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Abstract-To accurately monitor the strain of a host with low strength, a new strain transfer model is proposed for the substrate FBG
sensor. In the strain transfer model, the mechanical properties of the host are taken into consideration. The strain relationship
between the fiber core and the host is obtained. The theoretical approach was verified by numerical simulation and experimental
results. The influences of the mechanical parameters of the host on the strain transfer are analyzed. It is concluded that the strain
transfer rate increases nonlinearly with the increase of the shear modulus of the host. The shear modulus of the host has different
influence in different strain ranges; for the low strength host, the mechanical parameters of the host have great influence on the
strain transfer rate. These results provide theoretical guidelines for the FBG sensor applications in low strength host.
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I. INTRODUCTION

As the main test method of rock mechanics, coal mining similar models have great potential to analyze the formation stress
in underground mining engineering [1]. In the mining similar model, we can evaluate the movement of overburdened strata by
monitoring the internal strain [2]. The fiber Bragg grating sensor (FBGs) method was adopted to monitor internal strain, and
has been tested for feasibility in coal mining models [3-5]. The new method of FBGs based on similar material was developed
to monitor strain in tunnel excavation [6]. However, research on FEG-based mine models is still limited. It is necessary to
study the strain transfer of the substrate FBG sensor for coal mining in a similar model.

There are two popular types of FBGs available: cylindrical embedded FBGs and substrate FBGs. The strain transfer of
cylindrical embedded FBGs has been studied by many researchers [7-9]. It was assumed that there is identical strain in the
fiber core and the host [10]; however, there are different strains in the fiber core and the host [11]. This is because the adhesive
layer and the coating layer can consume energy. Similarly, the same strain rate has been considered between the FBGs center
and the host [12]. However, there is still limited research on strain transfer for the substrate FBG sensor. A main reason for this
is the asymmetry of the substrate FBG sensor, which increases the difficulty of analysis. A strain transfer model of a substrate
fiber sensor was established to evaluate the interaction between the host material and the fiber core [13-15]. The finite element
method (FEM) was used to simulate the influence of the geometric parameters of the adhesive layer of the substrate FBG
sensors [16]. However, in those analyses, it was assumed that the mechanical properties of the host did not influence strain
transfer. Monette found that the strain transfer of FBG was related to the elasticity modulus of the host [17], but they did not
provide the definite relationship between the strain transfer and the elasticity modulus of the host. Therefore, we must consider
the mechanical characteristics of the host in order to improve the substrate FBG strain transfer model to predict strain in coal
mining models.

This study proposes an improved strain transfer model of the substrate FBG which is suitable for a coal mining model.
From the proposed model, a theoretical formula is derived and used to predict the strain transfer relationship between the coal
mining model and the fiber core in consideration of the mechanical properties of the host. Then, a numerical simulation by
FEM and practical experiments are conducted to validate the theoretical predictions.

Il. THEORETICAL METHODS

A model of the substrate FBG sensor for a coal model is shown in Fig. 1. The strain transfer between the fiber core and the
host is derived based on the following assumptions:

1) Materials of all layers of the sensor are isotropic and elastic.
2) Only the coal model is subjected to the uniform axial stress.
3) All the interfaces are perfectly aligned, and displacement exists only in the axial direction.

4) The middle layers can also react to the model, thereby reducing the model’s strain. The depth of influence of middle
layer on the model is hh=1mm.
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Fig. 1 Model of the substrate FBG sensor for coal model
In Fig. 1, o, T and u represent the axial stress, shear stress and displacement, respectively; h denotes the thickness; E and G
represent Young’s modulus and the shear modulus, respectively; subscripts al, f, s, a2 and h represent adhesive layer 1, FBG
layer, substrate layer and adhesive layer 2, respectively; r; represents the radius of the fiber core; b is the thickness of the
sensor; 2L is the length of the sensor; z.is, ta1s, Tsa2, Taon are the shear stress between the adhesive layer 1 and FBG layer, the
adhesive layer 1 and the substrate layer, the substrate layer and adhesive layer 2, and the substrate layer and the host structure,

respectively.
Under the above assumptions, the force equilibrium equation for adhesive layer 1 is expressed as follows:

do,,(bh, —zr?)+ 17, 271, dx+7, bdx =0 1)

where
do,,  —TaP—7a 271,
- 2
dx bh,, —7r;

2

Similarly, the force equilibrium equation for the FBG layer, substrate layer and adhesive layer 2 are expressed as follows:
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do, 2
= lat
dx
do_s _ Tats —Tsa2
dx h

do—az — Tsa2 — Tazn

dx h,,

It is assumed that there are identical strain gradients in all layers:

de; deg, de
dx dx dx dx

Because E; is greater than E,; and E,;, equations (2)-(6) obtain:

s _dey,

Tazh = _Es(hs+_f_ T

3)

(4)

®)

(6)

(7)

(8)

©)

(10)

It is assumed that the shear stress of every layer is linear by its depth; shear stress expressionsare 7 , 7., r,,-

h
1
Tats (_rf - ?) + Tar hal

z-als_‘ralf
Tyu= y+
f f
2 2
hal
where ==+, <y<h_.
2 f al
T -7
— “sa2 als
7= h (y_hal)+Tals
S
where hy<ys<hy,+ hs.
T -7
Ta2:%(y_hal_hs)+rsa2
a2
where h,+h,<y<h,+h +h,.

For the coal model, z, is linear with the depth of the host. When
y=h+h +h;, 7, =17,

Thus, we obtain:

-22.
DOI: 10.5963/JBAP0403001

(11)

(12)

(13)

y=h,+h +h,+h , 7, =0; when



Journal of Basic and Applied Physics Aug. 2015, Vol. 4 Iss. 3, PP. 20-28

Ty = T;Zh hal + hs + ha2 + hh -y) (14)

h

where h,+h +h,<y<h ,+h +h,+h .

du
Substituting formula (14) into 7, =G, d— and integrating with respect to Y, we obtain:
Yy

hal+hs+haz+hh G dud G ( > 1 h (E h + E 7Z-rf2 dgf
h o aY = Gplu,Tug,) = = S AT f

ha1+hs+ha2 dy 2 dX

a1 +h+hgo +hy - (15)
= [ B(hurho+h,+h - y)dy
ha+hs+hys h
Differentiating formula (15) with respect to X', we obtain:
1 xr? d’s

£ =8+ 5 M (EN +E Tf) dx; (16)

Similarly, the strain transfer equation for the substrate layer, adhesive layer 2 and FBG are ¢, ¢, &, , respectively.

E.h,, E, nr7 d’e,
& =6, +——2(h+—— 17
S a2 Gaz(s Esb)dXZ ()
E d’e
Eq=&+—=h’—" (18)
2G, ° dx
E d’¢, E, ar? r r. de
g =gt ohi— L T Tyl OB (19
2G, dx G, b 274 27 dx
According to equations (16)-(19), we obtain:
de_(X)
d)g(z -kzeg (x)= -kzgh(x) (20)
Where
r?
E. zr? 2 (Eh,+E, —)
1 _Bheq By By Board nghg Ly b
k> G, E. b~ 2G, G, b 274 27 2 G,
The general solution of formula (20) is as follows:
g (X)=Ce”+Ce ™ +¢ (x) (21)
where C; and C, are the integration constants determined by boundary conditions.
The boundary conditions are given asg, (L) = ¢, (—L) =0.
Thus, C, and C, can be expressed as:
&
c=C,=——-""
' 72 2cosh(kL) 22)
Substituting equation (22) into equation (21), we obtain:
cosh (kx)
e (X)=¢(X)|1-———— 23
09 =a,9] 12000 @)
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Along the fiber length, the strain transfer rate is expressed as:

_&(x) _, coshko)
& (x) cosh (kL)

The average strain transfer rate is expressed as:

j-[_cosh(kx)} "
__& () cosh(kL) | sinh(kL)

0

e oL ~kcosh (kL)

(24)

(25)

From equation (25), we can obtain the average strain transfer rate related to the mechanical parameters of the host and the

substrate layer.

I11. NUMERICAL VALIDATION AND PARAMETER ANALYSIS

A. Numerical Validation

Numerical analysis was conducted to validate the theoretical predictions with ANASYS software. Due to the geometry,
only half of the substrate FBGs is analyzed. Fig. 2 shows the finite element model. All parameters are listed in Table 1.

Matrix

Substrate layer ‘ Optical fiber || Adhesive layer 1

Adhesive layer 2

Fig. 2 Finite element model

TABLE 1 ASSIGNED PARAMETERS OF THE FBG MODEL

Parameter Value

Radius of fiber core, I; (zm) 62.5
Young’s modulus of fiber core, E (GPa) 72
Poisson’s ratio of fiber core, e 0.17
Young’s modulus of adhesive layer 1, E_ (MPa) 25
Shear modulus of adhesive layer 1, G_ (MPa) 10
Thickness of adhesive layer 1 hal(mm) 0.2
Young’s modulus of substrate, Es (MPa) 10°
Shear modulus of substrate, G .(GPa) 40
Thickness of substrate, h, (mm) 0.2
Young’s modulus of adhesive layer 2, Eaz (MPa) 25
Shear modulus of adhesive layer 2, G, (MPa) 10
Young’s modulus of coal model, Eh (M Pa) 227
Shear modulus of - coal model, G, (MPa) 97
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Thickness of adhesive layer 2h_, (mm) 0.2
Length of FBG sensor, 2L (cm) 4

The sensor and the host are modeled with solid 185, and all model elements demonstrate linear elastic behavior. An axial
load of 16N is applied to the host. Fig. 3 shows the axial strain nephogram of the fiber core by ANASYS.

Fig. 3 Axial strain nephogram of the fiber core by the ANASYS
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Fig. 4 Strain transfer rate comparison of theoretical analysis and ANASYS results

In Fig. 4, the strain transfer rates by ANASY'S are compared with that obtained by equation (24). As can be seen in Fig. 4,
the two curves are nearly identical, and theoretical results agree with ANASYS results. The average strain transfer rate

O pnasys 1S 0.2000 as calculated by ANASYS. The values in Table 1 are substituted into equation (25) to obtain the theoretical

result &, .o1ics =0.2019. Thereis 0.9% strain relative error between the theoretical result and the ANASYS result. It

is further shown that the theoretical predictions are in good agreement with the ANASYS results.

B. Parametric Analysis

Based on theoretical analysis, the influence rates of parameters on the strain transfer rate are discussed. The parameters
represent the mechanical properties of the substrate layer and the host layer. The parameters of the fiber core and adhesive
layer are listed in Table 1, and will be used in the following subsections to simulate the effects of Gy, and Es on the average
strain transfer rates.

Fig. 5 shows the average strain transfer rate as a function of the shear modulus of the host layer. As can be seen, the strain
transfer rate increases with an increasing host shear modulus, and this tendency becomes more rapid with smaller shear
modulus values. When the shear modulus changes in the range of 10 to 500 MPa, the slope of the curve varies greatly and the
host shear modulus has great influence on the strain transfer rate. When the shear modulus of the host is more 500 MPa, the
curve is smoother and the host shear modulus has little influence on the strain transfer rate. Results indicate that when the
value of the host shear modulus is small, the host shear modulus must be considered as an important parameter in the
application of FBG sensors.

As shown in Fig. 5, the average strain transfer rate decreases with an increase in the elastic modulus of the substrate layer.
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This is a consequence of the fact that the small host elastic modulus augments the efficiency of load transfer from the host
material to the fiber core. For the coal mining model, the low strength material necessitates that we consider the influence of
the mechanical parameters of the host on the strain transfer.
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Fig. 5 Average strain transfer rate in the shear modulus of the host

IV.EXPERIMENT VALIDATION

Laboratory tests are performed using FBG sensors to verify our theoretical analysis. The experimental model is shown in
Fig. 6.

Fig. 6 Experiment model

Three substrate FBG sensors, FBG1, FBG2 and FBG3, were embedded in the strata of the coal mine model to obtain the
strain of the coal model. For comparison, three dial indicators were placed near the corresponding FBG sensors to obtain the
displacements of the strata. The three dial indicators are DI1, DI2 and DI3.

Fig. 7 shows that the wavelength shifts of FBG2 and the displacements of D12 vary with the mining distance. It can be seen
that the displacements vary linearly with the wavelength shifts, with a linear correlation coefficient R is 0.92, allowing
comparison of results between the FBGs and dial indicators.
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Fig. 7 Wavelength shifts of FBG2 and displacements of DI2 varying with mining distance

The host strain is the ratio of the displacement recorded by the dial indicator to the depth of corresponding strata. The
experimental average strain transfer rate is the ration of the fiber strain by the FBG sensor to the host strain.

In the experiments, the strain transfer rates of FBG1, FBG2 and FBG3 were 0.17, 0.17 and 0.13, respectively. The average
strain transfer coefficient of three sensors ey, erimeny Was 0.16. There was a 20% strain relative error between experimental
result and with the theoretical result, while the error was 0.9% between the theoretical and FEM results.

The values in Table 1 are substituted into the strain transfer formula by Zhou [9] where they neglect the influence of the
mechanics parameter of the host. The average strain transfer rate was 0.28, with a 75% between theoretical result by Zhou [9]
and the experimental result. Therefore, there is a great difference in strain transfer rate when the mechanical parameter of the

host is or is not taken into consideration. The result in our theoretical model is closer to the experiment result, thus the
mechanical parameter of the host cannot be neglected for the coal mining model.

Summarily, our theoretical prediction is in agreement with the ANASYS results. The theoretical model can predict the
actual strain of the coal mining model. Therefore, based on the theoretical model, the FBG can be used to accurately measure
the strain in the coal model.

V. CONCLUSION

FBGs has great potential for analysis of the internal strain of the coal mining model. This paper proposed a strain transfer
model for a coal mining similar model by introducing the mechanical properties of the host to theoretically predict the strain
transfer relationship between the fiber core and the coal mine model. Finally, we arrived at the following conclusions:

(1) In the consideration of the mechanics parameter of the host, the strain transfer rate between the fiber core and the host is
theoretically obtained.

(2) The theoretical results are validated by ANASYS and experiments. There is 0.9% strain relative error between the
theoretical result and the ANASY'S result.

(3) The shear modulus of the host has different influences in different strain ranges. When the shear modulus of the host is
less than 500MPa, it has great influence on the strain transfer rate. When the shear modulus of the host is more than 500MPa, it
has little influence on the strain transfer rate.

(4) For the low strength host, we must consider the influence of the mechanical parameters of the host on the strain transfer.
For the high strength host, we can neglect the influence of the mechanical parameters of the host.
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