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Many theoretical studies have been developed to study the spectral response of a fiber Bragg grating (FBG) under non-

uniform strain distribution along the length of FBG in recent years. However, almost no experiments were designed to

obtain the evolution of the spectrum when a FBG is subjected to non-uniform strain. In this paper, the spectral responses of

a FBG under non-uniform strain distributions are given and a numerical simulation based on the Runge-Kutta method is

introduced to investigate the responses of the FBG under some typical non-uniform transverse strain fields, including both

linear strain gradient and quadratic strain field. Experiment is carried out by using loads applied at different locations near

the FBG. Good agreements between experimental results and numerical simulations are obtained.
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Fiber Bragg grating (FBG) sensors are attracting much at-
tention as a sensing device for structural health monitoring
(SHM) due to their many advantages, such as small size, light
weight, high accuracy, multiplexing capability, strong anti
electromagnetic capability and so on!'-*. Hence applications
of FBG sensors for strain measurement in SHM have been
proposed in recent years. For example, Takeda S et al*” did
a series of studies and judged different damages in structural
health monitoring using FBG. Mckenzie et al®! monitored
the changing strain field associated with the propagation of a
crack beneath the patch by using FBG sensors. Giaccari P. et
alP? demonstrated a method for measuring non-uniform strain
fields using FBG sensors.

In the conventional use of the FBG, the sensors are as-
sumed to have uniform strains along their length. In this case the
shift of the Bragg wavelength is proportional to the strain!'”,
and this method has been well investigated. However, strain
gradients such as linear or quadratic strain gradient can not
be avoided in SHM. So far, some theoretical works (11l have
been done based on transmission matrix method, but no ex-
perimental verification has been reported. Therefore, it is
extremely important to investigate the spectral response of

the FBG under non-uniform strain field for its application in
engineering.

In this paper, we introduce a theoretical model and ana-
lyze the spectral response of the FBG in non-uniform strain
fields by Runge-Kutta method. We also simulate the reflec-
tion spectra of FBG under the above-mentioned typical non-
uniform strain fields. The theoretical predictions of the grat-
ing response agree well with the experimental results given.

Here we assume that the result is a perturbation to the
effective refractive index n_ of the guided mode(s) of interest,
described by!'”

g (2) = (sn_eff(z){l + vcos[z—/f z+ ¢(z)} , 1)

where on_, (z)is the “dc” index change spatially averaged
over a grating period, v is the fringe visibility of the index
change, A is the grating period, and ¢(z) describes the grat-
ing chirp, which may be caused by fabrication or a non-uni-
form strain field. In this paper, the chirp is caused by a non-
uniform strain field. If this factor is attributed to the period
parameters, the refractive index modulation can be written as
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where A(z) is the effective period of FBG when it is sub-
jected to a non-uniform strain.

When the fiber Bragg grating is subjected to a non-uni-
form strain along its length, its effective refractive index and
period will be changed, so the effective period of FBG can
be described by

A(2) = A, [1+(1-pe)e(z)] , 3)

where A is the nominal period of FBG, and pe is elasto-
optical coefficient of the optical fiber, whose value is 0.26.
From Egs.(1)—(3), the grating chirp ¢(z) can be written as

9(z) =

2nz| (- pe)e(z)
4, |:1+(1—pe)g(z):l ' @)

According to the weakly guiding condition and the
coupled-mode theory, we can obtain the following differen-
tial equations

=N
=

AR _i6R(z)+ikS(z) )
dz
%:—i&S(Z)—iKR(Z), ©)

where R and S are the amplitudes of the forward-propagat-
ing mode and the backward-propagating mode, respectively.
In these equations, & is the general “dc” self-coupling coef-
ficient and Kk is the the “AC” coupling coefficient defined as

52T 1 1) 149
o= A &eif +2nneff(i ﬂ'[)j 2dz > (7)
K= %v&neff : ®)

In Eq.(7), A,= 2n_,A, is the designed wavelength which
will be changed when the FBG is subjected to various strain
conditions. The reflection coefficient of the FBG is defi-
ned as

p() =S8 / R(2) . &)

By substituting Eq.(9) into Eq.(5), we can obtain the follow-
ing differential equation

dg(zZ) =ik —-2i6p(z)~ikp’(2) - (10)

The length of the grating is assumed to be L (L=10 mm),
so the limit of the grating is defined as —L/2<<z<:L/2. While
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the boundary conditions of FBG are R(—L/2)=1 and S(L/2)=
011, Researches have used transmission matrix method to
solve Eq.(10) before. In this paper, according to Eqs.(4), (7)
and (8), we solve it by Runge-Kutta method. Thus the
grating’s reflectivity » = |;O\2 can be obtained when the FBG
is subjected to non-uniform strain.

Based on the theoretical model for predicting the spec-
tral response of FBG together with Eq.(10), we can calculate
the reflective spectra of FBG under non-uniform strain fields
by MATLAB. Assume that the original Bragg wavelength,
the effective refractive index, the average index, the length,
Young’s modulus, Poisson’s coefficient, and the elasto-opti-
cal coefficients p, and p,, of the FBG are 1550 nm, 1.45,2X
10*, 10 mm, 74.5 GPa, 0.17, 0.113 and 0.252, respectively.
To demonstrate the simulated spectra of FBG subjected to
different strain fields, three classical strain fields are discussed
as follows.

(1) Uniform strain: g(z) = C

Fig.1 shows the reflectivity of the grating under a uni-
form strain of C . It is observed that in case of C=0 , that is,
the stain on the FBG is 0, there is only one main peak in the
reflective spectrum. In addition, the Bragg wavelength shifts
to left with decreasing the value of C.
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Fig.1 Reflectivity of the grating against wavelength un-
der a uniform strain

(2) Linear strain gradient: £(z) = az

To analyze the effect of various strain values with differ-
ent strain gradients on the reflective spectrum, we consider
three cases for a value, i.e., a=1, 2, 4. Note that a is the slope
of the linear strain gradient. As shown in Fig.2, it is obvious
that the spectrum width is broadened and the reflectivity of



HUANG et al.

the FBG is decreased with increasing the value of a. Also an
obvious oscillation phenomenon is observed in the reflec-
tive spectrum.
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Fig.2 Reflective spectrum of the FBG under linear strain

gradient

(3) Quadratic strain field: g (z) = bz

Three different quadratic strain fields along the FBG are
assumed to be £(z) = bz* by setting b as 1, 2 and 4 (Fig.3).
The shape of reflective spectrum is no longer keeping an
independent peak and multiple peaks can be seen beside the
main peak when the FBG is subjected to quadratic strain
fields, that is, the oscillation phenomenon occurs. But the
Bragg wavelength is not changed, and the value is almost
equal to 1550 nm. Simultaneously, the number of peaks be-
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Fig.3 Reflective spectrum of the FBG under quadratic
strain field
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side the main peak is growing and the spectrum width of the
FBG is broadened with increasing the value of b.

The results of the above simulations with different strain
fields demonstrate the relationships between the shape,
reflectivity, shift of the Bragg wavelength of the reflective
spectrum and the strain distribution along the grating. It can
be concluded that the distortion of the reflective spectrum
becomes more obvious when the grating is subjected to higher
strain gradient. Also, the shift of the Bragg wavelength is
linearly related to the constant of the strain value along the
grating.

An experiment is carried out to investigate the spectral
response of FBG under non-uniform strain fields, and the
setup is shown in Fig.4(a). The light from the broadband light
source (BBS) is coupled to the FBG which has an unstrained
Bragg wavelength of 1550 nm through a 3 dB coupler. The
reflected light from the FBG is sent back to the optical spec-
trum analyzer (OSA, AQ6317 by Ando Electric Co., Ltd).
The loading equipment is shown in Fig.4(b), where the bot-
tom loading area is an aluminum plate, whose Young’s modu-
lus and Poisson’s coefficient are 72.4 GPa and 0.32,
respectively, and its dimension is 980 mm X 580 mm X 2 mm.
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(a) Schematic diagram (b) Loading configuration

Fig.4 Experimental setup

The applied load at the location of A or B is shown in
Fig.4(a). In the experiment, the applied load on the alumi-
num plate is 200 N. The experimental results are displayed
and recorded with OSA, as presented in Fig.5.
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Fig.5 Reflective spectrum measured by experiment at dif-

ferent loading locations

In order to verify whether the experimental results coin-
cide with the theoretical ones, a finite element model is es-
tablished by ANSYS. In this step, there is no FBG in the
model, but strain distribution function along the length of
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FBG can be obtained. &z) =-0.6 22+ 101.9 and £ (z) =2.87 z+
87.5 are strain functions when the load is applied at A and B,
respectively. Then combined with Eqs.(7), (8) and (10), the
reflective spectra at different loading locations of A and B
can be predicted by Runge-Kutta method, as shown in Fig.6.
From Fig.5 and Fig.6, we can see that the experimental re-
sults correspond well to the theoretical predictions.
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Fig.6 Calculated reflective spectrum at different loading
locations

A study of spectral response of FBG under non-uniform
strain distribution along the length of FBG is introduced by
means of Runge-Kutta method. The proposed method is vali-
dated by applying different strain fields: linear strain gradi-
ent and quadratic strain field along the length of the fiber
Bragg grating. The experiment is carried out to verify the
theoretical predictions. It is important to note that this FBG
sensing system can be employed for structural health moni-
toring during its in-service time, and we can identify the type
of damages by the change of the reflective spectrum.
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