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Study on boundary effect of embedded optical fiber sensor in tunnel structure

HOU Gong-yu'?, HU Tao!, ZHOU Tian-ci!, XIAO Hai-lin'
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LI Zi-xiang',
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Abstract: To explore the boundary effect of the strain transmission between embedded optical fiber sensor and tunnel lining, the
study was conducted from three aspects: theoretical, experimental studies and field applications. The results were verified in actual
engineering. The strain transfer model of optical fiber in the concrete lining was constructed, and the mechanism of optical fiber
strain transfer was analyzed. The strain transfer efficiency of optical fiber was then calculated and compared that with the numerical
modeling results, which verified the accuracy of the mechanical calculation model. The concrete lining of tunnel was simulated with
the reinforced concrete beams and distributed optical fibers were embedded on the surface of the concrete beams. Two groups of tests
were carried out in this study. The test beams were loaded in stages and the optical fibers were tested by BOFDA technology. The test
results show that the embedded fiber optic sensor has a boundary effect. The two ends of the beam structure are the low efficiency
strain transmission area of the optical fibers, which cannot fully transfer the strain of the test beam. The middle part of the test beam
is the high efficiency strain transfer area of the optical fibers, which can completely transfer the strain of the test beam. Based on the
research results, the engineering application research was carried out. A distributed optical fiber sensor was installed in the tunnel
lining in the CRD construction method section of the subway tunnel of the Beijing New Airport Line using the embedded fiber
technology. The monitoring results show that the boundary effect has little influence on the monitoring results. The placement method
of the distributed embedded optical fiber is feasible. This research can provide a reference for the application of distributed optical

fiber technology in underground engineering structure monitoring.

Keywords: distributed optical fiber; coupling performance; tunnel monitoring; BOFDA technology

1 Introduction

In recent years, optical fiber sensing (network) mon-
itoring technology has been widely used to monitor the
structural health of geotechnical engineering projects
such as Brillouin optical time domain reflection strain/
temperature measurement technology (BOTDR), Brillouin
optical time domain analysis strain/temperature mea-
surement technology (BOTDA), Raman optical time
domain reflection strain/temperature measurement
technology (ROTDR) and Bragg grating measurement
technology (FBG)!'"7). In underground engineering
monitoring projects, to ensure the optical fiber to deform
together with the structure to be measured, the optical
fiber usually requires to be combined with the structure
under test in various ways. The inner optical fiber will
be then deformed when the tested structure is deformed.
The combined properties of the structure and the optical
fiber determine whether the strain of the structure can
be effectively transmitted to the optical fiber, as well
as whether the monitoring data can reflect the true
deformation of the structure. At present, scholars have
studied the theory of strain transfer between optical
fibers and structures to be measured. Tin was selected
as the bonding material, Li et al.® proposed a strain
transfer model for FBG and beams of equal strength
using the surface bonding method. Shen et al.”’ studied
the influence of the substrate material and size on strain
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transmission. Torres et al.l'” studied the effect of diff-
erent adhesive thicknesses and different FBG packaging
structures on strain transmission. Wang et al.''! proposed
a failure mechanism of the interface deboning of an
embedded optical fiber sensor. Wu et al.l'?! analyzed
the influence of the FBG sensor length, the thickness
of the bonding layer, and the elastic modulus on strain
transmission. In the above mentioned researches, the
boundary effect of strain transfer under the surface of
an optical fiber was analyzed. As for the strain transfer
model of the embedded optical fiber, many research
works have been conducted by the research team of
Nanjing University, China. Li et al.'"*! designed a three-
point bending test of the soil strip, and they found that
the deformation coupling performance decreases as
soil deformation increases gradually between the optical
fiber and soil body. Yang et al.l'*] studied the best mix
ratio of grouting coupling material for the directly buried
optical fiber sensing borehole. Cheng et al.!'*performed
the coupling performance test of the fiber— soil interface,
and they concluded that the interaction process of optical
fiber—soil interface was divided into three stages: full
coupling, semi-coupling, and relative sliding. Shi et
al.'% studied the evaluation of fiber— soil coupling in
full section distributed optical fiber monitoring tech-
nology. Based on the classical strain transfer model
and Goodman hypothesis, Zhang et al.l'”) established a
strain transfer model of the stratum— borehole backfills-
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sensing optical cable, and they studied the effects of
sensing cable, backfill material, and stratum properties
on the strain transfer characteristics. The researches
provide a useful exploration for strain transfer theory
of the embedded optical fiber sensor in the discrete
objects such as rock and soil. In the structural monitoring
using optical fiber, currently, most of the optical fibers
are attached to the structure surface using an adhesive.
Besides, the strain transfer of an optical fiber sensor
has mostly been conducted based on the surface adhesion
model. Although the strain transmission effect is relatively
higher and the installation is relatively simple using
the surface adhesion model, this method is not suitable
for the complex monitoring environment of under-
ground engineering. To improve the survival rate of
optical fibers in such complex environments, it is often
necessary to cover the optical fibers with a protective
sleeve and insert the optical fiber into the testing struc-
ture and seal it for protection purposes. There is a lack
of research on the strain transfer model for implanted
distributed optical fibers in a structure. In addition to
the theoretical research vacancies, the effect of the
application of implanted optical fibers in practical
engineering needs to be tested and the influence of
boundary effect during the strain transmission on the
monitoring result still needs to be studied.

Based on the distributed optical fiber sensing
technology of Brillouin scattering and shear lag theory,
in this study, a strain transfer model of distributed
optical fibers embedded on a concrete structure surface
is proposed. The accuracy of the model is verified by
finite element analysis and laboratory testing. To verify
the actual application of a practical engineering project,
the distributed optical fiber monitoring technology was
applied in the dismantling stage of tunnel temporary
shoring through the distributed optical fiber monitoring
project 07 in the Beijing Rail Transit New Airport
Line. By embedding the optical fibers in the primary
lining of the tunnel, the strain variation law of the
tunnel was monitored in the process of demolishing
the temporary support and the secondary lining stage.
The feasibility of the implantation of the distributed
optical fibers was systematically verified.

2 Theoretical analysis of the optical fiber
strain transfer model

The main component of the bare optical fiber
sensor is silicon dioxide for the optical fiber, which is
a brittle material with poor shear resistance and easy
to break. It is known that civil engineering construc-
tion is a typically extensive operation, in this considera-
tion, the optical fibers have to be protected in practical
application, no matter what type of layout method for
the optical fibers. Due to the different stress transmission
performances of the protective layers around the fiber,
the strain of the structure will be different from the
strain measured by the optical fiber sensor.

Optical fibers are embedded in slots on the surface
of concrete structures. The slots are then backfilled and
sealed with cement. At present, this is a common method
of protecting optical fibers in engineering projects, as
shown in Fig.1.

https://rocksoilmech.researchcommons.org/journal/vol41/iss8/10
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Grooving on the surface of
the structure

Implanting of sensor
optical cable

Sealing with
cement mortar

Fig.1 Schematic diagram of embedded optical cable
on slotted structural surface

The model in this section was mainly to study the
strain transfer mechanism of optical fibers in this fiber
protection condition. To facilitate the establishment of
the model, it is necessary to make some reasonable
assumptions according to the actual situation.

2.1 Assumptions

(1) The material has linear elastic properties, and
the tested structure is subject to uniform strain along
the axis of the optical fiber.

(2) The coating layer and the optical fiber core are
regarded as a single structure, which is called the optical
fiber layer. It should be mentioned that all the optical
fibers that are used for sensing and monitoring are tightly
wrapped cables. That is to say, the coating layer is firmly
attached to the fiber core, and it is difficult to mechani-
cally separate them. Therefore, no matter the packaging
type, if the internal structure of the sensing cable slips,
it will behave like the protective sleeve and the coating
layer have separated, but the coating layer and the fiber
core can still be tightly combined, as shown in Fig.2.
Therefore, the coating layer and the fiber core can be
considered as a single structure.

(3) The interface between the optical fiber and the
protective sheath, as well as the protective sleeve and
the structure is tightly attached and cannot fall off. It is
considered that the strain difference between the optical
fiber and the tested structure is mainly caused by the
lag phenomenon of the shear transfer due to the existence
of the protective sleeve. The sleeve that had fallen off
in Fig.2 was caused by the sleeve breaking and then
being pulled out. In practical engineering applications,
the armored optical cable is commonly used, where the
sleeve has good ductility and high strength and is unlikely
to break. On the other hand, for tunnels that are mon-
itored by distributed optical fibers, the length of the
embedded optical fibers in the structure can usually be
from several hundred meters to several kilometers. The
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peak shear strength of the backfill material- sensing
cable interface is high, so in general, the optical fibers
are unlikely to be pulled out from the structure.

Coating layer and_fiber core

Protectjve sheath

Fig.2 Photo of the optical fiber protective
sleeve shedding

2.2 Theoretical analysis of the strain transfer model
Based on the above analysis, the following strain
transfer model could be established, which consists of
three layers: (1) the structure to be tested; (2) the
protective sleeve; and (3) the optical fiber. The strain
transfer between the structure to be tested and the
optical fiber is directly realized through the protective
sleeve, and there is no sliding between the layers. The
schematic diagram of the model is shown in Fig.3.

/ The structure

ko S
= Protective sheath

\

Optical fiber

T Rk LR Nraetid

Fig.3 Structural mechanics model of optical fiber core,
protective sleeve and structure

A cylindrical coordinate system is established for
the model. X is the axial coordinate of the optical fiber;
r is the radial coordinate; and the coordinate origin is
the center of the optical fiber layer. The total length of
the optical fiber is taken as 2L. By establishing the
equilibrium equation, the relationship between the strain
of the optical fiber and the strain of the structure to be
measured can be derived.

2.2.1 Stress equilibrium equation establishment

First, only the effect of axial stress and shear stress
is considered in the optical fiber, an equilibrium equation
of the optical fiber layer is established. Taking the length
of the fiber micro-unit is dx, and assuming the shear
stress is distributed uniformly; the force of the micro-
unit is shown in Fig.4.

ﬂ%(x):

| = 0,0+ da,(x)

] |
Fig.4 Force diagram of fiber layer micro-element
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The horizontal force balance equation is
—(7g(X)Tcrg2 +[o,(X)+ ng(X)]TCI’gZ +

(D
2nrdx-7,(x,r,)=0
Eq.(1) can be simplified as
r, do,(X)
X,r)=-—-2—2-—- (2)
(01 2 dx

where 7,(X.I,) is the shear stress along the surface of
the optical fiber; O, (X) is the axial normal stress;
and [ is the radius of the optical fiber layer.

As for the protective sleeve, the shear stress on its
inner surface and the shear stress on the surface of the
optical fiber are a pair of force and reaction forces, as
shown in Fig.5.

e Mo e S
e -
—— _._LD-
S E=gpe—r—— —-— —-— S X
0, (X) —— |~ 0,0 +do,(X)
— — — — ——
7,(X,1,)
. dx =
™ |

Fig.5 Force diagram of protective sleeve element

The equilibrium equation is established for the micro-
unit:

0, (0n( ~17) +[0,() + do, (OJ(E} ~17) -

(3
7, (X, )27, +7,(X,1,)27ar, =0
Eq.(3) can be further simplified as
r r’—r’ do (X)
T (X,I =t X, I P & P 7 4
p(1) r (%) 2r dx @

p p
where 1 is the vertical distance from the sleeve outer
surface to the coordinate axis; 7,(X,r,) is the shear stress
of the protective sleeve surface; and o,(X) is the axial
normal stress.
2.2.2 Displacement equilibrium equation establishment
Because of the existence of the protective sleeve,
there is a somewhat different between the displacement
U.(X) of the tested structure and the displacement
U, (X) of the optical fiber, which results from the shear
strain of the protective sleevel'®], as shown in Fig.6.
The equation of the displacement and the shear strain
can be expressed as

- "1? ,..r;-'. -.; .. s '. ol Sy ur(X)

|
1
—_— e

A0

U, (x)
Fig.6 Schematic diagram of displacement balance relation
of optical fiber layer
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rP
0,(0)=U,(x) = A, (x) = [ y(x,T)dr (5)

rg
where U, (X) is the displacement of the structure to be
tested; Uz (X) is the displacement of the optical fiber
layer; and 7(X,r) is the shear strain of the protective
sleeve. The relation between the shear strain and the
shear stress can be denoted as

(X, 1) =Gy (x,r) (6)

where G is the shear modulus of the protective sleeve.
2.2.3 Strain differential equation establishment of the
optical fiber and the tested structure

The shear stress 7(X,T) at any point in the protective
sleeve [2°1;

re(X,r) =rz,(Xr), rn<r=<r, (7
By substituting Eq.(2) into Eq.(7), then
r’ do,(x
r(x,r):—i& (8)
2r  dx

By replacing the axial normal stress of the optical
fiber in Eq.(8) in terms of strain, then

2
rideg(x)
£2r dx

Where E, denotes the elastic modulus of the optical
fiber; and &, () represents the axial strain of the optical
fiber layer.

By substituting Eq.(9) into Eq.(5), we get:

7(x,r)=—E D)

E.r’de,(x)"%1
u(x)—u (x)=——"2—_~[—dr 1
(X) = U, (%) 26, dx {r (10)
Then the following equation can be derived:
Er’ r de(X)
u(x)-u, (x)=——Int—2—-= 11
(X)) = U, (X) 26, T QD)

Deriving both sides of Eq.(11) with respect to
Xleads to
d’s,(x) E r?

gg )—g “InLt—g,(X) =~¢£,(X)
dx®  2G,
where &,(X) is the strain of the structure to be tested.

Because a uniform distribution of the strain of
each part for the structure is considered, that is to say,
the strain is independent of Xx; in this consideration,
£.(X) can be then denoted as &, .

(12>

g

Assuming
Ko 2G,
21 (13)
E,r, lnr—p
g
Eq. (12) can be simplified as
d’s,(x)
d)g(z -k’g,(x)=-K’s, (14)

Eq. (14) is the strain differential equation of the
structure to be tested and the strain of the optical fiber.
Through solving the differential equation, the relation
between the optical fiber and the structure can then be

https://rocksoilmech.researchcommons.org/journal/vol41/iss8/10
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obtained.
The general form of the solution for Eq.(14) is

15

where A and B are the integral constants that are deter-
mined by the boundary conditions.

Since there is no strain outside the length of the optical
fiber layer, the boundary conditions can be defined as
follows:

g,(L)=¢,(-L)=0

£,(X)= Ae® +Be™ +¢

(16>

By substituting the boundary conditions into the
general solution equation, then:

A=B=—__ %
2 cosh(kL)

Then, the axial strain equation of the optical fiber is

e(0)=c|1- cosh(kx)
£ ' cosh(kL)

Equation (18) describes the relationship between
the axial strain of the optical fiber and the axial strain
of the structure. This relation can be used to determine
the strain distribution of the optical fiber after the
strain of the tested structure is transmitted through the
fiber protective sleeve.

From Eq.(18), the strain transfer rate at each point
of the optical fiber embedded in the structure can be
expressed as
£,(X) | cosh(kx)
£.(X) cosh(kL)

To verify the accuracy of the theoretical result, a
finite element analysis of the structure-protective sleeve-
optical fiber complex is conducted. The finite element
model is shown in Fig.7.

The general physical parameters in Tab.1 are taken
as an example to assign the parameters of each domain
of the model. 0.5 MPa axial tension stress is applied to
both ends of the structure. No force is applied to the
protective sleeve and optical fiber. The distribution of
the axial strain in the complex is presented in Fig.8.

Figure 8 shows the axial strain distribution of each
portion of the model by taking a section from the model
central plane. A boundary effect is observed for the strain
transmission area of the optical fiber. It is seen that the
strain distribution in the central part of the optical fiber
is the same as that of the structure, while the strain at
both ends of the optical fiber is smaller than that of the
structure. This observation results from the shear lag
effect. That is, due to the existence of shear stress in the
sleeve layer, the longitudinal displacement of the layer
is distributed unevenly in the vertical height direction.
This phenomenon will cause the attenuation effect of
the structure strain when it is transferred to both sides
of the optical fiber. Using the deformation magnifica-
tion function in the finite element software, the defor-
mation of the end could be magnified and displayed,
as shown in Fig.9. It can be clearly seen from Fig.9
that, due to the shear

a7n

(18)

a(X) = (19)



HOU et al.: Study on boundary effect of embedded optical fiber sensor in tunn

HOU Gong-yu et al./ Rock and Soil Mechanics, 2020, 41(8): 2839-2850 2843

Optical fiber

Structure

Protective sheath

Fig.7 Finite element model of structure-protective
sleeve-optical fiber layer complex

Table 1 Physical properties of optical fiber, protective sleeve
and structure

Elastici  Elastic Elastic  Poisson's Outer Outer Ontical
modulus modulus of modulus ratio of diameter of diameter tE:ber
of optical protective of protective protective of optical lenath
fiber sleeve E_/ structure  sleeve sleeve fiber L /i m
E, /GPa GPa E. /GPa U r /mm r /mm
72 3 30 0.3 1.5 600 40
2.065x107°

1.721x10°
1.377x10°
1.032x10°
6.883x1077
3.441x1077
0.000%10°

Optical fiber

Fig.8 Axial strain distribution of structure-protective
sleeve-optical fiber layer complex

Fig.9 Schematic diagram of the shear lag effect of
structure-protective sleeve-optical fiber layer complex

lag effect, a funnel-shaped non-uniform deformation
region is formed at the model end area, and the optical
fiber is located in the middle of the funnel-shaped region.
This means that at the model end, the deformation of the
structure to be measured is not fully transferred to the
optical fiber, and the optical fiber remains in the original
shape at the model end area and does not stretch as the
structure deforms.

To prove the accuracy of the theoretical derivation
results, the values from Tab. 1 are applied into Eq.(19),
the strain transfer rate of each point in the embedded
part of the optical fiber is estimated. The strain transfer
rate comparison between the modeling results of the
finite element method and the estimation values from
Eq. (19) is shown in Fig. 10. It is found that the distri-
bution of the strain transfer rate estimated from the
two methods is basically agreed with each other. The

Published by Rock and Soil Mechanics, 2020

strain distribution in the middle part of the two methods
is the same, but the strain distribution at both the ends
is slightly different, which further prove the accuracy
of the theoretical derivation results.

100

80

60 [
—=— Theoretical calculation results
40 /| —=— Finite element calculation results

Strain transfer rate/ %

20

0 . . &
20 -15 -10 -5 0 5 10 15 20

Distance/ mm
Fig. 10 Fiber strain transmission rate with a
40 mm in length

It is worth to mentioned that there are many assumptions
in the above theory and many factors could affect the
strain transfer of optical fiber in practical engineering
applications. In this consideration, further laboratory
experiments are required to explore the coupling effect
between the embedded optical fibers and the structure
to be measured.

3 Boundary effect test of optical fiber strain
transfer in reinforced concrete structure

3.1 Preparation of the reinforced concrete beam
specimen

Different types of concrete lining structure are
used in tunnel. To simply test the strain transfer effect
of an optical fiber in a reinforced concrete lining, reinforced
concrete beam specimens were designed and used in
the tests. The dimension of the reinforced concrete beam
is that, lengthx widthXx height(2 000 mmx 120 mm X
200 mm). The concrete strength grade was Cso. The
secondary steel grade HRB335 with a diameter of 16 mm
was selected as the lower loading reinforcing bar. 8 mm
diameter steel was selected as the stirrup and the erection
reinforcement with a 10 mm diameter. The thickness of
the protective layer was 22 mm. Two sets of test spe-
cimens were made to eliminate accidental factors and
accidents.

3.2 Layout of the optical fiber and the strain gauges

After the reinforced concrete beams were fully cured,
at the same height as the steel bar at the bottom, the beam
surface was grooved (width* depth: 10 mmx 10 mm)
along the direction of beam length. The optical fibers
were embedded in the concrete and then sealed with
cement mortar, as shown in Fig. 11.

Strain gauges were also attached to the reinforced
concrete beam to compare and verify the record data
between the stain gauges and the optical fibers. The
bottom reinforcement surface was grinded. For purpose
of avoiding short-circuit, an insulating paper was pasted
on the reinforcing bar and the strain gauge was then
pasted onto it. Subsequently, the strain gauges were
coated with epoxy resin to protect the strain gauges.
The strain gauge No.2) was located in the middle of
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the bottom longitudinal reinforcement, and No.
and No. 3 were located 100 mm away from the ends
of the longitudinal reinforcement, as shown in Fig. 12.

The surface of the reinforcing bar was worn down
to attach the strain gauges

Fig.12 The location of strain gauge in steel cage (unit: mm)

4 BOFDA monitoring technology and test
loading system

4.1 BOFDA distributed optical fiber monitoring
technology

In these tests, an FTB2505 Brillouin optical frequency
domain optical fiber strain/temperature analyzer, made
in Germany and based on BOFDA(The Brillouin Optical
Frequency Domain Analysis) technology was used. The
test parameters of the instrument were set as follows:
10 ns of pulse width, +2 x107° of strain measurement
accuracy, 1.468 of refractive index, initial frequency,
and termination frequency of the instrument 10.5 and
11.0 GHz, respectively. This frequency range can the-
oretically measure a large strain of 1250x10~° without
overflowing the Brillouin frequency shift. The central
frequency of the optical fiber is fB(0)=10.8390 GHz,
and the frequency interval was 5 MHz. To make the
data more accurate, 0.05 m of sampling interval of the
instrument and 0.2 m of the spatial resolution were
used.
4.2 Test strain optical type

A type of new tight sleeve strain sensing fiber (dia-
meter: 2mm, sleeve material: polyurethane) was used
and optical type was a new strain optical fiber specially
developed for monitoring strain based on an ordinary
strain optical fiber. The developed strain sensing fiber
not only has good ductility but more importantly, it
also solves the problem of relative slippage between
the ordinary packaged optical fiber and the sleeve, as
shown in Fig. 13.

https://rocksoilmech.researchcommons.org/journal/vol41/iss8/10
DOI: 10.16285/j.rsm.2019.6834

Fiber

Polyurethane sheath

Fig. 13 New tight set strain sensing fiber

4.3 Test loading method

A microcomputer controlled electro-hydraulic servo
multi-point coordinated loading fatigue test system was
used in the test. The maximum uniaxial loading limit
was 500 kN. The displacement loading control was
adopted in the test, as shown in Fig.14.

The loading mode of a simply supported beam was
used for the beam loading, as shown in Fig. 14 (b). The
test beam was firstly pre-loaded 5 minutes, the initial
data was recorded for the three strain gauges and the
optical fiber. The experiment was divided into two cases.
The loading rate was 2 mm/100 s for the first test case.
After the initial data was recorded, the strain gauge and
optical fiber strain measurements were then conducted,
and the next stage was subsequently loaded. The loading
rate was 3 mm/100 s for the second test case, the other
steps were the same as the first test case.

(a) Laboratory layout

‘ Loading force F

%-F<

! 1

v v
A Cal

! 1

_\‘ =20

900 mm 900 mm

1
100 mm
(b) Diagram of beam loading

Fig.14 Laboratory layout

5 Test results and analysis

Figures 15 and 16 show the test result comparison
between the optical fiber and strain gauge for the No.
1 and No.2 test beams under different loading levels,
respectively. It is seen that the measured strain data in
the middle part of the beam is identical for both the
optical fiber and the strain gauge at each loading level,
while for the measured test data at both ends of the
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beam, it is found that the recorded data from the optical
fiber is smaller than those from the strain gauges. This
observations mean that the strain in the middle of the
beam is accurately measured by the optical fiber, but
the strain at both ends of the beam is not fully trans-
mitted to the optical fiber. The test result is in good
agreement with the result derived from the theoretical
model.

For the No.1 test beams, as shown in Fig.15, when
the loading grade is 1, 4, 8, 12mm and 20mm, the average
difference value between the recorded data from the
optical fiber and the strain gauge is 22 x107¢, 67 x107°,
119x107°, 190x107°, 422 x107°, and the strain transfer
efficiency is 53%, 44%, 51%, 48%, 47%, respectively.
Most of the transfer efficiency is around 50%. As the
loading grade increases, the deformation of the beam
increases, and the difference of the recorded value also
increases between the optical fiber and strain gauge on
both ends of the beam.

— Optical fiber 1 mm
— Optical fiber 4 mm
— Optical fiber 8 mm
— Optical fiber 12 mm
5000  — Optical fiber 20 mm

Strain gaugel mm
Strain gauge4 mm
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Strain gaugel2 mm
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Fig.15 Comparison of test results of optical fiber and
strain gauge for test beam No. 1

In addition, as seen from Fig. 16, the test results of
the No. 2 test beam basically follow the same trends when
compared with the results of the No. 1 test beam. The
deformation in the middle of the beam is fully trans-
ferred to the optical fiber. At either end of the beam,
the strain transfer efficiency of the optical fiber is 50%,
48%, 52%, 48% for the loading grade of 2, 6, 10, 12,
16 mm, respectively. Based on Eq.(19), the strain transfer
efficiency is calculated as 46.8% for the optical fiber
at the location. The calculated strain transfer efficiency
is consistent with the test results. The observations
indicate that the strain transfer efficiency of the optical
fiber will not change with the changing of the loading
grade.

The above strain transfer tests of the reinforced
concrete beams have further verified the accuracy of
the theoretical deduction results. The optical fibers that
are embedded in the middle of the concrete structure
could accurately reflect the deformation of the structure.
For the optical fiber at both ends of the beam, the error
could be within an acceptable range when the defor-
mation of the concrete structure is not large. In the failure
evolution process of the tunnel lining structure, the
main deformation is small without significant defor-
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mation. Therefore, it can be safely considered that the
boundary effect has little influence on the monitoring
of the tunnel project. The distributed optical fiber em-
bedded in the tunnel lining structure to monitor the
deformation is theoretically feasible.

— Optical fiber 2 mm
— Optical fiber 6 mm
— Optical fiber 10 mm
— Optical fiber 16 mm

¢ Strain gauge2 mm

< Strain gauge6 mm
o Strain gaugel0 mm
o Strain gaugel6 mm
4000
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500 [
0
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0.0 0.5 1.0 1.5 2.0

Distance / m
Fig.16 Comparison of test results of optical fiber and
strain gauge for test beam No. 2

Strain /10°¢

6 Engineering application

To explore the influence of the boundary effect on
the monitoring effect in the field of engineering, it is
necessary to conduct engineering application on the
boundary effect of the embedded distributed optical fiber
sensor. In this study, an optical fiber was embedded in
the concrete lining structure for the optical fiber mon-
itoring project of the metro section of the Beijing New
Airport Line, and the monitoring effect was then analyzed.
6.1 Overview of the engineering project

The work area 2 of the civil engineering 07 project
was the main work area for the first phase project of
the new airport line of the Beijing Rail Transit. The
construction task was in the range from the air shaft
section #2 to the air shaft section #1. The construction
mileage was from K33+208.249 m to K35+545.227 m,
which included an underground excavation sector
(90.995m), a shield well and cut-and-cover sector
(130.9 m), and a double line shield sector (2119.7 m).

The underground excavation section started with
K35+454.232 m and ended at K35+544.232 m. The
total length of the double line was 90.995 m with a
slope of 20%o. The cross-section of the excavation was
a single-hole horseshoe-shaped section with 10.7-12.0 m
of soil cover. The CRD(cross diaphragm) method was
used for the excavation and the construction of the initial
lining. The secondary lining was constructed with a
reinforced concrete structure. The dimension of the
underground tunnel was 8.9 m in width and 9.09 m in
height. The thickness of the initial lining structure was
300 mm, with 30 mm thick protective layer. This mon-
itoring project was mainly conducted in the right line
of the underground excavation section.

According to the on-site construction schedule, the
left and right lines of the underground excavation were
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divided into 15 construction sections, each section was
6 m in length, as shown in Fig.17. The first construction
section corresponds to 90 m of the abscissa in the follow-
ing analysis curve, and the fifteenth construction section
corresponds to 0 m of the abscissa in the following
analysis curve. The construction of the secondary
lining adopted the sequence construction method. The
bottom shoring was dismantled in sections and con-
crete was then poured in an inverted arch. After the
concrete was poured in the inverted arch, the upper
and cross shoring was dismantled in sections and the
concrete of the secondary lining side wall and the
vault was poured. There were convergence and vault
settlement measurement points on both sides of the
tunnel and the middle line of the vault, respectively,
which were used to monitor the convergence and settle-
ment deformation of the tunnel. The vault settlement was
measured using a high precision total-station. The
convergence of the side walls was measured using a
steel ruler convergence meter with anchor piles and
hooks which were embedded in the tunnel side wall.
The interval of each monitoring section was 15 m.

RO HE T Ay e A5 s e T

Fig. 17 Schematic diagram of the division of the second
lining construction section

6.2 Optical fiber layout

The optical fiber layout method was the buried
layout type, as illustrated in Section 3.2. To facilitate
the comparison with the monitoring data of the con-
struction team, the location of the optical fibers was
located at the observation points of the tunnel side walls’
clearance convergence and vault settlement (see Fig.
18). After the initial lining support construction of the
tunnel, grooves were cut into the initial concrete lining
surface along the entire tunnel length (see Fig. 19). The
depth of the grooves was 1 cm. The optical fibers were
put into the grooves and sealed with quick-setting high-
strength mortar. The fibers that were buried in the side
walls of No. 1 and No. 3 pilot tunnels were marked as No.
1 and No. 3 fibers, and the fiber that was buried in the
vault was marked as No. 2 fiber.

Measuring points of
vault settlement

Optical fiber#2
\ Measuring points of

vault settlement

g .
Optical fiber#1 = - Optical fiber#3

Fig. 18 Locations of the placement of optical fibers
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Grooves for embedding )

)

Fig. 19 Placement process of the optical fibers

6.3 Analysis of the monitoring results

Due to the poor strain transfer efficiency of the
optical fiber at the end of the structure, the first—fifth
sections of the tunnel end were selected to analyze the
monitoring results during the process of removing the
temporary shoring and constructing the secondary lining.
During the process of removing the temporary support,
the stress transformation of the tunnel structure was com-
plicated. To better analyze the deformation rule of the
tunnel during the process, a finite element model was
established according to the field stratum distribution,
as shown in Fig. 20.

Fig.20 The finite-element modeling model

Boundary constraints were applied according to
the formation conditions in the field, and the top surface
was set as a free boundary. Displacement constraints
were applied on the front, back, left, right, and lower
boundaries of the model. The method of killing element
was used to simulate the excavation of the tunnel and
the dismantling of the temporary shoring in the tunnel,
and the method of activating elements was used to model
the construction of the primary lining and the secondary
lining of the tunnel.

As the construction was divided into many sections
of the second lining from the first to fifth sections and
due to the length limitation of this paper, six representative
working conditions were selected for analysis. Working
condition 1 was simulated as the dismantling process
of the first, third, and fifth bottom shoring (under all
working conditions, the temporary shoring was dismantled
at the same time). Working condition 2 was simulated
as the pouring process of the concrete of the first, third
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and fifth sections of the inverted arch, and then the
dismantling process of the bottom shoring of the second
and fourth sections of the inverted arch. Working condition
3 was simulated as the pouring process of the concrete
of the second and fourth sections of the inverted arch,
and then the dismantling process of the first, third, and
fifth sections of the cross shoring. Working condition 4
was simulated as the dismantling process of the first,
third, and fifth sections of the upper shoring. Working
condition 5 was simulated as the pouring process of
the concrete of the first, third, and fifth sections of the
secondary lining of the side walls and the vault, and
then the dismantling process of the second and fourth
sections of the cross shoring. Working condition 6 was
simulated as the demolishing process of the middle wall
of the second and fourth sections of the upper shoring.
The remaining working conditions were simulated as a
repetition of several cycles of the above working con-
ditions until the construction of the secondary lining
was completed. The schematic diagram of each working
condition is shown in Fig.21.

"

() Work condition 6

“\-;- . j 4
(d) Workcondition4  (e) Work condition 5

Fig.21 Schematic diagram of modeling cases 1-6

Referring to the actual buried location of the No. 2
optical fiber, an identical path was selected in the same
location of the tunnel’s FEM model, and the results of
the settlement of the above nodes were compared with
the measured strain values from the optical fibers.

Figure 22 shows the comparison of the vault’s settle-
ment curve from the modeling and the optical fiber’s
strain curve. It is seen from the Fig.22 that for working
conditions 1 to 6, the removal of the second and fourth
sections of the bottom shoring (working condition 2)
has the greatest impact on the vault settlement. The
reason is the bottom of the vault is in a suspended state
from the first to the fifth tunnel sections and there is no
ground support at these sections, which results in a large
settlement deformation of the tunnel. The root of the
cantilever end near the vault of the sixth section was
subjected to the largest bending moment and also gen-
erated the largest tensile strain of the optical fiber.

Referring to the actual buried location of the optical
fibers No. 1 and No. 3, similar paths were selected in
the same location of the FEM model of the tunnel. The
lateral deformation modeling results of each node along
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the paths were then compared with the field measured
strain from the optical fibers and the result is shown in
Fig.23. When the temporary support is removed, it is
seen that the strain of the optical fibers No. 1 and No. 3
is around 0, which indicates that there is no deforma-
tion occurred in the side wall embedded fibers. Accord-
ing to the numerical simulation curve of the deformation
at the tunnel side walls, the lateral deformation of the
side wall varies within a very small range, and the max-
imum convergence value of the measured data from the
field is smaller than 2 mm after the supports are dis-
mantled. This observation is because the lateral soil
pressure is smaller than the vertical soil pressure. The
settlement of the vault leads to the two tunnel sides
expanding outwards, which also provides a part of the
lateral resistance. The result indicates that dismantling
the temporary shoring has a negligible effect on the
lateral deformation of the tunnel’s sidewall. The strain
curves from the optical fiber are in good agreement
with the field monitoring results, which further indicates
the feasiblility to use distributed optical fibers to monitor
the lateral deformation of a tunnel’s sidewall.

From the above analysis, it is seen that dismantling
the temporary shoring has a significant impact on the
vault settlement. It is therefore necessary to focus the
research on monitoring the vault settlement. As the opt-
ical fibers are buried in the axial direction of the tunnel,
those optical fibers can only monitor the horizontal
deformation of the tunnel and the measured data are
the strain of the optical fibers, which cannot directly
reflect the vertical vault settlement. To solve this issue,
it is necessary to study the calculating method of the
vault’s settlement from the inversion strain of the optical
fiber.

—Condition 1 —Condition 2
[ — Condition 3 — Condition 4
| — Condition 5 —Condition 6 =

(=3
(=}

Strain/107°
[38) Wi 3
W o W

(=)

—e—Condition 3 —s— Condition 4 : on
—o— Condition 5 —=~ Condition 6 |

0 10 20 30 40 50 60 70 80 90
Distance / m
Fig.22 Strain value of the No.2 optical fiber and numerical
simulation value of the vault settlement
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Fig.23 Strain values of optical fibers and simulated
horizontal deformation value of side wall

Through the analysis of the vault settlement curve
from the numerical simulation, it is found that the vault
settlement model is very close to a quadratic function
when the temporary shoring is removed. Figure 24 shows
the effect of fitting the vault settlement curves with a
quadratic polynomial for the different working conditions,
and the R? values are above 0.97. Therefore, the vault
settlement law conforms to the form of a quadratic
curve Y =ax’ +bx+c when the temporary shoring is
removed. As the tunnel structure at the point 0 m is far
away from the construction area at the tunnel working
face, where the supports were being dismantled, this
tunnel area is unaffected by the dismantling process.

https://rocksoilmech.researchcommons.org/journal/vol41/iss8/10
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vault’s settlement curve can be simplified to the form
of y=ax’. Based on the discussion, an inversion model
of the vault settlement is established based on the
strain in the optical fiber, as shown in Fig. 24.

Assuming the tunnel length is in the range of (0,L),
then when the vault subsides, the optical fiber embedded
in the vault will generate a certain length increment AL,
which will be the arc length s of the deformed optical
fiber in the range (0,L) minus the original length L of
the optical fiber, as shown in Fig. 24.

The incremental length of the fiber is

s—-L=AL (20D

The elongated length of the optical fiber can be
determined using the following equation:
L
L+AL=3 Axg Q1D
i=0
where AX represents the sampling interval of the optical
fiber and & represents the strain of the optical fiber at
each sampling point.
The value of s can be calculated using the arc length
equation:

S =j0L\/1+(y')2dx

where y =ax’

From Eq.(20) to Eq.(22), the expression with the
parameter a can be written as

VL2 +4a’* a, J1+4a’>+2aL L
———+—In =Y AXg,
2 8 \1+4a’l>-2aL o

(22>

(23)

By solving Eq.(23), the expression of the vault
settlement curve can be obtained. The vault settlement
can be then inversely calculated based on the strain of
the optical fiber under each working condition.

Figure 26 shows a vault settlement comparison between the
optical fiber inversion and the field measured data of
the total station. For working conditions 5 and 6, to
pour the concrete of the secondary lining, the settle-
ment and convergence observation marks at 60 m and
subsequent marks were removed prior to the construc-
tion. Therefore, only the settlement data for the sections
at 0—45 m were obtained. It is seen that the inversion
results are basically consistent with the results from
the field observation, but there is some deviation in the
values. The inversion values from the fiber monitoring
data are larger than that of the total station’s observation
values, and the largest deviation is 2.84 mm. The reasons
for this difference are as follows: (1) There are differ-
ences between the numerical simulation results and the
actual filed monitoring situation. The field situation is
more complicated than the model, and therefore the
results from the parabolic model cannot fully conform
to the actual settlement model of the vault, which could
result in the differences between the calculated settle-
ment value from the inversion and the filed observed

10
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settlement value. (2) As the observation frequency of
the total station is only once per 24 hours, the errors in
the observation would have continuously accumulated,
which means that the errors in the accumulated settle-
ment became larger and larger. (3) To facilitate the
solution, the vault’s settlement curve is simplified into
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the form of y=ax? . The symmetrical axis of the curve
is assumed to be X =0, and the influence of the first-
order coefficient b on the position of the curve is not
considered. This will lead to overall large values after
the section at 10 m. This is the main reason that results
in the deviation in the results.
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Fig.24 Numerical modeling curves and quadratic function fitting curves of vault settlement
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Fig. 25 Calculation model of vault settlement
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Fig.26 Comparisons of the optical fiber inversion values
and total station observation values of vault settlement
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If the curve shape can keep unchanged and its
symmetry axis is changed to X =10, then the inversion
value from the optical fiber is able to correspond well
with the observed value of the total station, as shown in
Fig. 27. Therefore, if the conditions permit, the settlement
monitoring value can be obtained at a certain point
using a traditional monitoring method and this value
can be then considered as the boundary condition, the
first-order coefficient b can also be solved. Once the
coefficient b is determined, it can be substituted into
the calculation model to improve the accuracy of the
inversion calculation of the optical fiber.

From the above engineering application analysis, it
is seen that a good agreement is found between the
optical fiber curve and the theoretical analysis curve.
The tunnel settlement deformation curve derived from
the inversion of the optical fiber strain curve can also
match well with the field monitoring values, which
indicates that a good coupling performance is realized
between the embedded optical fiber within the tunnel
lining structure and the structure to be tested. The
boundary effect has little influence on the monitoring
results and the optical fiber can basically fully transmit
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the deformation of the monitored structure. It is feasible
to apply distributed optical fiber embedded technology
to tunnel structural health monitoring.
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Fig.27 Comparisons of the modified optical fiber inversion
values and total station observation values of vault settlement

7 Conclusion

This study systematically studies the cooperative
performance between the embedded optical fiber sensor
and the tunnel lining and the boundary effect of the
strain transmission behavior from three aspects in terms
of theoretical analysis, laboratory experiment, and
filed application. The main conclusions are as follows:

(1) The distributed optical fiber is embedded into
the tunnel lining as a composite model of a three-layer
structure, which consists of structure to be measured-
protective sleeve-optical fiber. Based on the three-
layer composite model, it is found that the strain
transmission of the optical fiber has a boundary effect.
A relatively small strain transmission rate is found at
both ends area, while for the most area of the central
portion, the strain transmission rate is close to 100%.
As the buried length of the optical fiber increases, the
strain transmission rate increases.

(2) The test results show that the greater the structure
deformation, the greater the difference between the
strain values measured by the optical fibers on both the
sidewalls and the actual values. As for the tunnel
deformation with small deformation, even if the strain
at the tunnel ends cannot be fully transmitted to the
optical fiber, because the absolute value of the error is
also very small, the monitoring error caused by the
boundary effect is relatively stable for most of the struc-
tures and the monitoring error can be safely ignored for
tunnel monitoring projects without high test accuracy
requirement.

(3) Field engineering application research shows
that a good coupling effect is found between the
distributed optical fiber and the tunnel lining structure,
which verifies the feasibility of embedded distributed
optical fiber into the tunnel lining to monitor tunnel
deformation. When using the distributed optical fibers
for monitoring, the influence of boundary effect should
be avoided as much as possible and the monitoring
area should be located within the high-efficiency
strain transmission area of the optical fiber to ensure
the monitoring results more accurate.
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