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This paper presents a model test, used on the tunnels on Xi’an Metro Line 2, as the prototype for evaluating the reinforcing effect
of the anchor rod in tunnel construction in loess areas. An independently designed fiber Bragg grating (FBG) sensor was used to
monitor the seven strain conditions of the rock bolts during the construction. The result shows that the axial stress of the rock
bolt changes after the excavation and increases steadily with the growing pressure in the wall rock. Results additionally show that
the anchor rods at the tunnel vault are subjected to a compressive stress that remains relatively constant after the primary and
the secondary lining, while those at the spandrel and the corner of the tunnel are subjected to increased tensile stress. This paper
demonstrates the feasibility and the superiority of FBG technology for tunnel model tests.

1. Introduction

Assessing the condition and monitoring the health of struc-
tures make up an integral part of civil engineering, where
there is an ongoing need to estimate the response of structures
under particular loading and environmental conditions [1,
2]. Health monitoring is also used as a diagnostic tool
by which engineers not only detect or infer the presence
of defects but also schedule maintenance operations. Civil
structures can be assessed by established techniques such
as ultrasonic scanning [3], transient pulse and infrared
thermography [4, 5], and ground radar [6, 7]. Despite being
adequate and reliable, these conventional techniques are not
suitable for real-time, in situ assessment of structures. These
limitations can be overcome by using electrical-resistance
strain gauges [2, 8], acoustic emission [9, 10], or optical fiber
sensors [11–13]. The advantages associated with optical fiber
sensors, over conventional monitoring techniques, include
their immunity to electromagnetic interference; their small
size and lightweight construction; and the access they facil-
itate to different measurements, such as strain, temperature,
vibration, and specified chemicals. The optical fiber sensors
can also be multiplexed, meaning that more than one sensor
can be integrated along a single optical fiber. One canmonitor

the distributed mapping of a structure thanks to this multi-
plexing capability [14]. When the optical sensors will be used
in physically and chemically harsh environments, strategies
for sensor protection and bonding must be developed in
order to monitor structures in the long term while ensuring
reliable measurements.

In 1978, Hill et al. first discovered the photosensitivity
of the optical fiber, a discovery that eventually led to the
occurrence of the fiber grating [15]. The application of this
device as a sensor was first reported by Morey late in 1989.
In the ensuing years, the fiber grating sensor went through
rapid development and drew worldwide attention; it is now
widely used in many industries. It was also in 1989 that, for
the first time, the fiber grating sensor was proposed [16]. By
far a number of tests regarding application of FBG technology
have been reported in engineering respect. For instance, a
FBG-based concrete model quasi-static test was made on
Donghai Bridge, and a study was developed concerning the
application of FBG technology in the health monitoring
of large bridges [17]. Fiber grating sensor modules were
embedded in the three-dimensional geomechanical model
of a bifurcate tunnel, which has successfully performed
strain monitoring during tunnel excavation [18]. Along with
Brillouin optical time domain reflectometry (BOTDR), fiber

Hindawi Publishing Corporation
Advances in Materials Science and Engineering
Volume 2015, Article ID 480184, 7 pages
http://dx.doi.org/10.1155/2015/480184



2 Advances in Materials Science and Engineering

∑

Feedback 
system

Dither signal

Detector

Fiber 
Fabry-Perot

FBG 

III
Input spectrum Transmitted signal Reflected signal

Transmission fibre
Coupler

Optical sensing interrogator

Reflecting beams

Bragg grating with periodical
refractive index modulation

Refractive index

Core
(9 micrometers)

Cladding
(125 micrometers)

Coating
(250 micrometers)

Broadband 
source

−temperature
−strain +strain

Λ

𝜆 𝜆 𝜆

+temperature

n1

n2

Figure 1: Strain and temperature sensing of an FBG sensor.

grating sensors were used to monitor the deformation of a
slopemodel, effectively proving the advantages and prospects
of both for engineering application [19].

The FBG-basedmodel test—applied to the subway tunnel
in a loess area—presented in this paper validates the reinforc-
ing effect of the anchor rods.

2. Working Principle of Fiber Grating

The sensing functioning of fibre Bragg grating (FBG) was
firstly discovered on the formation of photogenerated grat-
ings in germanosilicate optical fibre by Hill et al. [20]. The
Bragg grating is written into a segment of Ge-doped single-
mode fibre in which a periodic modulation of the core
refractive index is formed by exposure to a spatial pattern
of ultraviolet (UV) light. Figure 1 illustrates the working
principle of an FBG sensor. According to Bragg’s law, when
a broadband source of light has been injected into the fibre,
FBG reflects a narrow spectral part of light at a certain
wavelength [21]:

𝜆
𝐵
= 2𝑛effΛ, (1)

where 𝜆
𝐵
is the Bragg wavelength, typically 1510 to 1590 nm

(1 nm = 10−9m), 𝑛eff is the effective core index of refraction,
and Λ is the period of the index modulation.

Through physical or thermal elongation of the sensor
segment and through the change in the refractive index of
the fibre due to photoelastic and thermooptic effect, the Bragg
wavelength will change linearly with strain and temperature.
Considering a standard single-mode silica fibre, 𝜆

𝐵
changes

linearly with the applied strain Δ𝜀 and temperature Δ𝑇. This
relationship is given by [22]

Δ𝜆
𝐵

𝜆
𝐵0

= 𝑐
𝜀
𝜀 + 𝑐
𝑇
Δ𝑇, (2)

where 𝜆
𝐵
is the original Bragg wavelength under strain-free

and 0∘C condition, Δ𝜆
𝐵
is the variation in Bragg wavelength

due to the applied strain and temperature, and 𝑐
𝜀
and 𝑐
𝑇
are

the calibration coefficients of strain and temperature. The
typical strain and temperature accuracy of a bare FBG sensor
are 1 𝜇𝜀 and 0.1∘C, respectively.

As the FBG sensor is sensitive for both strain and
temperature, how to separate the effect of temperature from
the strain monitoring data is a key problem in data analysis.
This temperature compensation problem can be achieved
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by adding an additional FBG sensor or a conventional
temperature sensor to the same temperature field. Once the
temperature Δ𝑇 is measured, the mechanical strain can be
corrected as follows:

Δ𝜀 =
1

𝑐
𝜀

(
Δ𝜆
𝐵

𝜆
𝐵

− 𝑐
𝑇
Δ𝑇) . (3)

3. Tunnel Model and Test

3.1. Tunnel Model. According to the similarity criteria for
model test, the loessial soil on the site of Xi’an Metro Line
2 was selected as the wall rock material. It has an internal
frictional angle of 20∘, a cohesive strength of 0.045MPa,
and Poisson’s ratio of 0.31. Plaster was used to simulate the
reinforcing concrete for the tunnel lining, which has an elastic
modulus of 3.5 GPa with a water-to-plaster ratio of 1.0. In
accordance with the similarity criteria for bending deflection,
the model lining was constructed with a thickness of 2 cm to
simulate the 60 cm thick prototype. The anchor rod of the
prototype was 22mm in diameter and 3500mm in length.
Based on the similarity criteria, the tin-solder model anchor
rod was constructed to be 1.5mm in diameter and 70mm in
length.

Normally, the application of anchor rods in real tunnel
construction primarily includes the drilling of holes, rod
installation, and grouting. This practice, however, was not
followed in the model test because of size limit. Instead, the
wall rock material was placed up to the design location of the
anchor rod, and then a cylinder (with a diameter twice that of
the anchor rod) was embedded as the “hole” into which the
anchor rods were then installed and grouted. The placement
of wall rock would be followed.

The model test was performed by use of a PDY-50 model
tester, which is composed of a supporting system, a hydraulic
loading system, and a measuring system; this model tester
enables three-dimensional loading. To simulate real tunnel
construction, a preload equivalent to the stress in the original
rockwas applied to themodel to obtain an initial deformation
and the excavation, which was followed immediately by
tunnel lining. The excavation was simulated approximately
by taking out the wood former embedded beforehand in the
model.

3.2. Packaging of Fiber Grating Sensor. A fiber grating sensor
was independently designed and produced for this model
test. The sensor head was adhered with “502” glue to the
surface of the tin-solder rod, and the fiber was wrapped up
with four layers of thermal plastic pipe. This simple package,
according to experiment, has greatly improved the service-
ability rate of the fiber grating, which remains over 80%, even
after a destructive test. As for the fiber grating of the model
test, all were undamaged in wall rock placement and only
several broke in the end, due to excessive load; an overall
serviceability rate of 90% was eventually obtained. Figure 2
shows a packaged fiber Bragg grating with a grating length of
10mm and a spacing of 5mm. To ensure a quasi-distributed
measurement, two sensors were installed in series on each
anchor rod. The test applied a SM125 optical demodulator

FBG-1 FBG-2

Figure 2: Packaged fiber Bragg grating sensors.

Anchor rod

Tunnel model

The lead line of FBG
strain sensors

Figure 3: Anchor rods installed in place.

of MO, and ALTECO AB glue was used for the adhesion
between the fiber and the anchor rod.

3.3. Embedding of Fiber Grating Sensors. The installation of
the anchor rod was carried out in the following procedures:

(1) preparation of anchor holes,
(2) injection of grout,
(3) installation of anchor rods,
(4) fixing of anchor rods.

As previously mentioned, it is hard to install the anchor
rod after the excavation; instead, these rods are embedded
beforehand during wall rock placement. In consideration of
the fragile optical fiber, caution must be taken to avoid a
too small bending angle, and the wall rock must be free of
coarse soil particles. Figure 3 shows the anchor rods installed
in place.

The adapter between the fiber and demodulator must be
carefully protected, as it directly relates to the serviceability of
the fiber grating. To ensure that the adapter remained clean
and secure, the thermal plastic pipe was extended to cover
the adapter during the packaging of fiber grating, and it was
sealed with a rubber sheath. To ensure the coaction with the
fiber grating, prior to being embedded, the anchor rod was
hooked in the end closest to the cave and then stretched after
the excavation.The primary lining was simulated by injecting
plaster grout (with a water-to-plaster ratio of 1) into the gap
between the cave and the secondary lining, which had been
already put in place.
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Figure 4: Arrangement of anchor rods.

3.4. Test Process. Two typical sections of Xi’an Metro Line
2—one at K6+997 between the library and Daming Palace
and the other at K15+346.5 between Yongningmen and
Nanshaomen—were selected as the prototype cross section.
To evaluate the effect of the anchor rods in shallowly buried
weak rock, they were arranged in two patterns for each group,
namely, full section (Pattern A) and partial section (Pattern
B), which are, respectively, numbered M-A and M-B. For the
monitoring of strain variation, two fiber grating sensors were
installed in series on each anchor rod, as shown in Figure 4.
For number 1 anchor rod in two patterns, FBG 1 and FBG 2
are, respectively, numbered 1-1 and 1-2, as shown in Figure 4.

As previously stated, to simulate the real situation, a
preload equivalent to the stress in the original rock was
applied to the model prior to the excavation; in this way, the
initial deformation was obtained. The preload was increased
from 0.3MPa in a step of 0.1MPa until it reached 0.5MPa.
After one hour of rest, the cave excavation was started. The
cave was designed with sufficient space for the primary and
secondary lining. The excavation was approximately simu-
lated via removal of the wood former, embedded beforehand
in themodel.The precast secondary liningwas put in the cave
and then plaster grout was injected into the gap to simulate
the primary lining. After the completion of tunnel lining, the
load was continuously increased and applied to the model
until destruction occurred. A SM125 demodulator kept a real-
time record of the data of the fiber Bragg grating sensors.

4. Test Results Analysis

The stress of anchor rods can be obtained through the
calculation with the following equation:

𝜎 = 𝐸𝜀, (4)

where 𝐸 is the modulus of anchor rods.
Stress analysis consists of seven typical stress conditions,

which occurred successively in the model test: Stage 1 is
the initial state (i.e., immediately after the application of the

initial stress), Stage 2 is before the excavation, Stage 3 is after
the excavation, Stage 4 is after the primary lining, Stage 5 is
after the secondary lining, Stage 6 is crack-resistance limit
state, Stage 7 is failure limit state. A great amount of test data
was obtained, part of which is shown in Table 1 and Figure 5.

According to Table 1 and Figure 5, the axial stress of
the anchor rod changed after the excavation and increased
steadily with the growing pressure in the wall rock. In Group
M-A, anchor rods 1, 2, 3, 8, and 9 were subjected to a
compressive stress, which remained substantially unchanged
after the primary and secondary lining and started to increase
when the model was overloaded until wall rock failure
occurs. In contrast, anchor rods 4, 5, 6, and 7 were subjected
to a tensile stress that experienced little change after the
excavation and started to increase after the tunnel lining. It
can be seen that the anchor rods at the spandrel and the
corner of the tunnel, as arranged in Pattern A, were subjected
to a tensile stress and exhibited a stronger reinforcing effect
than those in other positions. The anchor rods at the vault,
however, experienced little stress change after the excavation,
which implicates an unobvious reinforcement. By comparing
test results obtained at different water content, it can also
be found that the stress of the anchor rod in wall rock of
higher water content has greater change after the excavation,
which means that the anchor rod plays a more effective role
in the wall rock of inferior quality.Meanwhile, in GroupM-B,
the four anchor rods experienced a low level of compressive
stress and then a tensile stress before and after the excavation.
The axial stress remained substantially unchanged after the
primary lining but started to increase after the secondary
lining until wall rock failure occurred. This indicates that
the anchor rod can provide a more effective reinforcement
and improve the stability of the supporting system, especially
when the tunnel lining develops cracks.

5. Numerical Analysis of Anchor Rods

5.1. Finite Element Model. Using a plane elastic-plasticity
finite element, an analog computation was made based on
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Table 1: Test results of Group M-A (unit: kN).

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7
1-1 −0.31 −3.27 −3.24 −2.07 −2.50 −3.52 −21.56
1-2 −0.59 −4.35 −4.32 −2.79 −3.32 −6.48 −33.55
2-1 −0.40 −2.80 −2.80 −2.50 −2.68 −4.77 −33.21
2-2 −0.56 −3.03 −3.06 −2.84 −2.97 −7.40 −40.91
3-1 −0.05 0.68 0.65 0.47 0.62 −3.77 −12.38
3-2 −0.06 0.32 0.25 0.12 0.25 −1.62 −8.21
4-1 −0.06 0.62 0.59 0.71 2.31 3.05 13.27
4-2 −0.08 0.57 0.56 0.43 2.21 4.65 17.30
5-1 0.40 3.91 3.89 5.56 4.36 5.96 9.27
5-2 0.40 3.67 3.67 4.73 4.11 4.57 13.07
6-1 0.37 2.18 2.27 3.35 2.30 7.83 25.91
6-2 0.31 2.06 2.03 2.59 2.25 5.67 30.81
7-1 −0.19 0.50 0.48 1.46 0.55 3.57 2.34
7-2 −0.47 0.87 0.90 1.81 1.05 7.78 16.45
8-1 −1.01 −2.05 −2.07 −1.44 −2.15 −11.75 −43.59
8-2 −1.16 −2.19 −2.17 −1.64 −2.23 −11.80 −42.12
9-1 −0.77 −3.24 −3.27 −2.98 −3.20 −5.67 −22.42
9-2 −0.97 −3.53 −3.56 −3.24 −3.46 −8.27 −36.81
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Figure 5: Test results of Group M-B.

the mechanical properties of the wall rock of Pattern B. The
boundary size ranged from the bottom of the tunnel up to
the original ground, with a horizontal distance four times
the diameter of the tunnel. The calculation was made on the
premise that soils in different stratum are deemed, in whole,

as homogeneous. The wall rock and tunnel lining were both
simulated by plane isoparametric elements. Specifically, the
anchor rod was simulated by a bar element, the tunnel lining
by a beam element, and the wall rock by a plane element.
Parameters are given in Table 2.
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Table 2: Parameters of wall rock and tunnel lining.

Name Specific gravity Elasticity modulus/GPa Poisson’s ratio Cohesion/kPa Internal frictional angle/∘

Wall rock 1.78 0.027 0.35 34 26
Wall rock 2.5 30 0.20 2420 54
Anchor rod 5.23 100 0.25 Diameter: 80mm
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5.2. Analysis of the Axial Force on the Anchor Rods. The
results of numerical analysis are shown in Figures 6 and 7.
According to Figure 6, the anchor rods at the spandrel and
the sidewall (i.e., Anchor rod 1 and Anchor rod 3 in Pattern
B) were subjected to a compressive stress that decreased
longitudinally into the rock. Meanwhile, the anchor rod at
the arch foot (Anchor rod 2 in Pattern B) was subjected to
a tensile stress near the primary lining, which turned into
compressive with the increase of the anchorage depth and
reached a peak value at the midpoint of the rod. As for the
anchor rods in the corner (Anchor rod 3 in Pattern B), due

to the settlement between the wall rock (on the left) and the
tunnel lining, these rods were all subject to a tensile stress.

In Figure 7, the four anchor rods were subjected to
compressive stress after the placement of the secondary
lining—except for that in the arch foot (Anchor rod 2 in
Pattern B), in which a minor tensile stress developed near
the primary lining. The three anchor rods—located at the
spandrel, in the arch foot, and near the sidewall (Anchor rods
1, 2, 3 in Pattern B)—were essentially subjected to the same
axial force, and the anchor rod in the corner (Anchor rod 4 in
Pattern B) was subjected to aminor axial force that decreased
along the rod into rock. A comparison between Figures 6 and
7 reveals that the increase of the axial force on the anchor rods
after the secondary lining is mainly caused by the restraint to
the deformation of the wall rock (on the right).

In comparison of the numerical analysis results, the
proposed FBG-based sensor assembly monitored the strain
distribution of the anchor rods effectively, which proves it is
a promising solution for strain monitoring in subway tunnel.

6. Conclusions

According to these test results—obtained by the indepen-
dently designed fiber Bragg grating sensor for stress mon-
itoring during tunnel construction—the anchor rods at the
spandrel and the corner of the tunnel, as arranged in Pattern
A, exhibit a better reinforcing effect than those in other
positions; and the anchor rods at the vault experience little
change in stress after the excavation, which implicates an
unobvious reinforcement. As for Pattern B, the anchor rods
can provide a more effective reinforcement and improve
the stability of the supporting system especially when the
tunnel lining begins to crack. The fiber grating sensor shows
impressive stability and reliability in stress monitoring for the
anchor rods. Furthermore, the test results are proved to be
basically in conformity with the mechanical laws. This paper
demonstrates the broad prospects of the application of fiber
grating sensors in subway tunnel tests.
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