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The influence of thermal stress on the temperature sensitivity of fiber Bragg grating-glass fiber reinforce polymer (FBG-
GFRP) bars is studied by three methods, namely, direct experimental calibration method, stress analysis (finite element
analysis) method and the method of apparent temperature sensitivity coefficient. In comparison with the other two methods,
fewer parameters are required and the calculation is simple in the method of apparent temperature sensitivity coefficient,
while the analytical error is limited within 2%. It is concluded that the results of the method of apparent temperature
sensitivity coefficient could be good reference for engineering applications.
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At present, fiber Bragg grating (FBG) sensor is the first choice
for structural health monitoring due to its advantages, such
as anti-electromagnetic interference, small size, quasi-dis-
tributed sensing, corrosion-proof and absolute measurement,
etc[1-3]. Smart glass fiber reinforce polymer (GFRP) bar was
developed by Kalamkarov et al[4] through embedding FBG
sensors in a GFRP bar to combine the reinforcement func-
tion and the sensing function together in concrete structures.
When the temperature fluctuation occurs, the thermal stress
is induced by thermal mismatch due to the difference of the
thermal expansion coefficients between the optical fiber and
the matrix material. Therefore, FBG is highly sensitive not
only to strain (as designed), but also to temperature
fluctuation. Numerous studies have been carried out to sepa-
rate these two effects and/or to find a way for temperature
compensation[5-8], but the influence of thermal stress on tem-
perature sensitivity of FBG is rarely studied.

In this paper, stresses on all directions in FBG embedded
in the matrix material are analyzed. With the finite element
software we can calculate stresses in FBG, and emulation
data is obtained to quest the temperature sensitivity coeffi-
cient of smart GFRP bar. Moreover, the approximate for-
mula is derived for the simplification of calculation and the
convenience of application.

In working environment, due to the mismatch of the ther-

mal expansion coefficient, FBG is under stresses from the
matrix material in both axial and radial directions, resulting
in additional drift from the central wavelength of FBG.
Generally, the influence of temperature on the central wave-
length of FBG could be divided into three cases: wavelength
drift caused by thermo-optic effect and thermal expansion

B1 , wavelength drift caused by axial stress B2 , and wave-
length drift caused by radial stress B3. According to Ref.[9],
the total wavelength drift can be regarded as the superposi-
tion of these three cases, that is: B = B1 + B2 + B3 .

When temperature varies, the wavelength drift formula
without considering the waveguide effect[9] is given by
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where n is the thermo-optic coefficient of FBG, B is the
central wavelength of FBG, pij is the elastic-optic coefficient
of FBG, neff is the effective refractive index of FBG, and rr

and zz are the radial and axial strains of FBG, respectively.
Under the state of free expansion, we have rr= = zz=

1 T, where 1 is the linear expansion coefficient of FBG.
Substituting rr= = zz= 1 T into Eq.(1), the FBG wave-
length drift formula under free expansion state is given as
follows
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The longitudinal strain sensitivity of the wavelength drift
caused by homogeneous axial strain is given by[9]
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where
zz

rr  is the ratio of radial strain to axial strain.

Under the action of axial force P, the radial stress in the
FBG is rr= =0, and the axial stress is zz= P. Thus, the
stress components are given by rr= =- zz, zz= zz/E1. Sub-
stituting the stress components into Eq.(3) yields
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where E1 and 1 are the modulus and the Poisson’s ratio of
FBG, respectively.

The internal stress state of FBG corresponding to the ra-
dial stress is 0rr , 0zz . The corresponding strain
state is given by 11 /)1( Errrr , zz= 2 rr 1/E1 and

1
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rr . Similarly, substituting the above equa-

tions into Eq.(3) yields

11211121

2
eff

1
1

B
3B 12

2
2 ppp

n
E

rr                                                                                       .  (5)

In order to study the temperature sensitivity of FBG em-
bedded in smart GFRP bar, we embed three FBGs whose
central wavelength is 1573 nm in GFRP bars as shown in Fig.1.
Temperature calibration is carried out to test the accuracy of
the present method. The temperature response curve of FBG
is shown in Fig.2.

Fig.1 Smart GFRP bars

Fig.2 Temperature response curve of FBG embedded in
smart GFRP bar

In Fig.2  is the wavelength, T is the temperature and R is
the correlation coefficient between the fitting curve and the
raw data. Fig.2 presents excellent linear relationship between
wavelength drift and temperature variation. The correlation
coefficient R is above 99.99%. The calibrated temperature
sensitivity coefficient is 17.6 pm/°C, which is about 1.67 times
of that of bare fiber, namely, 10.53 pm/°C.

Based on the analysis above, the FBG central wavelength
drift and the temperature sensitivity coefficient can be ob-
tained by calculation. The finite element analysis is carried
out to obtain the horizontal and axial stresses in the embed-
ded FBG as temperature varies. 10 mm of the smart FBG-
GFRP bar is selected to establish the finite element model,
and material properties of the smart FBG-GFRP bar are as
follows [10-13].

 The parameters of GFRP bar are: radial temperature ex-
pansion coefficient 31 = 33.7 10 6 / oC, axial temperature
expansion coefficient 32=6.58 10 6 / oC, Poisson’s ratio

3= 0.25, Young’s modulus E3 =4 Pa, and radius r3=
6 mm. The parameters of the FBG cladding (polyimide) are:
temperature expansion coefficient 2 =45 10 6 / oC,
Poisson’s ratio 2 = 0.335, Young’s modulus E2 = 3.5 9

Pa, and radius r2=125 m. The parameters of the core of
FBG are: temperature expansion coefficient 1=0.55 10 6/ oC,
Poisson’s ratio 1 =0.17, Young’s modulus E1 =7.2 10

Pa, radius r1= 62.5 m, thermo-optic coefficient of FBG n=
6.3 10 6 / oC, elastic-optic coefficient of FBG p11 = 0.121,
p12= 0.27, effective refractive index of FBG neff =1.468, and
the central wavelength of FBG  is 1537 nm. 20 oC as the
initial temperature of all nodes is applied, while all the nodes
are loaded by 30 oC to simulate the environment temperature,
and finally we get the analysis results of radial and axial
stresses on FBG embedded in GFRP bars. The radial stress
is rr 4.1 105 T Pa, and the axial stress is zz 4.8 106

T  Pa .
Substituting the FEM results into temperature sensitivity
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calculation formula, the wavelength drift under the tempera-
ture load could be obtained as follows: T = 10 oC, B1 = 99.
327 pm, B2 = 80.041 pm and B3 = -5.175 pm. Thus the
total wavelength drift is B = B1 + B2+ B3 = 174.19
pm. Then the temperature sensitivity coefficient of smart
GFRP bar is obtained as follows: B/ T  = 17.42 pm/oC,
which is about 1.65 times of that of bare fiber, namely,10.53
pm/oC. The theoretical value is in good agreement with the
calibrated value 17.6 pm/oC obtained by stress analysis above.

The theoretical analysis shows that temperature wave-
length drift is mainly caused by the thermo-optic effect and
thermal expansion, the axial stress and the radial stress. But
the results reveal that the wavelength drift caused by the ra-
dial stress is only about 2.9% of the total. In engineering
application, it is approximately believed that the wavelength
drift is only caused by the thermo-optic effect and thermal
expansion, as well as the axial stress. Therefore, the influ-
ence of temperature variation on the temperature sensitivity
can be evaluated as follows.

As can be seen from Ref.[14], in temperature comp-
ensation, the reference temperature of FBG embedded in
GFRP bar can be set as T0 at first, and the GFRP bar is not
loaded by any mechanical force. But when temperature varies,
additional stress resulting from the thermal expansion mis-
match between fiber and GFRP bar appears. The thermally
induced axial stress can be expressed as

TE )( HF

where EF is Young’s modulus of the fiber, H is thermal ex-
pansion coefficient of matrix material, and is temperature
expansion coefficient of the fiber.

On the substitution of Eq.(6), B is obtained as follows
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The apparent temperature sensitivity coefficient Sa is in-
troduced to calculate all the temperature factors causing the
wavelength drift, namely, the thermo-optic effect and ther-
mal expansion effect, and the axial stress as follows

)( Ha SSS T                                            .                                                   (10)

The thermally induced axial strain can be expressed as:

.)()()( 1312232312 TTT
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Therefore, the apparent temperature sensitivity coefficient
of smart GFRP bar is

)(/ 13a SSST T                                                                  .                      (12)

The apparent temperature sensitivity obtained by the for-
mula above is 66 1058.6102.153.10/ T

77.171055.0 6                            pm/oC. Compared with the calculated
value 17.412 pm /oC and the experimentally calibrated value
17.6 pm /oC, the error is less than 2%, which mainly results
from the approximate treatment on the mechanical model.
Therefore, Eq.(12) can be applied directly in engineering ap-
plication to calculate the temperature sensitivity coefficient
of smart GFRP bar.

In this paper, the additional stress in the FBG embedded
in the GFRP bar is analyzed when the temperature varies,
and the impact of additional stress on temperature sensitivity
coefficient is obtained by further calculation. The tempera-
ture sensitivity coefficient 17.42 pm/oC is very close to the
calibrated one, which validates the theoretical method. The
apparent temperature sensitivity coefficient method is simple.
The error, compared with the calculated value and the ex-
perimentally calibrated value, is less than 2%. Therefore, the
presented method can provide reference for practical engi-
neering applications.
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