
Retraction
Retracted: Application of Optical Fiber Sensing Technology in
Permeability Test of Three-Dimensional Physical Model of
Medium and Long-Distance Diversion Tunnel

Wireless Communications and Mobile Computing

Received 8 August 2023; Accepted 8 August 2023; Published 9 August 2023

Copyright © 2023 Wireless Communications and Mobile Computing. This is an open access article distributed under the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.

This article has been retracted by Hindawi following an inves-
tigation undertaken by the publisher [1]. This investigation has
uncovered evidence of one or more of the following indicators
of systematic manipulation of the publication process:

(1) Discrepancies in scope
(2) Discrepancies in the description of the research

reported
(3) Discrepancies between the availability of data and the

research described
(4) Inappropriate citations
(5) Incoherent, meaningless and/or irrelevant content

included in the article
(6) Peer-review manipulation

The presence of these indicators undermines our confi-
dence in the integrity of the article’s content and we cannot,
therefore, vouch for its reliability. Please note that this notice is
intended solely to alert readers that the content of this article is
unreliable. We have not investigated whether authors were
aware of or involved in the systematic manipulation of the
publication process.

Wiley andHindawi regrets that the usual quality checks did
not identify these issues before publication and have since put
additional measures in place to safeguard research integrity.

We wish to credit our own Research Integrity and Research
Publishing teams and anonymous and named external
researchers and research integrity experts for contributing to
this investigation.

The corresponding author, as the representative of all
authors, has been given the opportunity to register their

agreement or disagreement to this retraction. We have kept a
record of any response received.

References

[1] Z. Xu, G. Zhang, X. Chen, L. Yao, G. Chen, and F. Wang,
“Application of Optical Fiber Sensing Technology in Permeability
Test of Three-Dimensional Physical Model of Medium and Long-
Distance Diversion Tunnel,” Wireless Communications and
Mobile Computing, vol. 2022, Article ID 7931914, 10 pages, 2022.

Hindawi
Wireless Communications and Mobile Computing
Volume 2023, Article ID 9846815, 1 page
https://doi.org/10.1155/2023/9846815

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/9846815


RE
TR
AC
TE
DResearch Article

Application of Optical Fiber Sensing Technology in Permeability
Test of Three-Dimensional Physical Model of Medium and Long-
Distance Diversion Tunnel

Zhijing Xu , Guanghui Zhang , Xiaoming Chen , Liangxue Yao , Guangyao Chen ,
and Fei Wang

PowerChina Guiyang Engineering Corporation Limited, Guiyang, Guizhou 550000, China

Correspondence should be addressed to Zhijing Xu; 202006000162@hceb.edu.cn

Received 17 July 2022; Revised 22 August 2022; Accepted 3 September 2022; Published 12 September 2022

Academic Editor: Aruna K K

Copyright © 2022 Zhijing Xu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In order to accurately simulate the dynamic change law of seepage field during construction, this paper proposes the application of
optical fiber sensing technology in the permeability test of three-dimensional physical model of medium and long-distance
headrace tunnel. This paper introduces the principle of optical fiber sensing, analyzes and compares the application advantages
of optical fiber and general electrical signal sensing in the safety monitoring of long-distance diversion tunnel. Taking the
safety monitoring of a 16# long tunnel of a diversion project as an example, the selection of monitoring sections, monitoring
items, and the layout and networking of monitoring instruments are studied. In addition, combined with the tunnel project,
the physical simulation of the construction process of the deep buried headrace tunnel under high seepage pressure is carried
out, and the water pressure automatic control water supply system and the discrete flower tube seepage generation system are
designed and manufactured to realize the high simulation of the seepage field. The seepage and evolution law in the
surrounding rock of headrace tunnel during dynamic construction are calculated and analyzed. The test results show that the
maximum external water pressure of the headrace tunnel is 15MPa, which is equivalent to 1500m head pressure, and the
similar scale of head pressure is 100. Therefore, taking 15m constant head water supply pressure for simulation calculation,
the excavation of the tunnel is 120 cm, and the two-dimensional seepage of the vertical section of Z = 91 cm. The seepage flow
of the two sides of the tunnel is large, and the contour of the hydraulic gradient is dense. The coordinates are 0.7m, 2.090m,
and 0.9m. This point in the original rock mass is located at the same elevation point of the four headrace tunnels and directly
below the model exploratory tunnel. The head pressure is 1.40m, and the corresponding prototype point pressure head is
140M. During construction, such a high external water pressure is a great safety hazard. Conclusion. The test conclusion
provides a theoretical basis for the seepage prevention construction technology design of the headrace tunnel and is of great
significance to the long-term stability, safety evaluation, and prediction of the headrace tunnel.

1. Introduction

With the pace of China’s reform and opening up, the boom-
ing market economy has put forward newer and higher
requirements for large-scale civil and water conservancy
projects, which has also greatly promoted the expansion of
infrastructure construction and the rapid development of
underground diversion tunnel projects. In response to the
sustainable development of the economy and the saving of
construction land, as well as the growth of the demand for

renewable energy, the construction of infrastructure has
gradually shifted from the above ground space to the under-
ground space, which has also greatly promoted the develop-
ment of water conservancy and hydropower engineering
construction [1, 2].

FBG Optical fiber sensor components are one of the
mechanical sensor components that have developed rapidly in
the recent period. Because it has many unique advantages over
traditionalmechanical sensor components, it has broad applica-
tion prospects in the fields of optical fiber communication,
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optical fiber sensing, optical computing, and optical informa-
tion processing. FBG Optical fiber sensor is developed by using
its own photosensitive characteristics. The so-called photosensi-
tive characteristic in optical fiber refers to the characteristic that
the refractive index of optical fiber will change correspondingly
with the spatial distribution of light intensity when the laser
passes through the hybrid optical fiber (this phenomenon is also
known as the effect of photoinduced refractive index change).
The wavelength of the reflection or transmission peak of the
grating is related to the modulation period of the refractive
index of the grating and the refractive index of the fiber core,
which causes the change of the wavelength of the reflection or
transmission peak of the fiber grating. This is the basic working
principle of the FBG fiber sensor. Therefore, temperature and
strain are the most basic physical quantities that fiber Bragg
grating can directly sense and measure. These two physical
quantities are the sensing basis of other physical quantities,
and the sensing of other physical quantities are indirectly
derived from the strain and temperature sensing of fiber Bragg
grating [3]. The emergence of FBG Optical fiber sensor has
changed the traditional thinking of practitioners in the field of
optical fiber technology, making its application in other engi-
neering fields become common and injecting new impetus into
the development and application of optical fiber sensing tech-
nology. As shown in Figure 1:

2. Literature Review

The sensor is the central device throughout the safety mon-
itoring system. The development process of the sensor also
reflects the development process of the safety monitoring
of the headrace tunnel. Sensor technology came out in the
1950s, and its development is closely related to the progress
of science and technology. The development of sensors
applied to the safety monitoring of headrace tunnel projects
has roughly gone through three stages, first the differential
resistance sensors used, then the vibrating wire sensors
widely used and even still active in the sensor industry,
and finally the relatively developed fiber Bragg grating sen-
sors. Throughout the development process of sensors, sen-
sors are developing in the direction of light weight, fast
response, integration, and intelligence. Fiber Bragg grating
sensors can not only meet the basic requirements of data
acquisition, processing, and analysis, but also carry out error
compensation and corresponding logical thinking and con-
clusion judgment on the collected data. The United States
has been in the leading position in the world in the research
and development of sensors. At present, the United States,
Germany, Canada, and the United Kingdom are committed
to the research of FBG demodulation system, while China
has a large gap with developed countries due to the late start
of sensor technology.

Yin et al. applied FBG sensors to tunnels and other build-
ings for long-term monitoring and proposed a new method to
maintain structures on this basis [4]. Jiang et al. studied the
elastoplastic response of tunnel lining concrete monitored by
FBG sensor in an earthquake area [5]. Naguib et al. used
FBG sensing technology tomonitor the strain of the secondary
lining of Tunnel 3 in Bainijing [6]. Kumar et al. summarized

some problems often encountered by FBG sensors in themon-
itoring of tunnel projects under construction such as packag-
ing protection, temperature compensation, and system
integration, and the FBG sensor is applied to the safety moni-
toring of a tunnel under construction to realize the real-time
monitoring of the arch internal force, concrete stop strain,
and temperature of spray concrete during tunnel excavation.
From the later monitoring data, the FBG sensor has stable per-
formance and small system error [7]. Ismail et al. designed a
long-distance FBG settlement pipemonitoring system for sub-
way tunnel settlement monitoring to realize the online moni-
toring of subway tunnels in normal operation. Fiber Bragg
grating sensors are mainly laid on the surface of steel pipes
to make FBG settlement pipes, and multiple FBG settlement
pipes are combined through sleeves to connect long-distance
FBG settlement pipes. At the same time, the installation
scheme is designed in detail, and a long-distance FBG settle-
ment pipe monitoring system is built, which has been success-
fully applied to the settlement monitoring of Shanghai Metro
Line 8 [8]. Wang et al. installed optical fiber displacement sen-
sors on the tunnel rock wall to monitor the stress of surround-
ing rock during tunnel construction [9]. Kerimov et al.
installed the fiber Bragg grating sensor on the carbon fiber
cable of lucerne bridge, and the strain measurement range
reached 8000 [10]. Yang et al. proposed solutions and ideas
for the packaging protection, temperature compensation,
and system integration of fiber Bragg grating sensors in tunnel
engineering monitoring [11]. Zhang et al. applied an embed-
ded FBG strain sensor to the headrace tunnel to study the
strain of lining concrete. For projects with long tunnels or
long-distance signal transmission, it is an effective choice to
use fiber Bragg grating sensors for safety monitoring [12].

The safety monitoring of hydraulic tunnels often relies
on vibrating wire and differential resistance instruments.
Limited by the principle of electrical instruments, class 2
instruments can no longer meet the safety monitoring needs
of long tunnels, and the optical fiber sensing technology
points out the direction to solve the problem of signal acqui-
sition and transmission in such tunnels. Using optical fiber
transmission, a large number of long-distance data transmis-
sions can be completed, and the fiber Bragg grating sensor is
a passive device, which can adapt to the complex environ-
ment such as high humidity and strong corrosion under-
ground. Therefore, the optical fiber sensing technology can
meet the safety monitoring needs of long-distance headrace
tunnels. At present, there are a few application examples in
China [13]. The research on optical fiber sensing technology
in China started a little later than that in the world, and its
application in engineering is also relatively late. It is lack of
experience in the use of long-distance headrace tunnel engi-
neering monitoring.

For the numerical analysis of large-scale headrace tunnel
projects with different geological and in situ stress condi-
tions, different numerical methods will give different results.
Because the seepage physical model is a real physical entity,
it can truly reflect the spatial relationship between geological
structure and engineering structure under the condition of
basically meeting the similarity principle and can accurately
simulate the dynamic change law of seepage field in the
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construction process. Secondly, various numerical analysis
results can also be verified through physical model tests,
which is undoubtedly of great significance to large or super
large rock mass structural engineering. In this paper, the
physical simulation of the whole excavation process of four
headrace tunnels under the conditions of strong seepage
pressure, high buried depth, and high ground stress of a
hydropower station is carried out, and the seepage field
and its evolution law during the construction process are
studied.

3. Research Methods

3.1. Optical Fiber Sensing Principle. The full name of optical
fiber is “optical fiber”. The optical fiber used in geotechnical
engineering generally has complex surrounding and on-site
construction and installation environment, and it is usually
protected by several layers of protective structures. Trans-
mission optical fibers commonly used in engineering have
thick coating and small core diameter. The standard clad-
ding diameter of a single optical fiber is 125μm. The diam-
eter of the plastic coating is about 250μm. The coating
structure of optical fiber includes buffer layer and coating.

The basic transmission principle of optical fiber is the
total reflection of light, as shown in Figure 2. Once the light
enters the optical fiber, the light enters the optical fiber core
from the beginning of the optical fiber. The information
transmission principle of the optical fiber is based on the
reflection phenomenon of light, but the refractive index of
the optical fiber core is inconsistent with that of the outer
cladding of the optical fiber [14]. When the light enters the
fiber core, part of the light will be refracted in the fiber, so
the light beam entering the fiber will lose part, resulting in
the reduction of the transmission effect of the fiber. There-
fore, in practical operation, users will first adjust the angle
of light entering the optical fiber. Once this angle reaches a
certain critical value, the light entering the optical fiber will
not refract again, and the light beam will advance completely

inside the optical fiber by the reflection of light, so as to
improve the transmission efficiency.

3.2. Sensing Principle of Fiber Bragg Grating Sensor. There
are many types of fiber Bragg grating. If the fiber Bragg grat-
ing is divided simply from the structure, the fiber Bragg grat-
ing can be divided into periodic grating and aperiodic
grating. Fiber gratings with periodic structure can be divided
into two sub categories, namely, Bragg gratings and trans-
mission gratings, also known as short period gratings and
long period gratings [15]. The most widely used grating in
practical engineering is Bragg grating, whose English abbre-
viation is fiber Bragg grating, which is also known as fiber
Bragg grating (FBG). Fiber Bragg grating mainly uses ultra-
violet light to shoot light into the fiber core. The reflection
principle is conditional on the beam. Only the incident light
that meets the Bragg diffraction condition can be reflected at
the grating, and other light will not be affected. The reflec-
tion spectrum has a peak at the central wavelength of FBG.

The refractive index change of the fiber core will form a
spatial phase grating in the fiber core. Once we know the
refractive index of the fiber and the period of the grating,
we can calculate the central wavelength of the grating. Its
calculation formula is the following Formula (1):

λB = 2nef fΛ, ð1Þ

where λB-central wavelength of optical fiber (FBG) grat-
ing, nm; Λ-grating period; nef f -effective refractive index of
fiber core.

The grid spacing of the grating is distributed along the
axial direction of the fiber core, and its grid spacing will be
affected by many factors. For example, the ambient temper-
ature, the pressure on the optical fiber, etc. Once these exter-
nal factors such as temperature and pressure change, the
refractive index and axial direction of the optical fiber will
change, and then the grid distance of the optical fiber will
also change, resulting in the wavelength change of the

Upper computer
demodulation system

Water pressure
probe

Circulator

Photodetector 2 Photodetector 1

Coupler

EtalonLaser

Figure 1: Three-dimensional physical model of optical fiber sensing technology in medium and long distance headrace tunnel.
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the change of central wavelength of reflection spectrum and
temperature T and strain ε is as follows (2):

ΔλB
λB

= αf + ξ
À Á

ΔT + 1 − Peð ÞΔε, ð2Þ

where αf -coefficient of thermal expansion; ξ-thermal
optical coefficient; Pe-elastic optical coefficient.

Under certain constant temperature and other specific con-
ditions, without considering the influence of temperature
change, Equation (2) is simplified to the following Equation (3):

ΔλB
λB

= 1 − Peð ÞΔ: ð3Þ

At this time, the axial stress changes linearly with the
change of the central wavelength of the fiber Bragg grating
(FBG).

3.3. Application Advantages of Optical Fiber Sensing
Technology. The optical fiber used in the project generally
requires a large number of channels due to the number of
monitoring points. Most of them use multicore optical fiber
clusters composed of multiple optical fibers and outer pro-
tective layers, namely optical cables. Optical cable transmis-
sion and fiber Bragg grating sensor have the following
advantages compared with traditional cable transmission
and electrical signal instruments: (1) it integrates transmis-
sion and sensing, with large amount of transmission data,
small attenuation, and long transmission distance; (2) non-
metallic insulating materials are not affected by damp envi-
ronment, high temperature resistant, corrosion resistant,
and suitable for special environments such as underground
engineering; (3) optical signal transmission is hardly affected
by factors such as light source power, light fluctuation and
connection loss, and has good stability; (4) Its small size,
light weight, free from electromagnetic noise interference,
high transmission quality, and sensing sensitivity; (5) The
sensor has high monitoring efficiency, and a single fiber
can write multiple gratings with different wavelengths for
real-time quasi-distributed monitoring; (6) With good
adaptability, simple structure, and small geometric size, it
is suitable for embedding inside all kinds of buildings [17].

3.4. Networking Mode of Fiber Bragg Grating. Fiber Bragg
grating (FBG) sensing is a quasi-distributed fiber sensing
technology, which generally adopts single-end or head and
tail end fiber output mode. When both ends are out of fiber, if
one end cannot work normally due to damage or destruction,

the other end can be connected to replace the measurement.
Most fiber Bragg gratings (FBG) work at 1520~1570nm, and
the window range is limited. Therefore, the grating wavelengths
written by the same group of sensors cannot be overlapped. If
there is overlap, the demodulator cannot receive the reflected
light written by the grating in the sensor, resulting in data can-
not be read. The number of series parallel fiber (FBG) gratings
commonly used in engineering to write strain, and temperature
double factors is generally not more than 6, and the number of
series parallel fiber (FBG) gratings used under some specific
conditions that only write strain single factors is generally not
more than 12.

3.5. Safety Monitoring Layout of Long-Distance
Headrace Tunnel

3.5.1. Necessity of Safety Monitoring. The adverse geological
conditions revealed by the tunnel include surrounding rocks
with extremely poor stability, such as quaternary saturated
loess like soil, Paleogene (Neogene) extremely soft rock, Pre-
sinian gneiss paleo differentiated crust, fault zone, etc.; the
stability of surrounding rocks is prominent, which is a key
project for the success or failure of engineering construction
and operation safety. Therefore, it is particularly important
to do a good job in the safety monitoring of the tunnel,
pay close attention to the stability of the surrounding rock
of the tunnel and the operation state of the building, and
ensure the safety and reliability of the tunnel construction
and long-term operation.

3.5.2. Safety Monitoring Layout

(1) Layout of Safety Monitoring Section. 16# the focus of tun-
nel safety monitoring is the stability of surrounding rock.
According to the geological conditions revealed by tunnel
excavation, it is arranged in representative tunnel sections
and key parts such as tunnel sections with poor stability
and various adverse geological conditions, shallow buried
deep tunnel sections, and tunnel sections with changing
water flow conditions. According to the layout principle of
safety monitoring, a total of 7 monitoring sections are
arranged: saturated soil tunnel body, unconformity contact
surface with lithological changes, shallow buried places
through valleys, tunnel body faults, shallow buried places
at outlets, and changes in water flow conditions. See
Table 1 for the layout statistics of sections.

(2) Selection of Main Monitoring Items. The safety monitor-
ing categories of hydraulic tunnels mainly include deforma-
tion monitoring, seepage monitoring, stress-strain
monitoring, etc. In combination with the permanent moni-
toring requirements during the operation period of the pro-
ject, the main monitoring items are determined as follows:
monitoring the internal deformation and loosening range
of surrounding rock; secondary lining structure joint and
crack opening and closing degree monitoring; seepage mon-
itoring; stress and strain monitoring of tunnel surrounding
rock and supporting lining structure [18].

n2

n0 n1

Figure 2: Fiber core structure and light guiding principle diagram.
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(3) Layout of Safety Monitoring Instruments. According to
the construction conditions of the tunnel and the main items
to be monitored, combined with the stress conditions of the
tunnel transverse lining structure, it is arranged near the
maximum stress bending moment and deformation of the
tunnel, that is, the top arch crown, the arch foot close to
the side bottom arch, and the bottom of the bottom arch.
The measuring points of each monitoring section are
arranged on the cross section. The monitoring instruments
mainly arranged are multipoint displacement meter (m),
embedded joint meter (J), surface joint meter (J), osmometer
(P), earth pressure meter (E), strain gauge (s), stress free
meter (n), and reinforcement meter (R). See Table 2 for
the monitoring items and monitoring instrument statistics.

3.5.3. Monitoring Section Networking. 16# the tunnel trunk
adopts 48 core optical cables. Each section in the tunnel uses
optical fiber couplers to connect branch optical fibers, and all
instruments in the same section are networked. Through the
trunk optical cables, long-distance transmission is realized,
which is led to the field observation station at the entrance of
the tunnel, connected to the demodulator, and data interpreta-
tion is realized before transmission outside the tunnel [19]. Each
section is equipped with 27 optical fiber (FBG) grating sensors,
all of which are fiber outgoing at both ends. The series network-
ing is adopted, and the reserved interface is led out of the tail
fiber at the end. Among them, the multipoint displacement
meter, reinforcement meter, and stress meter are arranged in
the closed underground rock mass or poured in the lining con-
crete. There is no influence of high temperature in the under-
ground environment. The surrounding medium of the sensor
is single, and the sensing temperature and temperature trans-
mission amplitude in the same medium are very small. The
fiber Bragg grating sensor with single strain factor is used; while
joint gauges, osmometers, earth pressure gauges, and stress free
gauges are mainly arranged between the rock mass and the pri-
mary support, between the primary support and the lining con-
crete, or on the outer surface of the lining concrete.

3.6. Basic Principle of Similarity and Selection of
Model Materials

3.6.1. Basic Principle of Similarity. The design of model test
and the selection of basic parameters of model are the first
step of model test, and also one of the keys to determine
whether the model test is successful. This model test adopts

the normal model design. Considering the actual project size
and the size of laboratory equipment, the operability of exca-
vation simulation and the simplification of conversion
between similar physical quantities, the basic parameter
scale of the model is determined as follows:

(1) Geometric scale: CL = Lp/Lm = 100;

(2) Bulk density scale: Cγ = γp/γm = 1;

(3) Stress scale: Cσ = σp/σm = CF/C2
L = 100;

(4) Permeability coefficient scale: Ck = Kp/Km = 0:1.

Physical quantities with the same dimension as the stress
have similar scales with the stress, that is, the similar scales
of elastic modulus, shear modulus, compressive strength,
tensile strength, and cohesion of the material are all 100:

CE = CG = CRc
= CRt

= Cc = 100: ð4Þ

The similar scale of physical quantities such as strain,
Poisson’s ratio, and internal friction angle of dimension
one is 1, that is

Cε = Cμ = Cφ = 1: ð5Þ

3.6.2. Model Material Selection. NIOS (natural iron ore sand)
geomechanical model material is used as the model material.
NIOS model material is composed of magnetite concentrate
powder, river sand, binder (gypsum or cement), mixing
water, and additives [20]. The density simulation range of
NIOS geomechanical model material is 2.65~ 3.00 g/cm3.
The proportion range of the main components magnetite
powder and natural river sand is (8.5~ 9.5) : (1.5~ 0.5). Gyp-
sum or cement can be added according to the specific situa-
tion, which generally accounts for 1~ 3% of the total mass of
the model material.

3.7. Transformation of Test Bench and Design of
Seepage System

3.7.1. Seepage Generation on Test Bench. The groundwater in
the original rock engineering area is enriched and the maxi-
mum seepage pressure is 15MPa. In order to simulate the
groundwater, the inner space surrounded by the original test
bench is divided into three spaces. The lower part of the

Table 1: Statistics of tunnel safety monitoring section layout.

Monitoring section number Tunnel stake number location Typical tunnel section characteristics

1 0 + 500 Saturated loess soil tunnel body

2 0 + 950 Saturated loess soil tunnel body

3 3 + 190 Unconformity interface between Lishi loess and silty mudstone

4 8 + 400 Shallow buried part of the valley with low rock strength of the tunnel

5 12 + 225 Unconformity contact surface between glutenite and gneiss

6 13 + 125 F2 fault of tunnel body

7 20 + 490 Shallow burial at the tunnel outlet and changes in water flow conditions

5Wireless Communications and Mobile Computing
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space on both sides is used as a water tank to store pressur-
ized water for the convenience of supplying water to the
model material. The steel plate on the upper part of the
water tank on the side of the model is reinforced and sup-
ported by channel steel. In order to simulate the seepage of
rock mass with high simulation degree, an automatic pres-
surization control system is designed and manufactured.
The water in the water tank is pressurized water, which is
connected with the flower tube embedded in the upper part
of the model material through the water supply pipe. Each
small hole on the flower tube is used as the source of seepage
to continuously and stably provide a certain pressure of
water to the model material. The maximum water pressure
in the water conveyance tunnel project area is 15MPa, and
the underground water pressure to be simulated in the phys-
ical model is 0.15MPa. This pressure is achieved by contin-
uously and stably inflating and pressurizing the free water
surface in the water tank.

In order to ensure the authenticity of seepage simulation
in the model and meet the dynamic changes of seepage field,
an automatic pressurized water supply system and a distrib-
uted seepage pipe network system were developed. The auto-
matic pressure control system is set on the top of the water
supply tank to realize the automatic adjustment and water
supply of the water level in the tank according to the change
of the water pressure in the water tank. Each water tank is sup-
plied upward by two water supply mains, each water supply
mains is connected with 16 branch pipes, and a total of 32
branch pipes are connected with the flower pipes embedded
in the model material through the small holes of the lateral
steel plate to supply water to the model, ensuring the authen-
ticity of the seepage field in the model. In order to prevent the
floret from blocking, wrap the floret around with hemp yarn.

3.7.2. Test the Antiseepage of Enclosure Steel Plate and Top
Loading Device. One of the key technical problems of the
model test is the seepage prevention of the five steel plates
at the bottom, front, rear, left and right of the model, and
the upper combined steel barrel. This problem faces two
challenges: first, the steel plate structure of the test bench
maintenance is large, and there are many data acquisition
lines and movable displacement transfer rods that need to

be extended through the holes on the steel plate; second,
the pressurization system at the top of the model is a com-
posite loading body of assembled steel sleeve and air bag,
which is difficult to prevent seepage in order to solve the
antiseepage problem of the steel plate around the model
and the holes of various data lines on it, and the waterproof
problem of high-precision multipoint displacement meter
[21]. The test successfully developed the data line through
the steel plate hole rubber fixed antiseepage technology, the
displacement transmission rod and the sleeve filled with
grease antiseepage technology, the sleeve and the copper
pipe fixed on the steel plate with rubber pad water stop tech-
nology, and the assembled steel sleeve with rubber strip anti-
seepage technology. These antiseepage techniques ensure the
authenticity of seepage field simulation.

The displacement of a certain point in the model is
transmitted through the steel rod sleeved in the fine steel
casing, and the gap between the casing and the transfer
rod will produce seepage. Therefore, filling the gap between
the steel casing and the displacement transfer rod with vis-
cous grease can prevent not only the infiltration of water
but also ensure the free sliding of the transfer rod and ensure
the normal collection of displacement. When the displace-
ment transmission and its casing pass through the mainte-
nance steel plate, it is wrapped with rubber or hemp wire
outside the casing to prevent pressurized water leakage in
the model.

The top of the model material is covered and sealed
with an assembled steel sleeve barrel. The steel sleeves
are connected with channel steel. An air bag is placed
under the steel sleeve. The steel sleeve is pressurized with
a jack and inflated in the air bag. The air bag exerts a
reverse pressure on the top of the model material. The
measuring instrument rod passes through the channel steel
connecting the two steel sleeves. Attention should be paid
to sealing water between the holes.

3.8. Layout and Embedding of Osmometer. In this test, 10
osmometers were buried in the model material to measure
the change of water pressure in the model material and
around the tunnel during the excavation of the headrace
tunnel. Before burying the osmometer, first drill holes in

Table 2: Statistics of tunnel monitoring items and monitoring instruments.

Monitoring
category

Monitoring items Monitoring instrument
Number of

instruments/piece

Deformation
monitoring

Monitoring of surrounding rock deformation and opening and
closing of joints and cracks

Multipoint displacement
meter (M)

Embedded joint meter (J)
Surface joint meter (J)

3
2
4

Seepage
monitoring

Osmotic pressure monitoring Osmometer (P) 2

Stress-strain
monitoring

Stress and strain monitoring of tunnel surrounding rock and
supporting lining structure

Earth pressure gauge (E)
Strain gauge (S)

Stress free gauge (N)
Reinforcement meter (R)

3
4
1
8

Total 27
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the design position with a drill and evenly lay 2~ 3 cm thick
medium and fine sand at the bottom of the hole, then slowly
put the osmometer into the hole, fill the model material in
the upper part of the osmometer, and gently tamp it.

The calculation formula of water seepage pressure is the
following Formula (6):

P = K ′ f 20 − f 2i
À Á

, ð6Þ

where P is the osmotic pressure (MPa); K ′ is the calibra-
tion coefficient (MPa/Hz2), which is provided by the manu-
facturer; f0 is the initial reading of the osmometer (Hz); f i
refers to each reading (Hz) of the osmometer.

4. Result Analysis

4.1. Calculation Parameters. It is difficult to control and real-
ize the seepage simulation of the model material in the

indoor physical model test. In order to accurately simulate
the initial seepage field and the change law of the seepage
field during the excavation of the model tunnel in the indoor
physical simulation test, control the seepage flow of each
tunnel during the excavation process and adjust the water
pressure value in the water supply box; a preliminary calcu-
lation of the seepage evolution law in the model material
should be carried out before the test [22]. In this model test,
the distribution length of class III marble and class III sand
slate of Baishan formation along the headrace tunnel
accounts for 70% of the total length. The physical model test
mainly simulates this kind of rock mass, and the parameter
values of model materials are shown in Table 3.

4.2. Seepage Calculation Model. Commonly used seepage
media calculation models: continuous media seepage model,
porous continuous media seepage model, and fractured con-
tinuous media seepage model. In this paper, the seepage cal-
culation theory of three-dimensional physical entity model
adopts the seepage theory of porous media, and its essence
can be explained by mathematical models, that is, some
equations or equations are used to describe the basic charac-
teristics, internal characteristics, and the restriction relation-
ship of external conditions on seepage movement in porous
media [23].

For the porous anisotropic material model in accordance
with Darcy’s law, when the coordinate axis direction is con-
sistent with the seepage axis, the three-dimensional seepage
problem can be reduced to the definite solution problem of
the following Formula (7), (8), (9), and (10):

∂
∂x

kx
∂H
∂x

� �
+ ∂
∂y

ky
∂H
∂y

� �
+ ∂
∂z

kz
∂H
∂z

� �
= μs

∂H
∂t

: ð7Þ

Initial conditions:

Hjt=0 = f0 x, y, z, 0ð Þ 在Ω内
À Á

: ð8Þ

Head boundary:

HjΓ1=0 = f1 x, y, z, tð Þ 在Γ1 内
À Á

: ð9Þ

Flow boundary:

kn
∂H
∂n

����
Γ2

= f2 x, y, z, tð Þ 在Γ2内
À Á

, ð10Þ

where Ω is the calculation seepage area, that is, the
research area composed of boundary curves Γ1 and Γ2; Γ1

Table 3: Parameter values of model materials.

Material type
Bulk density γ

/(kN·m-3)
Modulus of elasticity E/GPa Poisson’s ratio μ Permeability coefficient k/(cm·s-1)

Model material 27.7 0.19 0.23 8:19 × 10−5

Prototype material 27.7 18.50 0.28 8:32 × 10−4
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Figure 3: Mesh number of model calculation unit under each
excavation footage.

Table 4: Seepage flow of each tunnel under 15m head pressure
(m3/d).

Hole number
Excavation

60 cm
Excavation
120 cm

Excavation
182 cm

1 0.87 1.29 1.50

2 0.36 0.48 0.48

3 0.37 0.46 0.49

4 0.85 1.29 1.50

Exploratory
cave

1.17 0.68 0.49
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and Γ2 are boundary curves of known head value and flow
value, respectively; n is the normal direction of the boundary
curve; f0ðx, y, z, 0Þ is the initial head value of each point in
the calculation area; f1ðx, y, z, tÞ is the known head value
on Γ1; F2 is the known flow value on Γ2.

In this paper, the mathematical model is described as fol-
lows (11):

∂
∂x

kx
∂H
∂x

� �
+ ∂
∂y

ky
∂H
∂y

� �
+ ∂
∂z

kz
∂H
∂z

� �
= 0

HjΓ1=0 = f1 x, y, z, tð Þ 在Γ1 内
À Á

9>=
>;:

ð11Þ

4.3. Seepage Calculation of Model Body. The actual physical
model size is 418 cm×182 cm×240 cm (length × wide ×
Height), using three-dimensional model for calculation,
along the excavation direction is the x-axis, the vertical exca-
vation direction is the y-axis, the vertical upward is the z
-axis, and the coordinate origin is at the northeast corner
of the bottom of the model. Before excavation, the circular
blocking plate at the end of the model tunnel is removed
first, and then the excavation is carried out according to
the established test plan. The author calculates the excavation
conditions of 60120182cm (all excavation). The calculation
element is hexahedral element, and the corresponding element
and grid number are shown in Figure 3. The external water
head on the side of the model is a local constant water head,
which forms a stable seepage in the model body. Only with
the change of the excavation footage of the small cavern, the
seepage field changes accordingly. The calculated water head
is 15m. The excavation of four model tunnels is carried out
synchronously, and the calculated excavation footage is 60,
90182 cm, respectively. The single tunnel in the upper part of
the physical model simulates the exploratory tunnel in the
actual project, which is completed before the excavation of
the four headrace tunnels. The tunnel has been completed
before the seepage calculation, and the calculation adopts the
seepage special program [24].

4.4. Seepage Flow of each Tunnel. The maximum external
water pressure of the headrace tunnel is 15MPa, which is
equivalent to 1500m head pressure. The similar scale of
head pressure is 100. Therefore, the 15m constant head
water supply pressure is taken for simulation calculation.
The seepage flow of each tunnel under different excavation
footage is shown in Table 4. The seepage generation system
continuously supplies water to the model material to form a
seepage field. The seepage field changes dynamically during
the excavation of the tunnel. During the actual construction,
we must grasp the evolution law of the seepage field to provide
basis for construction drainage and tunnel lining support.

It can be seen from Table 4 that with the advance of excava-
tion, the seepage flow in the exploration tunnel gradually
decreases, while the seepage flow in the diversion model tunnel
gradually increases.

Seepage field when four model tunnels are simulta-
neously excavated for 120 cm under 15m constant head
(corresponding to 1500m prototype head pressure). The
water head contour within a certain range of the tunnel
axis elevation is relatively dense, and the water pressure
gradient changes greatly, indicating that the seepage pres-
sure acting on the rock around the tunnel is greater than
other parts during the excavation process. The seepage
flow at the excavation face is larger than that at the exca-
vated part, and timely drainage during the construction
period is necessary.

The excavation of the cavern is 120 cm, and the two-
dimensional seepage flow of the vertical section of Z = 91 cm
. The seepage flow of the tunnels on both sides is large, and
the contour lines of the hydraulic gradient are relatively dense.

4.5. Seepage Analysis. The measured and calculated head
pressure of each monitoring characteristic point when the
headrace tunnel is excavated 120 cm is shown in Table 5.
By analyzing the data in Table 5, the calculated and mea-
sured seepage pressure values of each monitoring character-
istic point are basically consistent [25]. The head pressure at
the corresponding point of the prototype rock mass can be
inferred from the model head pressure value according to

Table 5: Seepage pressure at each characteristic point under 15m head (excavation 120 cm).

Osmometer
no

Feature point
number

Feature point
coordinates/m

Seepage pressure at
characteristic points/m

Estimated seepage water pressure at corresponding
points of prototype/m

x y z

1 1 0.7 2.090 0.6 2.04 (2.02) 204

2 2 0.7 2.090 0.9 1.40 (1.33) 140

3 3 0.7 2.090 1.3 1.82 (1.78) 182

4 4 0.7 2.090 1.5 3.30 (3.20) 330

5 5 0.7 2.090 1.8 4.38 (4.13) 438

6 6 0.7 2.090 2.2 5.15 (5.12) 515

7 7 0.7 2.705 0.9 1.94 (1.87) 194

8 8 0.7 3.305 0.9 5.55 (5.41) 555

9 9 0.7 3.305 0.9 8.79 (8.67) 879

10 10 0.7 3.920 0.9 11.94 (11.89) 1 194

Note: the measured values are in brackets.

8 Wireless Communications and Mobile Computing



RE
TR
AC
TE
D

the similar scale. Although the external water pressure of the
rock mass surrounding the excavation of the cavern
decreases a lot, it is still relatively large, such as feature point
2, whose coordinates are (0.7m, 2.090m, and 0.9m). This
point in the original rock mass is located at the same eleva-
tion point of the four headrace tunnels and directly below
the model exploratory tunnel. The head pressure is 1.40m,
and the corresponding prototype point pressure head is
140M. During construction, such a high external water pres-
sure is a major safety hazard.

When there are no large faults, fissures, and other structures
or karst caves along the tunnel, the seepage field is basically sta-
ble and symmetrically distributed under a certain head pressure.
The water pressure isoline of the surrounding rock of the head-
race tunnel is dense; the water pressure gradient changes
greatly, and the seepage at the excavation face is relatively seri-
ous. It is required to strengthen drainage during the construc-
tion process and take comprehensive technical measures of
blocking, drainage, and interception to eliminate the adverse
effects of high seepage pressure and large seepage flow on the
construction. Measures such as surrounding rock grouting,
pumping and drainage in the tunnel, and drainage galleries
arranged outside the tunnel can be adopted for treatment.

In order to solve the continuous effect and long-term
adverse effect of high external water pressure on the lining
during the operation period of the project, materials with
certain water permeability can be selected as the lining layer,
and drainage holes are set on the lining layer at intervals to
ensure the normal working state of the lining.

5. Conclusion

Optical fiber sensing technology effectively solves the prob-
lem of long-distance signal transmission in underground
engineering. In recent years, it has been widely used in the
safety monitoring of long tunnels such as railways and high-
ways, but domestic projects are rarely used in the environ-
ment of long-term water and high humidity tunnel. After
the embedding of various optical fiber (FBG) grating sensors
in the tunnel of the project is completed, the survival rate
reaches more than 99%, the environmental adaptability is
strong, and the practical application effect of the project is
good. The working state of each equipment is tested at the
site station at the entrance of the tunnel, which can meet
the measurement requirements of the design. However, the
fiber itself is fragile, and it is easy to break under bending,
steering, coiling, and external force touch. Therefore, its
installation still needs professionals, and the technical
requirements are high. Due to the technical advantages,
unique sensing mode, and environmental adaptability of
optical fiber sensing, it will be widely used in the safety mon-
itoring of long-distance tunnels in hydraulic engineering.

The formation and evolution of seepage field in the
whole process of headrace tunnel excavation under high
ground stress, high buried depth, and strong seepage pres-
sure are studied by using the method of three-dimensional
physical model test and numerical analysis, and the follow-
ing research results are obtained:

(i) The test-bed was reformed, and the water pressure
automatic control system and the discrete perfo-
rated pipe seepage generation system were designed
and manufactured, which realized the high physical
simulation of seepage field

(ii) The sealing and seepage prevention of various data
acquisition rods and lines passing through the test
box, and the seepage prevention of the multipoint dis-
placement meter itself are studied, and several seepage
prevention techniques and measures are proposed to
ensure that the generation and simulation of seepage
field can accurately reflect the change law of rock seep-
age in the actual engineering area

(iii) Comparison and analysis of test data and numerical
calculation results of three-dimensional physical
model. The conclusions and suggestions with cer-
tain reference value for engineering design and con-
struction are given
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