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1.  Introduction

Tunneling in squeezing rock often encounters large deforma-
tion and cave-ins of soft rock as well as support failure during 
tunnel construction. In order to avoid support failure or insta-
bility when tunneling, the strain/stress distribution in rock 
mass during the process of tunnel excavation are fundamental 
to be understood [1–3]. Although many related studies have 
been carried out in this area by all kinds of research methods, 
construction measurement is undoubtedly a direct means to 
understanding the conditions of surrounding rock and support, 
which provides first-hand information regarding the stability 
and safety of engineering construction [4–6].

For in situ measurements, a fiber Bragg grating (FBG) 
sensor, based on a type of digital optical sensor technology, 

has been developed in recent years for its long-term stability 
and high precision measurement. It is often used in monitoring 
the stress/strain and displacement state of objectives as well 
as temperature distributed measurements in case of fire [7, 8]. 
For the application of FBG sensors in strain measurement, a 
number of innovations in measuring methods and the fabrica-
tion of sensors have been achieved. Gill et al [9] presented a 
genetic algorithm for the interrogation of optical FBG strain 
sensors. Ma et al [10] demonstrated a simple and fast interroga-
tion method for the dynamic and/or static strain gauge using 
a reflection spectrum from two superimposed FBGs. Schizas 
et al [11] proposed a method for nonhomogeneous strain moni-
toring of composite structures with embedded wavelength mul-
tiplexed FBG sensors. Feng et al [12] reported the investigation 
of the Brillouin optical time-domain reflectometer for assessing 
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Abstract
Tunneling in squeezing rock often encounters large deformation, which threatens the safety and 
stability of tunnel support during tunnel construction. In this work, to acquire a greater amount 
of strain sensor data to fully understand the stress/strain state of surrounding rock during tunnel 
excavation, a special type of strain block with fiber Bragg grating (FBG) sensors has been 
introduced, which is characterized by three groups of FBG strain rosettes adhered to three 
adjacent surfaces of the block, respectively, and each strain rosette distributed in the form of a 
0°–45°–90° arrangement. Applying this type of FBG strain block sensor to a deep-buried tunnel 
in squeezing rock, six strain components in one strain block (representative of strain state of a 
point in rock) could be obtained with the processing method. The monitoring results can reflect 
the effect of tunnel excavation due to abrupt changes of strain monitored in rock, and were 
verified as being in reasonable agreement with numerical simulation. Therefore, the strain block 
with FBG sensors can be applicable in measuring strains in squeezing rock.
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damage in structural members. Peters et  al [13] investigated 
the use of embedded optical FBGs to measure non-uniform 
strain field near a stress concentration within a solid structure. 
Rodriguez-Cobo et al [14], Zhou et al [15] and Liu et al [16] 
designed and developed different optical fiber strain sensors for 
composite structures. Gangopadhyay et al [17] and Torres et al 
[18] presented new FBG strain sensors with packaging proce-
dures and configurations for strain measurement. Kim et al [19] 
presented a gold-deposited extrinsic Fabry–Perot interferom-
eter for dynamic strain measurement. Yuan et al [20] presented 
a fiber optical 2D strain sensing system for measuring the strain 
inside a concrete structure. Garcia et al [21] developed a novel 
distributed optical fiber strain sensor suitable for long-distance 
condition monitoring of engineering structures.

For the application of FBG sensors in tunnels and geotech-
nical structures, the trend of using FBG sensors is increasingly 
growing, and some studies concerned have been reported. Li 
et al developed a metal groove encapsulating technique for the 
bare FBG sensor to measure the surface strain of the second 
lining of the tunnel [22], and they also developed a differential 
FBG strain sensor for monitoring the stability of the tunnel 
in the backfill and operation periods [23]. Kister et  al [24] 
reported the use of Bragg grating sensors for strain and temper
ature monitoring of reinforced concrete foundation piling.

In this work, based on FBG technology, a special type of 
FBG strain block sensor is developed. The strain block is 
characterized by three groups of FBG strain rosettes adhered 
to three adjacent surfaces of the block, and each strain rosette 
stuck in the adhesive coating in the form of a 0°–45°–90° 
arrangement, which can be used to acquire a greater amount 
of strain sensor data to be accurately monitored during tunnel 
construction.

2.  Measurement principle of FBG sensors

FBG sensors, exhibiting better long-term reliability for being 
noncorrosive, immune to electromagnetic interference, water-
proof and intrinsically safe, have a number of advantages over 
traditional electrical sensors. As a type of grating sensor, a 
desired refractive index can be produced through a controlled 
etching. Accordingly, when each grating is illuminated by a 
broadband spectrum light source, it acted as a filter reflecting 
a narrowband spectrum of the incident light and transmitting 
the remaining signal. The center of the reflected spectrum 
band can be expressed as [7]

λB = 2neffΛ,� (1)

where λB is the Bragg central wavelength, neff is the effective 
refractive index of the optical fiber core and Λ is the grating 
period (pitch length).

The effective refraction index is acquired with a FBG sensor 
by detecting the Bragg wavelength change. This Bragg cen-
tral wavelength shift alters linearly with some other external 
perturbations such as temperature and strain. The relationship 
between the central wavelength, temperature and strain can be 
expressed as

ε = Kε[(λ− λ0)− Kb(λT − λT0)],� (2)

where Kε is the strain coefficient; λ is the real-time wave-
length, λ0 is the initial value of wavelength; λT is the real-
time wavelength with respect to temperature sensor, λT0 is the 
initial value of wavelength with respect to temperature sensor 
and Kb is the temperature compensation coefficient.

The grating strain data can be obtained if the offset values 
of the central wavelength, ∆λ and ∆λT , are provided.

3.  A special type of strain block FBG sensor

3.1.  Details regarding the strain block sensor

In order to enhance the reliability of sensors and ensure that 
strain sensor data is more accurately acquired during tunnel 
excavation, a special type of FBG strain block sensor for 
monitoring is introduced, which was developed by Shandong 
University in China [25, 26]. Three groups of FBG strain 
rosettes are adhered on three adjacent surfaces of one cubic 
block separately. On each surface there are a set of strain 
rosettes, and the sensors are bonded in the form of a 0°–45°–
90° arrangement, as illustrated in figure 1. The cubic strain 
block has a geometry size of 30  ×  30  ×  30 mm, which is 
made of similar material with respect to the objective (rock 
concerned). For the FBG strain block, to facilitate identifying, 
the three adjacent surfaces are numbered as surfaces I–III, 
respectively. Therein, surface I is assigned strain sensors from 
① to ③ (corresponding to S01, S02, S03), surface II includes 
sensors from ④ to ⑥ (corresponding to S04, S05, S06), and 
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Figure 1.  Model of FBG strain sensor.
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Figure 2.  Layout of three groups of strain rosettes.
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surface III includes sensors from ⑦ to ⑨ (corresponding to 
S07, S08, S09), as shown in figure 2.

This type of FGB strain sensor only consists of optical 
fiber, matrix and adhesive coating (the adhesive coating is 
used for adhesive and packaging protection), so it can avoid 
complicated transmission such as between metal sleeves and 
adhesives in some common strain sensors. The detailed fab-
rication of the strain block can be found in the literature [27]. 
According to [27], the effect of adhesive with different elastic 
modulus on the strain response of a block sensor in the direc-
tions of 0°, 45° and 90° at one surface was studied by compres-
sive test and numerical modeling, and we concluded that the 
adhesive with an elastic modulus of 300 MPa is the best choice, 
which is between the elastic modulus of optical fiber and 
matrix, achieving a good match of fiber and strain block [28]. 
The parameters of the FBG strain sensor are listed in table 1.

Since it is a type of trifarious FBG sensor block integrating 
optical fiber, matrix and adhesive coating, the calibration test 
for the FBG sensor is performed along the directions of 0°, 45° 
and 90° at each surface. The compressive test for calibration 

is conducted step by step, and at each step the pressure of 
0.22 MPa is applied, for a total of eight steps. Figure 3 presents 
the typical calibration curves of a strain block along the direc-
tions of 0°, 45° and 90°, respectively. These curves are almost 
straight lines (the correlation coefficients are correspondingly 
0.998, 0.994 and 0.998 for 0°, 45° and 90°, respectively), indi-
cating a linear relationship between the central wavelength 
shift and pressure. Based on calculations, the sensitivity of the 
strain sensor is 1.09 pm·µε−1, and the transfer coefficient is 
0.91, which means that it can be used for strain measurements 
in engineering applications.

To guarantee the reliability of these strain blocks with FBG 
sensors, the strain blocks are waterproofed with glue and cap-
sulated as an integral. After calibration, these strain blocks 
were tested several times in the laboratory and proved to per-
form well.

Table 1.  Parameters of FBG strain sensor.

Elastic modulus of  
optical fiber Ef/GPa

Poisson ratio of  
optical fiber ρf

Radius of  
optical fiber rf/µm

Elastic modulus of  
similar material Eb/MPa

Poisson ratio of 
similar material ρb

Value 72 0.17 62.5 259 0.268
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Figure 3.  Calibration curves of the FBG strain block.
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Figure 4.  Strain at angle of 45°.

Figure 5.  Photo of muddy shale at the sidewall of tunnel.
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Figure 6.  Excess of clearance limit after installation of the primary 
lining.
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3.2.  Processing method for FBG strain block data

As mentioned above, we can obtain three groups of strain 
data derived from three surfaces of strain blocks using FBG 
sensing monitoring. Assuming that one strain block used for 
measurement is representative of an element located in rock, 
at one surface of a strain block, a certain strain εa with degree 
α can be derived via

εa = ε′xcos
2α+ ε′ysin

2α+ γ′
xy sinα cosα,� (3)

where ε′x is the X axial strain, ε′y is the Y axial strain and γ′
xy is 

the shear strain at X-Y plane.
When a equals 45°, the strain ε45 (as shown in figure 4) can 

be written as

ε45 = ε′xcos
245 + ε′ysin

245 + γ′
xy sin 45 cos 45 =

1
2
(
ε′x + ε′y + γ′

xy

)
.

� (4)

In formula (4), ε′x, ε45 and ε′y can be monitored and con-
verted at one surface by in situ FBG sensors, hence the shear 
strain γ′

xy can be derived via formula (4):

γ′
xy = 2ε45 − ε′x − ε′y.� (5)

As a result, ε′x, ε
′
y and γ′

xy at one surface can be obtained. In the 
same manner, strains of another two surfaces (planes x-z and 
y-z) of a strain block can be obtained, which are ε′x, ε

′
z, γ

′
xz and 

ε′y, ε
′
z, γ

′
yz, respectively. By averaging each strain component 

in the same direction, six strain components of an element, 
which are εx, εy, εz, γxy, γxz, γyz, can be obtained.

Since six strain components of an element (may be regarded 
as a point in rock) can be obtained by testing strain block sen-
sors, the strain state of a point and even the whole body in the 

ground can be understood (if enough strain block sensors are 
mounted), which are helpful in analyzing the ground stability 
in underground engineering.

4.  Application in a deep-buried tunnel in squeezing 
rock

4.1.  Background of the tunnel

A deep-buried tunnel, the Xiakou tunnel, was chosen to 
carry out a test of an engineering application with this type 
of FBG strain block sensor. The Xiakou tunnel, as a part of 
Yi-Ba highway, is located in Xingshan city in Hubei province, 
China. The tunnel is a four-lane, two-way separated tunnel, 
the left tube of which ranges from chainage ZK104  +  214 to 
ZK110  +  670, with a length of 6456 m, and the right tube 
of which is from chainage YK104  +  223 to YK110  +  710, 
whose length is 6487 m. Besides, the maximum buried depth 
is about 1500 m, so it is considered to be a super long deep-
buried tunnel [29].

According to an in situ test, the maximum principle 
stress is up to 35.14 MPa, primarily characterized by tecto-
nism, which means the tunnel is situated at a very high geo-
stress area. In addition, the lithologies are primarily black 
shale and muddy shale (figure 5), which belong to soft frac-
tured rocks. Shortly after tunnel excavation, large squeezing 
deformation arose at the whole cross section. Through field 
measurements, the crown settlement and deformation at 
the sidewall amounted to 25 cm and 40 cm, respectively 
(figure 6), which resulted in exceeding the clearance limit 
of construction.

unexcavated zone

excavated zone

excavated zone

Broad band 
light source

coupler FBG 
sensors

OSA

strain brick

Figure 7.  Scheme of monitoring.

8 m

35 m

50 m

chamber
Right tunnelLeft  tunnel

H1H2H3

Figure 8.  Schematic diagram of drilling and layout of strain blocks.
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Due to the large deformation induced, the construction 
work had to be terminated, and a new scheme for the tunnel 
excavation and support was required. Considering the geolog-
ical characteristics of squeezing rock, it often deforms contin-
uously and sustainably. Therefore, to understand the stress or 
displacement state of surrounding rock to ensure the stability 
of tunnel construction, a field test based on FBG strain block 
sensors was conducted.

4.2.  Monitoring arrangement

For separated tunnels, to alleviate the mutual disturbance 
induced by excavation blasting as much as possible, a lagged 
distance from the excavation face of one tube to that of the 
other tube is always kept during tunnel construction. In this 
work, before the large deformation was induced at the left 
tube, the right tube has headed around 300 m. Accordingly, 
the right tube can provide room for drilling boreholes from 
the right tube (excavated section) to the left tube (unexcavated 
section), as shown in figure 7, so as to conduct a test to mon-
itor strain in the squeezing rock surrounding the left tube.

At the chainage YK106  +  730, due to an existing chamber 
located at the left side of the right tube, some steps for 

convenience can be taken. Two boreholes with 110 mm diam-
eter were drilled from the sidewall of the chamber and toward 
the left tunnel. One borehole is drilled horizontally and its 
length is 35 m, where three strain blocks were mounted at 
an average spacing of 10 m, which are numbered as H1, H2 
and H3 in order from the chamber. The other borehole was 
drilled upward at an angle of 10° with respect to the horizontal 
plane, of which the length is 50 m. Along this borehole five 
strain blocks were mounted at the same spacing of 10 m, num-
bered D1, D2, D3, D4 and D5 in order moving away from the 
chamber, as shown in figure 8.

4.3.  In situ installation test

The strain blocks with FBG sensors are well prepared before in 
situ installation. In order to place these strain blocks in the des-
ignated positions in the boreholes, wood sticks are employed 
to place and bond the strain blocks. These wood sticks were 
selected with a size of 40  ×  15 mm at the cross section, and 
along the stick direction the designated locations are marked 
to ensure that the wood sticks are accurately positioned. To 
prevent the wood sticks from being injured or damaged in the 
process of advancement, two little sticks are fastened in the 
front of and behind the strain block (figure 9(a)). Relative to 
the large deformation induced in squeezing rock, the influ-
ence of wood sticks is negligible. After the installation is com-
pleted, the two boreholes are backfilled with cement to ensure 
that the strain blocks with FBG sensors are embedded into 
the squeezing rock, as shown in figure 9(b). When the strain 
monitoring system works, data from the FBG sensors in the 
strain block can be coupled by a coupler in combination with 
a broadband light source and then transferred to the optical 
spectrum analyzer (OSA), which is used to detect and output 
the central wavelength shift. After that, the information about 
central wavelength shift is submitted to computer. The whole 
transmission process is illustrated in figure 7.

During the installation of the strain blocks, the FBG 
temperature sensors were mounted in rock together to ensure 
temperature compensation. Through monitoring a temper
ature shift in squeezing rock where the strain blocks are 
located, strain variation in rock induced by temperature shift 

(a)

(b)

Figure 9.  Installation of strain blocks.

Table 2.  Parameters of the strain sensors.

Number

Parameters

Initial central  
wavelength λ0/nm

Strain  
coefficient Kε

Temperature  
compensation  
coefficient Kb

Sn01 1528 839.038 1.5
Sn02 1533 836.302 1.5
Sn03 1536 834.668 1.5
Sn04 1540 832.501 1.5
Sn05 1544 830.344 1.5
Sn06 1549 827.663 1.5
Sn07 1553 825.532 1.5
Sn08 1558 822.882 1.5
Sn09 1563 820.250 1.5
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can be obtained. Therefore, once the parameters including ini-
tial central wavelength λ0, strain coefficient Kε and temper
ature compensation coefficient Kb are presented, block strains 
in squeezing rock can be derived. The parameters with respect 
to different strain sensors are listed in table 2.

4.4.  Monitoring results

After in situ installation, the monitoring test continued for almost 
half a year. During this period, the right tunnel face approached 

and passed through the monitoring section  of chainage 
YK106  +  730. As mentioned above, the main purpose of this 
test is to monitor and evaluate the strain variation of squeezing 
rock during and after the excavation at chainage YK106  +  730, 
which can provide significant information in analyzing the sta-
bility of surrounding rock and support when tunneling.

When conducting tests, the data of wavelength shift and 
wavelength shift with respect to temperature sensor can be 
acquired and converted to strain via formula (2) automatically 
using a computer. Table 3 lists strain data of block D5 for nine 

Table 3.  Strain (µε) in block D5 at chainage YK106  +  730.

Date

Strain block

S01 S02 S03 S04 S05 S06 S07 S08 S09

2012-7-25 121.52 35.27 248.44 −166.72 −287.10 25.17 227.19 268.68 −276.64
2012-7-29 125.54 36.42 256.43 −168.51 −290.69 26.32 230.19 276.67 −280.23
2012-7-30 128.35 41.72 258.63 −173.28 −294.76 31.62 215.58 278.87 −284.30
2012-8-22 136.12 44.58 276.21 −178.16 −297.55 34.48 236.66 296.45 −287.09
2012-9-5 148.19 46.39 302.22 −186.32 −307.57 36.29 260.59 322.46 −297.11
2012-9-6 150.94 45.47 308.53 −191.30 −316.57 35.37 261.15 328.77 −306.11
2012-9-7 147.41 46.28 303.10 −194.96 −319.61 36.18 259.24 323.34 −309.15
2012-10-31 196.81 83.69 385.30 −236.95 −390.91 73.59 298.32 405.54 −380.45
2013-1-18 204.69 97.40 403.43 −260.60 −421.55 87.30 300.25 423.67 −411.09

Table 4.  Strain (µε) components of block D5 at chainage YK106  +  730.

Date

Strain component

εxx εyy εzz γxy γyz γzx

2012-7-25 258.55 30.23 −281.88 −40.67 −71.51 462.33
2012-7-29 266.54 31.38 −285.47 −41.78 −72.65 463.94
2012-7-30 268.74 36.68 −289.54 −43.65 −83.41 436.58
2012-8-22 286.32 39.54 −292.33 −48.55 −93.25 463.95
2012-9-5 312.33 41.35 −302.35 −52.24 −101.35 495.82
2012-9-6 318.64 40.43 −311.35 −52.12 −101.39 499.64
2012-9-7 313.21 41.24 −314.39 −54.56 −106.48 504.29
2012-10-31 395.41 78.65 −385.69 −75.38 −156.57 571.54
2013-1-18 413.54 92.36 −416.33 −91.45 −186.95 587.92
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Figure 10.  Variation of the first principle strain for strain blocks D1–D5.
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FBG sensors in a strain block. Using the processing method 
for the FBG strain block data mentioned in section 3.2, six 
strain components in a strain block can be transformed. 
Table 4 lists six strain components of block D5.

Since six strain components monitored in one strain block 
are representative of those in squeezing rock, strain states 
at these points in rock can be described. In order to better 
describe the strain changes in squeezing rock, figures 10 and 
11 present the variations of the first principle strain with time 
for strain blocks D1–D5 and H1–H3, respectively, during 
the whole monitoring process. Due to the influence of tunnel 
excavation, abrupt changes of strain in rock can be observed 
during the period of 5–7 September 2012 (marked with red 
ellipses). After that, the strains in the rock continue for the 
effect of rock creep, yet they increase relatively slowly. 
Compared to strains monitored in the upward borehole (i.e. 
D1–D5), strains in the horizontal borehole (i.e. H1–H3) 
have experienced more rapid changes in rock. That is, strain 
ratios in the blocks for H1–H3 are larger than those of blocks 
D1–D5, which results from the predominant effect of the 
horizontal tectonic stress when tunneling. These monitoring 
achievements can be used to analyze the stability and param
eter optimization of surrounding rock and support so as to 
achieve the desired purpose.

4.5.  Verification by numerical simulation

To further verify the feasibility of the FBG strain blocks used 
in measuring strains in squeezing rock, a numerical simula-
tion is conducted. A quasi-3D numerical model representa-
tive of the chainage YK106  +  730 is established, as shown in 
figure 12, which considers the locations of these FBG strain 
blocks. Due to abrupt changes in the strain monitored in rock 
during tunnel excavation, in this work, we model the excava-
tion of the left tunnel and stress release in the surrounding 
rock, then focus on changes in displacement and strain in the 
surrounding rock. The whole simulation can be described in 
two steps: the first step is stress equilibration of the model 
under the condition of being excavated for the right tunnel; the 
second is the excavation of the left tunnel.

In the design stage of the Xiakou tunnel, the preliminary 
mechanical parameters of the squeezing rock were selected 
according to some geological exploration achievements [30], 
as shown in table 5. After simulation, the strain results in the 
rock where these FBG blocks are positioned can be extracted 
from the strain field. Table 6 summarizes the comparison of 
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Figure 11.  Variation of the first principle strain for strain blocks H1–H3.

Right tunnel

Left tunnel

D1D2D3D4D5

H1H2H3

Figure 12.  Numerical model.

Table 5.  Computational parameters of the squeezing rock.

Elasticity  
modulus/GPa

Poisson’s 
ratio ν

Cohesion 
C/MPa

Internal friction 
angle ϕ/(°)

0.80 0.31 0.70 37

Table 6.  Comparison of strain results from monitoring and 
calculation.

Testing point Monitoring Calculation
Relative  
difference (%)

D1 313.29 394.91 26.05
D2 600.19 691.09 15.15
D3 624.44 746.76 19.59
D4 633.28 651.32 2.85
D5 1478.12 1575.57 6.59
H1 298.58 353.40 18.36
H2 467.38 560.38 19.90
H3 1139.01 1287.52 13.04
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the strain results in these strain blocks from monitoring and 
calculation. It can be seen that the results from calculation 
are comprehensively larger than those from monitoring, some 
even exceed by 20%, which is the reason that FBG strain 
blocks failed to monitor some part of the strain in the rock 
at the initial stage, whereas the simulation calculation can 
include this part of the strain for its modelling. Nevertheless, 
the calculation analysis can help support the rationality of the 
strain results in these strain blocks. So the FBG strain blocks 
can be applicable in measuring strains in squeezing rock.

5.  Conclusions

In order to acquire strain sensor data to be accurately moni-
tored during tunnel excavation, a special type of strain cubic 
block with FBG sensors has been introduced. The strain block 
is characterized by three groups of FBG strain rosettes glued 
on three adjacent surfaces of the block respectively, and each 
strain rosette distributed in the form of a 0°–45°–90° arrange-
ment. Through the processing method of the FBG strain block, 
the original strain data of three surfaces of a strain block can 
be transformed to six strain components, which is regarded as 
an element of representing the strain state of a point in rock 
mass.

Applying this type of strain block sensor to a deep-buried 
tunnel in squeezing rock, optical fiber data at three surfaces 
of a strain block was acquired, and then the six strain comp
onents of each strain block were derived using the processing 
method for FBG strain block data. The monitoring results 
can reflect the effect of tunnel excavation due to the abrupt 
changes in strain monitored in rock during excavation, and 
were verified to be in good agreement with our numerical 
simulation. Therefore, FBG strain blocks can be applicable in 
measuring strains in squeezing rock.
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