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Real-time monitoring of settlement and deformation within a coal mine’s deep quaternary unconsolidated strata presents
challenges with installation and signal analysis. This paper presents results from successfully installing a field-scale fiber
Bragg grating (FBG) sensing system in a deep borehole for the purpose of achieving real-time monitoring of the
settlement and deformation in a deep unconsolidated stratum. A 152m deep by 133mm diameter borehole was used to
embed an array of 24 FBG sensors in 12 layers of gravel and clay from between 92.4m and 148.7m of unconsolidated
quaternary strata. A wavelength bandwidth of ±4.5 nm was used with a wavelength division multiplexing and spatial
division multiplexing technique to compose a 4-by-6 sensor array. During the four stages of installation, the real-time
transmission characteristics and the changes in the FBG wavelength for this sensing system were evaluated. While the FBG
sensing system was stable after installation, it was clearly shown that the engineering techniques associated with both
positioning and grouting influenced the mechanical properties and transmission characteristics of the system. After
installation, the sensor survival rate was found to be 78.26% with a maximum FBG wavelength shift of 1.447 nm. This
field-scale installation has provided information and experience that will improve future installations of buried fiber optic
sensing technology throughout the underground coal mine industry.

1. Introduction

With the development of the fiber optic sensing technology,
the fiber Bragg grating (FBG), as an all-fiber passive sensing
element with high performance, is applied to the safety mon-
itoring in civil engineering, petroleum and chemical engi-
neering, and national defense, to name a few applications.
Fiber Bragg gratings can be embedded in composite material
or structural systems or can be used for real-time monitor-
ing of internal stress, strain, and displacement distributions
of a material or structure [1–3], temperature distributions
[4], and humidity distributions [5]. Research has also been
conducted using laboratory tests and simulations [6, 7] on

the transfer of fiber optic sensor strain [8, 9] and the fiber
Bragg grating transverse effects [10]. Overall however, fiber
optic sensing technology is still considered being in the
experimental stage.

Stratum settlement caused by overexploitation of under-
ground resources such as coal, groundwater, and petroleum
is a serious geological problem, which threatens the safety of
structures and people. In recent years, the coal production in
the coalfields of east China has continually increased in loca-
tions such as Huaibei, Datun, Xuzhou, Yanzhou, Yongxia,
and Huainan, which has brought significant development
of the local economy. Since the 1980s, the coal mines in
these areas have experienced problems of mine shaft damage
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induced by quaternary unconsolidated stratum settlement
and deformation [11]. As one example, the main and auxil-
iary shafts of the Baodian Coal Mine were damaged in 1995,
1999, and 2002 causing the guides of shafts to become dis-
torted. This damage directly affected the production of the
coal mine.

In monitoring of stratum settlement, various ground-
based and space-based methods have been applied. It should
be noted that there are still challenges concerning these
monitoring methods. Extensometers which provide precise
and accurate measurements to an accuracy of 0.01–0.1mm
not only are costly but also yield only data on displacements
between several predetermined depth intervals [12]. GPS,
InSAR (DInSAR), and leveling methods enable large-area
measurements of ground displacement differences without
providing specific displacement of different rock layers.
Moreover, its measurement is unstable, its precision is low,
and its workload is large [13]. Since FBG has the potential
to act as a sensor and be used to form a network, a fiber optic
sensing method to monitor stratum settlement is proposed
for building a quasidistributed fiber optic sensing network
with the goal of realizing the long-term, real-time field mon-
itoring of stratum settlement and deformation around mine
shafts. This system was adopted in Jining no. 3 coal mine for
accurate monitoring of the quaternary unconsolidated strata
[14], and it was similarly adopted in the Baodian Coal Mine.

The FBG sensing system embedded in a borehole is the
engineering basis for implementing this technology. In addi-
tion to the careful design of the monitoring system, the
installation of the monitoring system must also be done with
care. Protecting the system during installation is important
for minimizing influences on fiber optic transmission char-
acteristics and for reducing the effects of quaternary uncon-
solidated strata at depths of 100 to 240m. This paper
presents results of analyzing the installation of a new mine
safety monitoring system using the FBG-based recognition
and prediction technology.

2. Fiber Bragg Grating-Layered Stratum
Subsidence Monitoring

The FBG sensors used in this study were embedded in a
borehole located near the shaft at the Baodian Coal Mine
to form a stress-transferring system that consisted of the
FBG sensor, the seal material, and the rock strata. Using
the Bragg central wavelength readings from the FBG sensors
and the strain-transferring mechanism of the surrounding
medium, the stress and deformation of the quaternary
unconsolidated strata is obtained. Figure 1 shows the FBG-
layered stratum subsidence monitoring system, which is
composed of the FBG sensors, the FBG network sensing
analyzer, and the data collection and processing system.
Figures 1(a) and 1(b) show the FBG sensors. The length of
fiber Bragg grating is 10mm. The fiber Bragg grating is
embedded into a Glass Fiber Reinforced Polymer (GFRP),
and a cylindrical structure FBG sensor with the diameter
of 8.64mm, length of 296mm, and end expander diameter
of 11.6mm is formed. Young’s modulus of the encapsulation
material is 21GPa. The mechanical transfer of strain

through the FBG from the quaternary unconsolidated strata
occurs through the FBG-GFRP-sandy cement grout-
unconsolidated stratum mechanism that is formed. The for-
mula of the strain transfer coefficient between FBG and
unconsolidated strata is presented in the literature [8].

The FBG sensors can be multiplexed using the wave-
length division multiplexing (WDM) technique to realize
the quasidistribution sensor network. The multiplexed
arrays of FBG sensors allow for measuring physical proper-
ties at discrete locations on a structure [15]. Figure 2 shows
the principle of the FBG sensing system. The tunable laser
source coupler transmits a light beam of a certain band
width to the gratings. Some of the light that satisfies the
requirements is reflected back to the coupler and then trans-
mitted to the analyzer, where the change in the central wave-
length is calculated. The sensing system consists of four light
routes with each route having 6 FBG sensors for a total of 24
FBG sensors that include 22 strain sensors and 2 tempera-
ture sensors. Fiber Bragg grating temperature sensors are
designed to eliminate the influence of temperature on strain
measurement. Generally, it is worth noting that the influ-
ence of temperature can be ignored because the geothermal
field is almost constant in the deep strata [16]. The fiber
Bragg grating is embedded into a Glass Fiber Reinforced
Polymer (GFRP) forming the GFRP-FBG (Glass Fiber Rein-
forced Polymer-fiber Bragg grating). Each light route is
designed to have two surface channels (i.e., a double channel
design). These channels are numbered from 1 to 8, where
nos. 1 and 5 are for route I, nos. 2 and 6 are for route II,
nos. 3 and 7 are for route III, and nos. 4 and 8 are for route
IV. The 24 FBG sensors form a wavelength division multi-
plexing (WDM)/space division multiplexing (SDM) mixed-
sensing array, with the spectral band width of neighboring
sensors being greater than 9nm. This WDM technology is
used for the FBG sensor array in each route, while the
SDM technology is used between routes. The FBG sensing
routes can be switched on or off with an optical switch so
that the separate routes will not interfere with one another.
The central wavelengths of sensors in the four FBG 5sensing
arrays (FBG0101~FBG0406) are shown in Table 1.

3. Installation of Borehole Embedded
FBG Sensors

3.1. Coal Mine Geology. The FBG sensing system was
installed in the Baodian Coal Mine, which is developed with
three vertical shafts and a horizontal main tunnel partition-
ing system. In 2003, the annual coal production of this mine
was 6.4 million tons. The coal seam being mined is the no. 3
seam in the southern area of the mine and is separated into
an upper seam portion (3up) and a lower seam portion
(3down). In the northern area of the mine, the average thick-
ness of the no. 3 seam is 8.76m, whereas the average thick-
nesses of the 3up and 3down seams in the southern area
are 5.83m and 3.46m, respectively. The coal seam inclines
gently at angles from 2 to 13 degrees. The different strata,
beginning from the surface down to the mining level, are
the Quaternary, Jurassic, Permian, Carboniferous, and
Ordovician. The thickness of the Quaternary strata ranges
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from 110.0m to 227.6m, with an average thickness of
170.8m. The Quaternary strata are thicker in the northwest
and thinner in the southeast, with lenticular bodies distrib-
uted throughout. The Quaternary strata can be divided into
three groups, the upper group, the middle group, and the

lower group. The thickness of the upper group ranges from
50.5m to 69.1m, with an average thickness of 57.9m. The
upper group is composed of brown yellow clay, sandy clay,
and gravely clayey sand, with the major components being
sandy clay. The thickness of the middle group ranges from
50.4m to 84.6m, with an average thickness of 66.3m. It is
composed of sage green and brown orange clay, sandy clay,
and clayey gravel. The lower group is from about 0 to 77.0m
in thickness, with an average thickness of 40.5m, and is
composed of sage green, grayish yellow, and grey white clay,
sandy clay, and clayey sand or gravel. The upper and lower
groups are aquifer-bearing strata, while the middle group is
an aquiclude.

3.2. System Installation. The observing borehole is located at
a horizontal distance of 40.27m to the main shaft. The dis-
tance from the lowest FBG sensor to the surface is
147.86m; considering that the drilling debris may fall to
the bottom of the hole, which may affect the FBG to be
placed in the designated place, an enough space should be
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Figure 1: Method for monitoring the settlement in strata by optical fiber sensing.
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Figure 2: Principle of the FBG sensor system.

Table 1: Bragg central wavelength characteristics for the sensor in
the four routes of the FBG sensing array.

Sensor
number
(xx)

Bragg central wavelength (nm)
Route I

(FBG01xx)
Route II

(FBG02 xx)
Route III

(FBG03 xx)
Route IV

(FBG04 xx)

01 1520.543 1520.593 1520.718 1520.864

02 1528.521 1529.407 1529.648 1529.616

03 1538.699 1538.849 1538.654 1538.633

04 1548.836 1548.657 1548.535 1548.799

05 1558.704 1558.221 1558.543 1558. 985a

06 1568.686 1569.102 1568.989a 1568.473
aFBG0306 and FBG0405 are temperature sensors.
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left. The hole with a depth of 152m and a diameter of
133mm was finally determined. In order to prevent the
borehole from collapse when drilling, it is essential to inject
mud into the borehole to protect the borehole wall. The
required verticality of the hole should be less than 3‰.
Therefore, the hard alloy drilling method is used till the
end of the borehole.

Based on the coal mine geology and the stratification of
the quaternary unconsolidated strata, it was decided to
install the FBG sensing system in the lower group of the
Quaternary strata located from about 92.4m to 148.7m
below the surface. The 24 FBG sensors were installed in 12
layers through the vertical borehole. Figure 3 shows the loca-
tions of FBG sensors and the lithology of the strata. The stra-
tum settlement caused by groundwater loss through a water-
flowing fractured zone occurred from the lower group to the
upper group of the Quaternary strata during coal mining
[17], so that FBG sensors were mainly arranged vertically
in the middle group and lower group of Quaternary strata
to monitor the vertical deformation of the strata in this case.

To assist with lowering the FBG sensor arrays into the
borehole, the fiber optic cables were attached to a steel wire
rope with nylon bands. During the lowered process, a 10 kg
guide hammer was used to drag the steel wire rope down
to the borehole bottom. The grouting pipe and the steel wire
rope with the banded FBG system were lowered into the
borehole at the same rate of 0.2m/s. While lowering this
assembly, it was important to prevent the grouting pipe from
rotating in the borehole so that the assembly would not twist
and cause the separation of the grouting pipe and FBG sys-
tem. Once the FBG system was lowered to its predetermined
position, the grouting pipe and the FBG system were sepa-
rated and the steel wire rope was then attached to the grout-
ing pipe frame so that it could be used to lift out the grouting
pipe. The borehole was then sealed from the bottom to the
surface by injecting cement grout into and filling the bore-
hole while lifting up the grouting pipe. Table 2 presents
grouting progress. The grouting of the borehole was divided
into 4 sections, and it took 4 individual grouting steps to fin-
ish sealing the entire 152m depth of the borehole. The ratio
of cement, sand, and water is 1 : 1 : 0.5. The cement used to
seal this borehole was a 32.5 R Portland cement. After the
cement mortar is set, the compressive strength is
33.78MPa, the elastic modulus is 7.54GPa, and Poisson’s
ratio is 0.059. The grain size of the river sand used in the
cement grout was about 1.25 to 2.50mm. In order to avoid
the FBG system from striking under excessive pressure, the
slurry pump pressure was controlled between 2 to 3MPa,
and the grouting speed is controlled between 5 and 7.5m/s.

There are four stages of installing the FBG monitoring
system, these are debugging the system in the laboratory,
transporting the system to the field, lowering the system into
the borehole, and grouting the system into the borehole.
While lowering and grouting the system into the borehole,
the SM125 FBG demodulator produced by Micron Optics
International Co. Ltd., America, was connected to the FBG
sensor arrays. This allowed the lowering and grouting steps
to be monitored in real time in anticipation of the FBG sen-
sors experiencing deformation from influences during the

grouting and the grout curing processes. Figures 3(a)–3(c)
illustrate the configuration of various FBG monitoring sys-
tem components during the process of installing it.

4. Real-Time Monitoring Results and Analysis

4.1. Central Wavelength Shift. The results of monitoring the
wavelength shift during the various stages of the laboratory
testing and debugging, the transportation to the field, the
lowering of the system into the borehole, and the borehole
grouting are shown in Figure 4. The x-axis is the wavelength
shift, and the y-axis is the depth. The initial wavelength was
recorded in the laboratory debugging stage. The initial wave-
length was subtracted from the latter data when calculating
the wavelength shift of the monitoring period. After the
FBG sensors were lowered into the borehole, the wavelength
for almost all of the FBG sensors increased, with a maximum
wavelength shift of about 0.486 nm occurring. Figure 4(a)
shows that the wavelength shift curve is multipeak, which
is mainly due to the use of nylon bands to fix the fiber optic
cable to the vertical steel wire rope to share the weight of the
fiber optic cable, causing reduced tensile stress of the FBG
sensors near the fixed point of the nylon bands. Actually,
the nylon band protection demonstrates to be effective to
reduce the breakpoints in the process of lowering the fiber
optic cable.

The wavelength shifts then observed after the first grout-
ing step was about the same as the shift that occurred after
the lowering of the system into the borehole, as shown in
Figure 4(b). However, after the second grouting step, the
wavelength shifts observed were significantly greater, with
the maximum wavelength shift that occurred being about
1.447 nm. The greatest influence on the system that was
observed occurred during the second step of grouting. In
order to prevent the central wavelength of FBG sensors from
overlapping during the installation of the same FBG sensing
array, it is suggested that the difference between the central
wavelength of the two adjacent FBG sensors should be
greater than 3nm. Overall, the FBG sensors located at shal-
lower depths within the borehole typically exhibited a
greater wavelength shift than the FBG sensors that were
located deeper within the borehole. The reason for this phe-
nomenon is that after the first grouting, the cement mortar
gradually solidifies and shrinks, which makes the internal
fiber optic cable tensile stress decrease, and the tensile stress
in the nongrouting borehole increases at the same time.

The results from monitoring the FBG sensors’ wave-
length shifts during the installation process are shown in
Figure 5. The x-axis is the time or date during the installa-
tion, and the y-axis is the wavelength shift. As seen in
Figure 5, the wavelength shifts measured by the FBG sensors
increased during the installation process but then returned
to a stable condition after the installation was completed.
The maximum wavelength shift observed occurred at the
FBG0401 sensor located at a depth of 97.5m. This sensors’
wavelength shift reached 1.447 nm, which was about
32.16% below the one-way sensing range limit of 4.5 nm,
as shown in Figure 6. The wavelength then reduced to a final
wavelength shift of 0.574 nm or rather returned to 60.33%
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below the one-way sensing range limit. The wavelength shift
occurring with the FBG0301 sensor at a depth of 96.3m
reached a maximum of 0.881 nm and then reduced to a final
wavelength shift of 0.149 nm. After reaching its maximum
wavelength shift, the FBG0301 sensor then returned to

83.05% below the one-way sensing range limit. Neither of
FBG0401 and FBG0301 however returned to their initial
value before the installation of the system. An analysis of
the fiber optical stress showed that when the wavelength
shift was less than 3.0 nm, there were no influences on the
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transmission characteristics of the FBG system [18]. While
the installation process affected the normal sensing range
of the system to a certain degree, it did not affect the trans-
mission characteristics of the FBG system.

4.2. Central Wavelengths of FBG Sensors. With several FBG
sensors on each FBG sensor array, it becomes important to
make sure that every FBG sensor can be identified. This
was done by having the gratings correspond to an individual
central wavelength location characteristic. In addition, the
central wavelength of each grating within a given
route, λ1, λ2,⋯λn, and their working range, Δλ1, Δλ2, :⋯
Δλn, should not overlap with one another. The central wave-
length characteristics of the FBG sensors in route I are pre-
sented in Figure 7. As can be seen, the central wavelengths
for all the FBG sensors shift to the right during the installa-
tion process, which changes the value from the manufac-
turer’s initial central wavelength factory values for the FBG
sensors. The maximum wavelength shift of the FBG sensors
in route I was 0.757 nm, and the minimum wavelength shift
observed was 0.002 nm. While the wavelength shift caused
by the installation represented 16.82% of the overall wave-
length detection range, the design of the sensor array
ensured that every FBG sensor had enough range to accom-
modate this amount of wavelength shift.

Different loadings or deformation conditions lead to dif-
ferences in the FBG spectrum profile, not only on the Bragg
wavelength [19]. Thus, it is possible to have a broader anal-
ysis of the loading condition by comparing other features of
the spectrum, such as the width of FBG spectrum and
reflected light power. The axial strain only leads to the wave-
length shift when compared with the initial spectrum. The
reason for this spectral response is the uniformity of the
strain in the grating length and the absence of bending-
induced losses in this case. When torsion or bending is
applied on the fiber, there is not only a wavelength shift
but also an increase in the width of FBG spectrum with a
reduction of the reflected light power due to the nonuniform
strain distribution in the FBG region. The highest variation
for torsion and bending cases when compared to the initial
spectrum occurs in the grating profile and reflected light
power, respectively [20]. It can be concluded from the FBG
spectral characteristic curve that only the FBG central wave-
length is shifted, but the width of FBG spectrum, the
reflected light power, and the grating profile remain
unchanged, which indicates that only vertical strain has
occurred in the fiber grating sensor.

4.3. Success Rate of FBG Sensors. In Figure 8, the reflection
spectra after the installation of the system are presented
and demonstrate the success rate for the FBG sensors in
routes III and IV. The reflection spectrum for route IV is
the same as that for route III. Two interruptions occurred
on route III, which led to the loss of the signal from
FBG0305. In this route, channel 3 had 4 sensors remaining
and channel 7 had only one sensor remaining. In route IV,
the signals from FBG0402, FBG0403, FBG0404, and
FBG0405 were lost, with channel 4 and channel 8 having
one sensor each. Route II also had an interruption during
the laboratory testing and a second interruption during the
field installation, which led to the loss of the signal from
FBG0206. There was only one interruption in route I. In
summary, a total of 6 FBG sensors were lost, leaving 18
FBG sensors in good working condition. The overall success
rate of the FBG sensor installation was 78.26%, which is
lower than what occurred in a previous field test.

5. The Influence of the
Transmission Characteristics

When a beam of light enters the optic fiber, an effective
reflection will be generated if the light satisfies the fiber
Bragg grating requirements. The peak wavelength of the
reflected light is the Bragg central wavelength. The reso-
nance equation of the fiber Bragg grating is λB = 2neffΛ,
where the Bragg wavelength, λB, is determined by the grat-
ing period, Λ, and the effective refractive index of the optic
fiber core, neff . The relationship between the central wave-
length of the reflected light and the strain and temperature
of the gratings are

ΔλB
λB

= 1 − peð Þε + α + ζð ÞΔT , ð1Þ

where λB is the initial central wavelength, ΔλB is the wave-
length shift, ε and ΔT are the strain and temperature of
the grating, respectively, pe is the effective elastic-optic coef-
ficient, α is the thermal expansion coefficient, and ζ is the
thermo-optic coefficient.

For the convenience of calculation, the above formula is
simplified as

ΔλB = KB,εε + KB,TΔT , ð2Þ

where KB,ε and KB,T are the strain and temperature sensitiv-
ities of the grating, respectively.

The strain sensitivity is

KB,ε = λB 1 − peð Þ, ð3Þ

where Pe = 0:5neff 2½p12 − μ ðp11 + p12Þ�. For optic fibers that
are made of fused quartz, Poisson’s ratio is μ = 0:16,
elastic-optic coefficients are p11 = 0:113 and p12 = 0:252,
and the refractive index of the optic fiber core is neff =
1:4682, which results in the factor Pe having a numerical
value of ≈0.22. For the silica fiber, the wavelength–strain

Table 2: Borehole grouting progress.

Grouting
step

Cost time
(min)

Grouting height
(m)

Grouting speed
(m/s)

1 2 15 7.5

2 6 45 5

3 7 95 7.1

4 15 152 3.8
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sensitivities of 1.3μm and 1.55μm bare FBG sensors have
been measured as ∼1 pm/με and ∼1.15 pm/με, respectively
[21, 22].

The temperature sensitivity is

KB,T = λB α + ζð Þ: ð4Þ

Using a quartz optic fiber mixed with germanium where
α = 5:5 × 10−7°C−1 and ζ = 6:4 × 10−6°C−1. For the silica fiber,
the wavelength–temperature sensitivities of 1.3μm and
1.55μm bare FBG sensors have been measured with values
of ∼10pm/°C and ∼13pm/°C, respectively [21, 22].

Due to the inherent vulnerability of FBG, appropriate
packaging methods are needed to make the bare FBG sen-
sors applicable to engineering monitoring. The encapsulated
FBG sensors should be calibrated because any protection
technique may affect the strain transfer efficiency from the
fiber surface to the inner core. The strain sensitivity of
encapsulated FBG strain sensors is 0.60 pm/με to
1.14 pm/με, and the temperature sensitivity is 10.39 pm/°C
to 16.98 pm/°C. The temperature sensitivity of packaged
FBG temperature sensors is 5.25 pm/°C to 7.75 pm/°C. Nor-
mally, the fiber Bragg grating is an isotropic cylinder struc-
ture, which will be subject to stresses in every direction.
When the optic fiber is subject to tensile or compressive
stress, both axial strain and lateral strain will be generated.

The refractive index of the material will change when a light
wave passes through this medium, which will then affect the
transmission characteristics. The lateral strain coefficient is
about 0.0133 times the axial strain for Bragg gratings. There-
fore, it is reasonable to only consider the optic-elastic effect
in the axial direction [23]. With the change of temperature,
the optic fiber expands with heat and contracts with cold,
causing the diameter of the optic fiber to change. However,
this change in diameter has a very small effect on the overall
wavelength shift [20]. While the surface and the ground
strata do present a temperature change during the lowering
and grouting processes, this temperature change is less than
10°C. Thus, the strain on the fiber Bragg gratings is consid-
ered to be the main cause of the wavelength shift experi-
enced during installation.

The dead load of the FBG system, including the steel
wire rope, was measured to be about 92.50 kg. Neglecting
the influence of temperature, the axial load on the FBG sen-
sor is obtained by using the following equation:

F = εES = ΔλB
KB,ε

Eπ
d2

4 , ð5Þ

where F is the axial load of the FBG sensor, E is Young’s
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modulus, S is the cross-sectional area of the FBG sensor, and
d is the diameter of the FBG sensor.

During installation, just as the assembly was beginning
to be lowered into the borehole, the wavelength shift for
FBG0401 was 0.486 nm. According to equations (2) and
(5), the axial strain of FBG0401 is 469.53με and the axial
tensile load was 51.72 kg. As the installation of the assembly
continued throughout the grouting stage, the wavelength
shift for FBG0401 reached a maximum value of 1.447 nm
with an axial strain of 1398.09με and an axial load of
154.00 kg, representing 1.66 of the system’s dead load. Once
installation of the system was complete and the system was
able to stabilize, the stabilized wavelength shift was
0.574 nm with an axial strain of 554.51με and an axial load
of 61.08 kg.

The results of field monitoring show, as expected, that
the wavelength shift increases as the FBG sensor is subjected
to increasing tensile stress. In addition, the farther away the
FBG sensors are located from the bottom of the assembly,
the larger the tensile stress that is experienced, in particular
when compared to the lowest sensor on the assembly
FBG0304. This particular behavior when lowering the FBG
sensor assembly corresponds well with the general principles
recognized for the mechanics of materials. Cable ties are

used to attach the steel wire rope and the FBG system
together. When the FBG system is well secured to the steel
wire rope, the FBG system’s dead load will transfer to the
steel wire rope. Otherwise, if the FBG system is not securely
attached, the dead load will be carried by both the steel wire
rope and the FBG system. Under this later situation, the
optic fiber cable may experience very large instantaneous
loads and can thus break at weaker points along the system.
Thus, it is important to protect the welded connecting
points, the joints of the sensors, and the cable, by making
sure that the load at these weak points can be transferred
to the steel wire rope by effectively securing the FBG system
to the steel wire rope.

The results of the real-time monitoring were able to
allow us to identify that the failures of the FBG sensors
occurred during the process of the second grouting step.
The direction of force on the FBG sensor can be determined
according to the wavelength shift of the FBG sensors during
installation, as shown in Figure 9. During the second grout-
ing process, the loose stratum in the range of
123.30~137.89m appears to be the concentrated area of ten-
sile stress and compressive stress. Under the influence of
grouting, the wavelength shift of FBG0205 buried at
126.25m depth increases gradually, the maximum
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Figure 5: Central wavelength shift of the FBG sensor in the process of installation.
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wavelength shift is 0.2049 nm, and the corresponding sen-
sor strain is 192.47με. At the same time, the wavelength
shift of FBG0103 under tensile stress with a buried depth
of 137.89m decreases gradually. The minimum wavelength
shift value of FBG0103 is -0.4716 nm, and the correspond-
ing strain value is 518.42με, which is the minimum value
in the process of optical fiber system installation and can
be used as the warning value of fiber optic cable fracture

during the installation of the FBG monitoring system.
Actually, the steel wire rope protection demonstrates to
be effective in minimizing the cable breakage, and the field
test is then significant to demonstrate the feasibility of
monitoring the strata subsidence by using borehole-
embedded FBG sensors, provided that the welded connect-
ing points, the joints of the sensors, and the cable are
appropriately protected.
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6. Conclusions

The installation process for the FBG ground strata-layered
subsidence monitoring method described in this paper was
found to have an effect on the wavelength of FBG sensors.

(1) The maximum axial strain that occurred was
1398.09με, and the corresponding wavelength shift
was 1.447 nm, which corresponded to about 16.82%
of the wavelength detection range. Thus, it is neces-
sary that the FBG sensor wavelength detection range
be carefully considered, and after installation and
stabilization are achieved, the initial central wave-
length of the FBG sensor is adjusted to account for
the shift that occurs

(2) The operation of lowering the FBG sensor system
and the grouting process influence the mechanical
and wavelength transmission characteristics of the
system, which includes the introduction of high
instantaneous loads that can damage the system.
When the wavelength shift reaches -0.4716nm and
the strain reaches 518.42με, we should be alert to
the potential fracture risk of the optical cable

(3) Protecting the welded points and the joints of FBG
sensors and optical fibers during installation is very
important to the success of the system. The success
rate for this particular field installation of a FBG
monitoring system was 78.26%, which was consid-
ered to be an improvement over what might have
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otherwise been achieved because of the “double
channel” design that was used

(4) The FBG sensors located at shallower depths within
the borehole typically exhibited a greater wavelength
shift than the FBG sensors that were located deeper
within the borehole. In order to improve the survival
rate of the fiber Bragg grating sensor, the continuity
of grouting in the borehole should be ensured as far
as possible during the installation of the fiber Bragg
grating sensor implanted in the borehole, and the
tensile and compressive stress concentration area in
the borehole due to the difference of slurry solidifica-
tion time should be avoided
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