
be effectively guaranteed
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