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Abstract: The strain-temperature cross-sensitivity problem easily occurs in the engineering strain 
monitoring of the self-sensing embedded with fiber Bragg grating (FBG) sensors. In this work, a 
theoretical investigation of the strain-temperature cross-sensitivity has been performed using the 
temperature reference grating method. To experimentally observe and theoretically verify the 
problem, the substrate materials, the preloading technique, and the FBG initial central wavelength 
were taken as main parameters. And a series of sensitivity coefficients calibration tests and 
temperature compensation tests have been designed and carried out. It was found that when the FBG 
sensors were embedded on different substrates, their coefficients of the temperature sensitivity were 
significantly changed. Besides, the larger the coefficients of thermal expansion (CTE) of substrates 
were, the higher the temperature sensitivity coefficients would be. On the other hand, the effect of 
the preloading technique and FBG initial wavelength was negligible on both the strain monitoring 
and temperature compensation. In the case of similar substrates, we did not observe any difference 
between temperature sensitivity coefficients of the temperature compensation FBG with one free end 
or two free ends. The curves of the force along with temperature were almost overlapped with minor 
differences (less than 1%) gained by FBG sensors and pressure sensors, which verified the accuracy 
of the temperature compensation method. We suggest that this work can provide efficient solutions to 
the strain-temperature cross-sensitivity for engineering strain monitoring with the self-sensing 
element embedded with FBG sensors. 
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1. Introduction 

Steel strands, carbon fiber reinforcement, and 

fiberglass reinforcement are the key materials that 

have stressed elements in the engineering structure. 

For example, bridge cables/suspenders/hangers, 
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anchor cables of side/protecting slopes, and 

prestressed members of large-span structures are 

mostly consisting of these high-strength materials. 

However, the failure probability of stressed 

components has been increased day by day due to 

coupling corrosion, caused by multi-factors such as 

environment, temperature, and high stress when they 

are in use [1–5]. Thus, the safety monitoring of these 

key materials is a very crucial means to prevent 

accidents in this engineering structure [6–9]. So far, 

many national and internal researchers have applied 

a variety of structural health monitoring methods for 

practical engineering [10–13]. Among these 

methods, the civil engineering monitoring 

technology using FBG sensors is more mature 

[14–16]. Yet, the fiber Bragg grating (FBG) can be 

easily affected by temperature variation, caused by 

day-and-night, season, interior-and-exterior, and 

partial heating-and-cooling, which are responsible 

for strain-temperature cross-sensitivity. Shiratsuchi 

et al. [17] have investigated and developed a new 

type of the FBG strain sensor with the temperature 

compensation pre-tensioning package under low 

temperatures. They have successfully eliminated the 

transverse effects and strain errors of FBG strain 

sensors which were directly pasted on the monitored 

structure. Wang et al. [18] elevated the accuracy of 

the temperature compensation using the double 

gratings method. Besides, Wang et al. [19] reported 

a symmetrical push-pull structure that had efficiently 

removed the effect of temperature on the wavelength 

changes and achieved excellent performance. 

Iwashima et al. [20] utilized the packaging FBG 

technique with liquid crystalline polymer tubes  

and reduced the temperature sensitivity from         

1 nm/100 ℃ to 0.13 nm/100 ℃. Moreover, there are 

lots of reports on the strain-temperature 

cross-sensitivity as well [21–24]. In order to solve 

the strain-temperature cross-sensitivity problem, 

different methods must be applied to various types 

of FBG sensors. We have applied an embedded 

preloading technique to FBG sensors and enhanced 

the monitoring range. Our self-sensing element 

embedded FBG technology has achieved material’s 

self-monitoring in the process of being stressed [25]. 

Meanwhile, fatigue performance [26], corrosion 

resistance property, and life prediction [27] were 

systematically investigated. This technology was 

applied to make the self-sensing steel strands 

embedding FBG sensor which was used for the 

health monitoring of internal and external losses of 

pre-stress, cables, rock, and soil anchor cables [28, 

29]. The change in temperature affected not only the 

embedded FBG wavelength variation but also the 

internal forces of the components (stress and strain) 

owing to the structures being hyperstatic. So, the 

effect of temperature on the central wavelength of 

the FBG sensor should be eliminated when we 

calculated the internal forces of the structure. That is 

the way to solve the FBG strain-temperature 

cross-sensitivity problem. Herein, a series of tests 

have been performed to solve the strain-temperature 

cross-sensitivity problem of the FBG strain sensors 

embedded onto different substrates. Theoretical and 

experimental observations of this problem were 

systematically conducted based on the prime 

parameters such as substrate materials, the 

preloading technique, and the FBG initial central 

wavelength. Finally, the effective solutions were put 

forward to deal with the problem of 

strain-temperature cross-sensitivity to monitor the 

engineering strain. 

2. Strain and temperature cross-sensitivity 
and temperature compensation principle 
of the FBG strain sensor 

According to the coupled-mode theory, the 

characteristic equation for the FBG is eff2B nλ Λ= , 

where the central wavelength Bλ  is positively 

correlated to its periods and the refractive index of 

the fiber core. When an outside physical quantity is 

sensed by the FBG, it changes the refractive index 

effn  and period Λ , and the corresponding central 

wavelength will vary. The equation for λΔ  
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(variation of FBG’s central wavelength) is as 

following: 

eff

eff

B

B

n

n

λ Λ
λ Λ

ΔΔ Δ= + .          (1) 

In the case of the FBG sensor for monitoring 

civil engineering, the central wavelength of the FBG 

varies due to two factors – strain and temperature, 

and there is usually a cross-sensitivity between them. 

The influences of strain and temperature on the FBG 

central wavelength are theoretically analyzed in the 

following three conditions. 

2.1 Bare fiber Bragg grating without the coupling 
substrate 

When a bare FBG (without the coupling 

substrate) is subjected to the strain and temperature 

at the same time, its axial strain will change the 

periods, and the elasto-optical effect changes the 

refractive index of the fiber core. Thermal expansion 

of temperature variation causes differences in FBG 

periods, while the thermal-optical effect changes the 

FBG effective refractive index. Under these 

conditions, the drifting value of the FBG central 

wavelength is 

( )(1 )B e B x F F BP Tλ λ ε ξ α λΔ = − + + Δ .    (2) 

When the strain sensitivity coefficients of the   

bare FBG is (1 )F e BK Pε λ− = − , the temperature 

sensitivity coefficient is ( )T F F F BK ξ α λ− = − . Then, 

it can be simplified as 

B F x T FK K Tελ ε− −Δ = + Δ          (3) 

where eP  is the valid elastic-optic coefficient. In 

the case of common silica fibers, its value is kept as 

0.22. Fξ  is the thermal-optic coefficient of fibers 

and Fα  is the fiber CTE (the coefficients of 

thermal expansion), which is valued at 
66.55 10Fξ −= ×  and 60.55 10Fα −= × , respectively. 

2.2 Effect of temperature on the fiber Bragg 
grating embedded on the substrate 

When the CTE of substrate materials Mα  is 

different from the CTE of the FBG Fα , the FBG 

embedded onto the substrate is subjected to the 

stress which is caused by the temperature variations 

of subtracting materials. As described in [30], this 

force is due to different coefficients of thermal 

expansion and can be approximated as the axial 

force, where the axial strain of the FBG is 

( )x M F Tε α α= − Δ . This axial strain is in accord 

with the fact that the bare FBG is influenced by both 

strain and temperature. As shown in (4): 

e[(1 )( )+( + )]B M F F F B T MP T K Tλ α α ξ α λ −Δ = − − Δ = Δ  (4) 

where e[(1 )( )+( + )]T M M F F F BK P α α ξ α λ− = − −  is 

the temperature sensitivity coefficient of the FBG 

embedded onto substrates. Compared with (3) and 

(4), when the bare FBG and the embedded FBG are 

subjected to the temperature variations, the 

difference in temperature sensitivity coefficients 

between them is calculated with the help of (5): 
(1 )( )T M T F e M F BK K P α α λ− −− = − − Δ .     (5) 

As shown in (5), if the CTE of the substrate is larger 

than that of the FBG, 0T M T FK K− −− > , the FBG 

would be subjected to the tensile strength along with 

an increase in the temperature. On the other hand, if 

it is lower, the FBG would be subjected to the 

pressure. 

2.3 Effect of temperature and axial strain on the 
fiber Bragg grating embedded onto the substrate 
and the principle of temperature compensation 

Based on the analysis of Sections 1.1 and 1.2, 

the variations in the central wavelength of the FBG 

embedded onto substrates are affected by both the 

temperature and axial strain, and can be calculated 

as 

( )( ) ( )(1 ) 1 + +

.

B e B x e M F F F B

M x T M

P P T

K K Tε

λ λ ε α α ξ α λ
ε−

Δ = − + − −  Δ 
= + Δ-

(6) 

Equation (6) is the principle of monitoring stress 

or strain by the FBG in civil engineering. When the 

coupling components of the FGB are subjected to 

the stress and temperature variations, the variations 

of the FBG central wavelength should clarify how 

many variations are caused by the temperature and 

how many variations are caused by the external 

axial strain. 
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According to (6), (1 )M e BK Pε λ− = −  and 

e[(1 )( )+( + )]T M M F F F BK P α α ξ α λ= − −-  could be obtained 

from the calibration of the sensor and TΔ  could be 
obtained from the unstressed FBG sensor, namely 
temperature compensation sensor. Using (4): 

C

T M C

T
K

λ
− −

ΔΔ = , the strain produced from the stressed 

components is monitored by the FBG strain sensor 
and can be calculated by putting (4) into (6): 

T M S
s C

T M C

M S

K

K

Kε

λ λ
ε

− −

− −

− −

Δ − Δ
=          (7) 

where ε is the obtained strain of stressed 

components; sλΔ and CλΔ are respectively the 

variations of the central wavelength of the FBG 

strain sensor which are influenced by the stress and 

temperature variations (namely the strain FBG 

sensor, hereafter). Moreover, the temperature 

compensation sensor is only affected by the 

temperature (namely the temperature compensation 

FBG sensor, hereafter); T M SK − −  and T M CK − −  are 

the temperature sensitivity coefficients of the strain 

FBG sensor and the temperature compensation FBG 

sensor; M SKε − −  is the strain sensitivity coefficients 

of the strain FBG sensor. All of these coefficients 

could be obtained from the calibration. In (7), the 

strain-temperature cross-sensitivity is addressed by 

embedding an unstressed (free) FBG temperature 

sensor. Besides, the partial variations of the strain 

sensor’s central wavelength variations are obtained 

which are caused by the temperature variations. And 

the change in the central wavelength caused by the 

stress can be gained, which is the temperature 

compensation principle of the temperature reference 

grating method. 

3. Experimental study 

FBG sensors were used in the strain monitoring 

of civil engineering and could be subjected to the 

stress and the temperature differences among 

seasons, day and night, and above and below the 

ground. To accurately determine the strain of 

components, the temperature compensation should 

be conducted on the FBG sensors. This could be 

processed as (7). In order to accurately simulate the 

components that were affected by both the stress and 

temperature differences in actual engineering, 

special experimental facilities were developed. In 

this work, we have designed a systematic 

experimental plan to precisely measure the 

sensitivity coefficients. 

3.1 Experimental specimen 

To further investigate the strain-temperature 

cross-sensitivity of FBG sensors in different 

substrates, three substrate materials with different 

CTEs were selected such as steel wires (central wire 

of steel strand), carbon fiber reinforcement, and 

fiberglass reinforcement. The basic parameters of 

specimen substrate materials are shown in Table 1. 

Table 1 Relevant properties of substrate materials. 

Types of base
Sectional 

area (mm2)

Tensile 
strength 
(MPa) 

Elastic 
modulus 

(GPa) 

Density 
(kg/m3)

Linear 
expansion 
coefficient

(nm/℃) 

Steel wire 21.23 1 860 195 7 850 11.96×10–6 

Carbon fiber 
reinforcement

28.26 2 200 140 1 600 7.09×10–6 

Fiberglass 
reinforcement

28.26 610 40 1 300 5×10–6 

 
Qin et al. [25] used a set of longitudinal grooves 

on the central wire with the depth and width of   

0.4 mm and 1 mm, respectively. When the central 

wire was loaded and tensioned, the FBG was stuck 

and embedded in the groove and pasted with epoxy 

resin. The embedded preloading process has 

achieved good results in expanding the monitoring 

range of the FBG strain sensor. The test components 

and cross-sections made by the embedded 

preloading process are shown in Fig. 1. 

For investigating the strain-temperature 

cross-sensitivity performance of FBG sensors of the 

preloading technique, two coupling modes of the 

strain FBG sensor were devised in this work, which 

were groove preloading and groove non-preloading. 

These were adopted in the test specimen. The 

specific coupling modes and processes are shown in 
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[25], while the design of the specimen is listed    in Table 2. 

Fiber-optical Grating

          

FBG Groove

Central wire  

(a)                                   (b) 

Fig. 1 Schematic diagram of the test piece: (a) embedded preloading process and (b) cross-section diagram of the central wire. 

Table 2 Experimental specimen. 

Specimen 
number 

Substrate 
material 

FBG coupling 
mode 

Temperature 
compensation FBG 

number 

Central wavelength of 
temperature compensation 

FBG (nm) 

Strain FBG 
number 

Central 
wavelength of 

strain FBG(nm)

SW-A1 Steel wire Preloading FBGSW-A1-C 1 532 FBGSW-A1-S 1 532 

SW-A2 Steel wire Preloading FBGSW-A2-C 1 540 FBGSW-A2-S 1 540 

SW-A3 Steel wire Preloading FBGSW-A3-C 1 548 FBGSW-A3-S 1 548 

SW-B1 Steel wire Non preloading FBGSW-B1-C 1 532 FBGSW-B1-S 1 532 

SW-B2 Steel wire Non preloading FBGSW-B2-C 1 540 FBGSW-B2-S 1 540 

SW-B3 Steel wire Non preloading FBGSW-B3-C 1 548 FBGSW-B3-S 1 548 

CFRP-A1 
Carbon fiber 

reinforcement 
Preloading FBGCFRP-A1-C 1 532 FBGCFRP-A1-S 1 532 

CFRP-A2 
Carbon fiber 

reinforcement 
Preloading FBGCFRP-A2-C 1 540 FBGCFRP-A2-S 1 540 

CFRP-A3 
Carbon fiber 

reinforcement 
Preloading FBGCFRP-A3-C 1 548 FBGCFRP-A3-S 1 548 

CFRP-B1 
Carbon fiber 

reinforcement 
Non preloading FBGCFRP-B1-C 1 532 FBGCFRP-B1-S 1 532 

CFRP-B2 
Carbon fiber 

reinforcement 
Non preloading FBGCFRP-B2-C 1 540 FBGCFRP-B2-S 1 540 

CFRP-B3 
Carbon fiber 

reinforcement 
Non preloading FBGCFRP-B3-C 1 548 FBGCFRP-B3-S 1 548 

FGRP-A1 
Fiberglass 

reinforcement 
Preloading FBGFGRP-A1-C 1 532 FBGFGRP-A1-S 1 532 

FGRP-A2 
Fiberglass 

reinforcement 
Preloading FBGFGRP-A2-C 1 540 FBGFGRP-A2-S 1 540 

FGRP-A3 
Fiberglass 

reinforcement 
Preloading FBGFGRP-A3-C 1 548 FBGFGRP-A3-S 1 548 

FGRP-B1 
Fiberglass 

reinforcement 
Non preloading FBGFGRP-B1-C 1 532 FBGFGRP-B1-S 1 532 

FGRP-B2 
Fiberglass 

reinforcement 
Non preloading FBGFGRP-B2-C 1 540 FBGFGRP-B2-S 1 540 

FGRP-B3 
Fiberglass 

reinforcement 
Non preloading FBGFGRP-B3-C 1 548 FBGFGRP-B3-S 1 548 

Notes: For the specimen number, the letters before “-” represent the type of the substrate, where SW is the steel wire, CFRP denotes the carbon fiber 
reinforcement, and FGRP represents the fiberglass reinforcement; the letters after “-” represent the coupling modes between the FBG and substrate materials, 
where A is the preloading and B is the non-preloading; the last number represents the initial central wavelength of the FBG, in which 1 is the initial wavelength of 
1 532 nm, 2 is the initial wavelength of 1 540 nm, and 3 is the initial wavelength of 1 548 nm. For one specimen, the central wavelength of the temperature 
compensation FBG is kept the same as that of the strain FBG.

3.2 Temperature sensitivity coefficient test 

In the case of the bare FBG, its temperature 

sensitivity coefficient T FK −  was measured with 

the help of the water bath method [31]. To conduct 

the water bath experiment at a constant temperature, 

the FBG was immersed in the beaker and filled with 

water. In this case, the initial temperature was set to 

30 ℃ and increased up to 100 ℃ with 10 ℃ per 
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step. When the temperature at each step became 

stable, the central wavelength of the FBG was 

collected. 

The temperature sensitivity coefficient T MK −  
of the FBG sensors with coupling substrates was 

measured when the specimen with coupling FBG 

sensors was free at two ends. The test heating device 

is shown in Fig. 2. To realize the temperature 

variations, the water in the quartz glass tube was 

heated by an alcohol burner, as shown in Fig. 2. 

Considering the length of a substrate and even 

heating, four alcohol burners were evenly placed 

along the glass tube between silicone plugs. The test 

specimen and temperature gauge were inserted into 

the quartz glass tube and the two ends of the glass 

tube, filled with water, were sealed. The temperature 

variations during heating were recorded with the 

help of a temperature gauge, where the initial 

temperature was set to 3 ℃ and increased up to 

100 ℃ with 10 ℃ per step. The central wavelength 

of the FBG was collected when the temperature at 

each step became stable. In this paper, the Agilent 

86142b demodulator was used to collect the 

wavelength of the FBG. The wavelength range of the 

demodulator was 1 525 nm – 1 570 nm, the sampling 

frequency was 1Hz, the wavelength accuracy was 

2.5 pm, and the resolution was 1 pm. 

Linear fitting was made with temperature as the 

abscissa and variations of the FBG central 

wavelength BλΔ  as the ordinate and the resulting 

slope of the fitting straight line was temperature 

sensitivity of the FBG sensors, K -T F  or T MK -
. As 

shown in Fig. 3, the fitting of temperature sensitivity 

coefficients of the FBG sensors, embedded in the 

steel wire before and after coupling, was taken as an 

example. 

Silicone plug Sealing tape Quartz glass tube Coupling FBG member Fiber Bragg grating
Liquid injection

pipe
Sealant

 

Fig. 2 Schematic diagram of the test heating device. 

From Fig. 3, it is analyzed that the variations of 

the FBG central wavelength BλΔ  and the 

temperature T have a good linear relationship with 

a correlation coefficient above 99.99%. The more 

the improvement of temperature is, the larger the 

BλΔ  will be, which is also consistent with the 

theory. The comparative theoretical value of the 

temperature sensitivity coefficient of the bare 

optical fiber ( )T F F F BK ξ α λ− = + and the 

theoretical value of the temperature sensitivity 

coefficient of the embedded substrate material 

[(1 )( ) +T M e M FK P α α= − −- ( + )]F F Bξ α λ  with 

their test values are listed in Table 3. 

Comparative analysis of the data in Table 3 

leads us to conclude that the experimental and 

theoretical values of temperature sensitivity 

coefficients TK -F  of the bare FBG and 

temperature sensitivity coefficients T MK −  of the 

FBG sensor with coupling substrates have little 

error rate (less than 3%). The temperature 

sensitivity coefficients T MK −  of the FBG sensors 

in three different substrates have a large difference, 

indicating that the effects of the substrate material 

on temperature sensitivity coefficients are directly 

related to the temperature expansion coefficient of 

the substrate. The larger expansion coefficient of 

the substrate is responsible for the larger 

temperature sensitivity coefficients, which is also 

consistent with the theoretical formula. In the case 

of three substrate materials, as the temperature 

expansion coefficient of steel wire is the largest, 

T MK −  of the steel wire is also the highest. This is 

followed by T MK −  of the carbon fiber substrate 

and that of the fiberglass substrate is the lowest. 
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The experimental and theoretical values difference 

T MK − − T FK -  of these three substrate materials 

exhibit a little error rate of less than 3%. On the 

other hand, when the FBG has the same initial 

wavelength, T FK -  values of Group A (preloading 

in making FBG) and Group B (non-preloading   

in making FBG) show a little difference.  

Therefore, the temperature expansion coefficient 

of the substrate is the major factor that influences 

T MK − . 
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Fig. 3 TK -F  and T MK -  of the FBG sensor embedded in the steel wire: (a) FBGGS-A1-C, (b) FBGGS-A1-S, (c) FBGGS-A2-C,         

(d) FBGGS-A2-S, (e) FBGGS-A3-C, and (f) FBGGS-A3-S. 
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Table 3 Comparison of experimental and theoretical values of test specimens（
T FK −  and 

T MK − ）with the temperature sensitivity 

coefficient. 

FBG number 

T FK −  

experimental 

value 

(×10–2 nm/℃) 

T FK −  

theoretical 

value 

(10–2 nm/℃) 

T FK −  

error rate 

between 

experimental 

and theoretical 

values (%) 

T MK −  

experimental 

value 

(×10–2 nm/℃)

T MK −  

theoretical 

value 

(×10–2 nm/℃)

T MK −  

error rate 

between 

experimental 

and theoretical 

values (%)

T MK − − T FK −  

experimental 

value 

(×10–2 nm/℃) 

T MK − − T FK −  

theoretical value 

(×10–2 nm/℃) 

T MK − − T FK −

error rate between 

experimental and 

theoretical values 

(%) 

FBGSW-A1-C 

FBGSW-A1-S 

FBGSW-B1-C 

FBGSW-B1-S 

FBGSW-A2-C 

FBGSW-A2-S 

FBGSW-B2-C 

FBGSW-B2-S 

FBGSW-A3-C 

FBGSW-A3-S 

FBGSW-B3-C 

FBGSW-B3-S 

FBGCFRP-A1-C 

FBGCFRP-A1-S 

FBGCFRP-B1-C 

FBGCFRP-B1-S 

FBGCFRP-A2-C 

FBGCFRP-A2-S 

FBGCFRP-B2-C 

FBGCFRP-B2-S 

FBGCFRP-A3-C 

FBGCFRP-A3-S 

FBGCFRP-B3-S 

FBGCFRP-B3-C 

FBGFGRP-A1-C 

FBGFGRP-A1-S 

FBGFGRP-B1-C 

FBGFGRP-B1-S 

FBGFGRP-A2-C 

FBGFGRP-A2-S 

FBGFGRP-B2-C 

FBGFGRP-B2-S 

FBGFGRP-A3-C 

FBGFGRP-A3-S 

FBGFGRP-B3-C 

FBGFGRP-B3-S 

1.086 

1.090 

1.075 

1.093 

1.065 

1.082 

1.093 

1.091 

1.105 

1.092 

1.103 

1.095 

1.101 

1.093 

1.094 

1.106 

1.098 

1.095 

1.093 

1.089 

1.105 

1.104 

1.103 

1.094 

1.075 

1.083 

1.085 

1.089 

1.080 

1.083 

1.093 

1.088 

1.105 

1.090 

1.098 

1.094 

1.088 

1.088 

1.088 

1.088 

1.093 

1.093 

1.093 

1.093 

1.099 

1.099 

1.099 

1.099 

1.088 

1.088 

1.088 

1.088 

1.093 

1.093 

1.093 

1.093 

1.099 

1.099 

1.099 

1.099 

1.088 

1.088 

1.088 

1.088 

1.093 

1.093 

1.093 

1.093 

1.099 

1.099 

1.099 

1.099 

–0.184 

0.184 

–1.195 

0.460 

–2.562 

–1.006 

0.000 

–0.183 

0.546 

–0.637 

0.364 

–0.364 

1.195 

0.460 

0.551 

1.654 

0.457 

0.183 

0.000 

–0.366 

0.546 

0.455 

0.364 

–0.455 

–1.195 

–0.460 

–0.276 

0.092 

–1.189 

–0.915 

0.000 

–0.457 

0.546 

–0.819 

–0.091 

–0.455 

2.450 

2.456 

2.446 

2.440 

2.441 

2.451 

2.464 

2.471 

2.462 

2.446 

2.445 

2.461 

1.865 

1.860 

1.870 

1.880 

1.876 

1.875 

1.869 

1.869 

1.879 

1.890 

1.890 

1.888 

1.620 

1.623 

1.625 

1.623 

1.626 

1.612 

1.631 

1.636 

1.642 

1.632 

1.633 

1.635 

2.451 

2.451 

2.451 

2.451 

2.464 

2.464 

2.464 

2.464 

2.477 

2.477 

2.477 

2.477 

1.869 

1.869 

1.869 

1.869 

1.879 

1.879 

1.879 

1.879 

1.889 

1.889 

1.889 

1.889 

1.619 

1.619 

1.619 

1.619 

1.628 

1.628 

1.628 

1.628 

1.636 

1.636 

1.636 

1.636 

–0.001 

0.204 

–0.204 

–0.449 

–0.933 

–0.528 

0.000 

0.284 

–0.606 

–1.252 

–1.292 

–0.646 

–0.214 

–0.482 

0.054 

0.589 

–0.160 

–0.213 

–0.532 

–0.532 

–0.529 

0.053 

0.053 

–0.053 

0.062 

0.247 

0.371 

0.247 

–0.123 

–0.983 

0.184 

0.491 

0.367 

–0.244 

–0.183 

–0.061 

1.364 

1.366 

1.371 

1.347 

1.376 

1.369 

1.371 

1.38 

1.357 

1.354 

1.342 

1.366 

0.764 

0.767 

0.776 

0.774 

0.778 

0.78 

0.776 

0.780 

0.774 

0.786 

0.787 

0.794 

0.545 

0.540 

0.540 

0.534 

0.546 

0.529 

0.538 

0.548 

0.537 

0.542 

0.535 

0.541 

1.363 

1.363 

1.363 

1.363 

1.371 

1.371 

1.371 

1.371 

1.378 

1.378 

1.378 

1.378 

0.781 

0.781 

0.781 

0.781 

0.786 

0.786 

0.786 

0.786 

0.790 

0.790 

0.790 

0.790 

0.531 

0.531 

0.531 

0.531 

0.535 

0.535 

0.535 

0.535 

0.537 

0.537 

0.537 

0.537 

0.734 

0.220 

0.587 

–1.174 

0.365 

–0.146 

0.000 

0.656 

–1.524 

–1.742 

–2.612 

–0.871 

–2.177 

–1.793 

–0.640 

–0.896 

–1.018 

–0.763 

–1.272 

–0.763 

–2.025 

–0.506 

–0.380 

0.506 

2.637 

1.695 

1.695 

0.565 

2.056 

–1.121 

0.561 

2.430 

0.000 

0.931 

–0.372 

0.745 
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3.3 Test of the FBG strain sensitivity coefficient 

MKε -  of coupling substrates 

Strain sensitivity coefficients MKε -  of the FBG 

sensors were measured by adopting the stepped 

tensioning of members with coupling FBG sensors 

on the tensioning pedestal. The schematic diagram 

of the tensioning pedestal is shown in Fig. 4. 

Tensioning includes two steps: pre-tensioning and 

formal tensioning. Pre-tensioning: (1) 0.2 Pn 

pre-tensioning was performed on members and then 

decreased to 0.05 Pn; (2) 0.1 Pn tensioning per step 

from 0.05 Pn at the speed of no more than       

100 MPa/min was performed, and the readings of 

the grating demodulator and stress and the readings 

of the dial gauge were recorded after sustaining load 

for 5 min; (3) stepped tensioning was 0.35 Pn which 

sustained the load for 10 min; (4) the load was 

decreased to 0.05 Pn; (5) repeated steps (2) to (4), 

namely tensioning unloading, as shown in Fig. 5. 

Formal tensioning: the load was increased from 

0.05Pn until it reached the 0.65Pn，taking 0.1Pn as 

the load of each step. After holding the load for    

5 minutes at each step, the readings of the grating 

demodulator, stress, and dial gauge were recorded at 

the same time, as shown in Fig. 6. Pn is the ultimate 

load-carrying capacity of specimens, where Pn of 

the steel wire was 39.5 kN, Pn of the carbon fiber 

substrate was 62.2 kN, and Pn of the fiberglass 

reinforcement substrate was 17.2 kN. 

Anchorage 

Tension pedestal Jack 

Conector 

FBG sensor 

Specimen 

Anchorage

 
Fig. 4 Schematic diagram of the tensioning pedestal. 

Linear fitting was achieved with variations of the 

FBG central wavelength BλΔ  as the ordinate and 

the strain of the specimen as the abscissa. The 

carbon fiber substrate was taken as an example 

which is shown in Fig. 6. For the strain of specimen  

m
F

EAε = , F is the tensioning stress, E is the elastic 

modulus of a specimen, and A is the cross-sectional 

area of the specimen. As shown in Fig. 7, the fitting 

of Groups A and B almost coincides with each other, 

which suggests that the use of the preloading 

technique and non-preloading technique has no 

impact on the strain sensitivity coefficients of the 

FBG coupled with substrates. 
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Fig. 5 Pretension profile of the specimens. 
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Fig. 6 Pretension profile of the specimens. 

The theoretical strain sensitivity coefficients of 

the FBG embedded onto substrates can be simulated 

as 
(1 )M e BK Pε λ− = − .          (8) 

The experimentally observed (test data) and 

theoretical values are comparatively listed in   

Table 4. 
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Fig. 7 FBG strain sensitivity coefficient 
MKε −  of the carbon fiber substrate: (a) FBGCFRP-A1-S, FBGCFRP-B1-S, (b) FBGCFRP-A2-S, 

FBGCFRP-B2-S, and (c) FBGCFRP-A3-S, FBGCFRP-B3-S. 

Table 4 Comparison between experimental and theoretical values of the strain sensitivity coefficient MKε − . 

FBG number 
Experimental value  

MKε −  ( 310 nm / με−× ) 
MKε −  calculated by (8) 

( 310 nm / με−× ) 
Error rate between experimental and 

theoretical values (%) 

FBGSW-A1-S 

FBGSW-B1-S 

FBGSW-A2-S 

FBGSW-B2-S 

FBGSW-A3-S 

FBGSW-B3-S 

FBGCFRP-A1-S 

FBGCFRP-B1-S 

FBGCFRP-A2-S 

FBGCFRP-B2-S 

FBGCFRP-A3-S 

FBGCFRP-B3-S 

FBGFGRP-A1-S 

FBGFGRP-B1-S 

FBGFGRP-A2-S 

FBGFGRP-B2-S 

FBGFGRP-A3-S 

FBGFGRP-B3-S 

1.201 

1.200 

1.199 

1.198 

1.197 

1.210 

1.191 

1.200 

1.205 

1.210 

1.199 

1.205 

1.190 

1.194 

1.211 

1.199 

1.215 

1.210 

1.195 

1.195 

1.201 

1.201 

1.207 

1.207 

1.195 

1.195 

1.201 

1.201 

1.207 

1.207 

1.195 

1.195 

1.201 

1.201 

1.207 

1.207 

0.502 

0.418 

–0.167 

–0.250 

–0.829 

0.249 

–0.335 

0.418 

0.333 

0.749 

–0.663 

–0.331 

–0.418 

–0.084 

0.833 

–0.167 

0.663 

0.249 

Notes: Strain sensitivity coefficients of the temperature compensation FBG were not required in this test, so only the strain sensitivity coefficients of the strain 
FBG were measured. 
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The comparative analysis of the data in Table 4 
leads us to predict that the test and theoretical values 
of the FBG sensor strain sensitivity coefficients 

MKε −  in these three substrates have similar results 
with an error rate of less than 1%. It showed that the 
embedded preloading process could realize the 
synchronous strain between the substrate material 
and the optical fiber. This result was consistent with 
that of our previous work where the strain transfer 
rate could reach 0.978 [26]. The CTE of the 
substrate materials and preloading technique did not 
affect  MKε − . According to the theoretical formula 

(1 )M e BK Pε λ− = − , the strain sensitivity coefficients 
were due to the FBG, which was only related to its 
elastic-optical coefficient and initial central 
wavelength. 

4. Temperature compensation test 

4.1 Test device 

In order to perform a test in the designed device, 

the substrates coupled with the FBG strain sensors 

were loaded through prestressing tensioning pedestal 

and four alcohol lamps were used for uniform 

heating in the glass tube where the strain grating was 

located. One of the alcohol lamps was used for 

heating in the glass tube where the temperature 

compensation grating was located so that the two 

gratings could be synchronously heated. An 

electronic thermometer with an accuracy of 0.1 ℃ 

was inserted into the end of the glass tube and sealed 

with the sealant. A schematic diagram of the 

temperature compensation test device is shown in 

Fig. 8. The FBG between the tensioning pedestals 

was the strain FBG which was affected by both 

strain and temperature variations, while the FBG 

outside the anchorage was the temperature 

compensation FBG sensor, which was only affected 

by temperature. 

Liffting jack

Coupling FBG member Strain FBG Quartz glass tube Water

Anchorage

Quartz glass tube

Temperature compensation FBG

Pressure sensor

Tensioning pedestal

 

Fig. 8 Schematic diagram of temperature compensation test device. 

The data of the test specimen are listed in Table 

2. The substrate materials embedded with the FBG 

were put through the tensioning pedestal and quartz 

glass tube with the strain FBG between the two 

anchorages. Besides, the temperature compensated 

FBG was embedded with the substrate material 

which was the same as the substrate material 

embedded with the strain FBG and the substrate 

material embedded with the temperature 

compensated FBG outside the anchored ends, 

namely temperature compensation with one free end, 

as shown in Fig. 8. The specimen was anchored by 

the anchorage on the tensioning pedestal. The glass 

tube filled with water was sealed from two ends and 

the temperature change during heating was recorded 

by the temperature gauge. The initial temperature 

was 30 ℃ which was increased to 100 ℃  with 

10 ℃ per step under a certain tensioning sustaining 

load. The strain FBG and temperature compensation 

sensors were collected when the temperature at each 

step remained stable. The tensioning anchoring 

stress was 0.3 Pn (Pn was the ultimate load-carrying 

capacity of the specimen). The test device is shown 

in Fig. 9. 
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Fig. 9 Test device. 

The linear fitting has been achieved from the 

data of temperature compensation FBG sensors 

along with variations of the central wavelength of 

the temperature compensation FBG BλΔ  as the 

ordinate and temperature T as the abscissa. The 

resulting temperature sensitivity coefficients 

T M CK - -  of the temperature compensation FBG are 

compared with those of specimens with two free 

ends, and the data are shown in Table 5. 

Table 5 Comparison of experimental data ( T M CK - - and T MK - ) for one free end and two free ends. 

FBG number T M CK − −  

experimental value (×10–2 nm/℃) 
T MK −  experimental value 

(×10–2 nm/℃) 

Error of temperature sensitivity coefficient 
of one end free T M CK − −  and two ends   

free T MK −  (%) 

FBGSW-A1-C 

FBGSW-B1-C 

FBGSW-A2-C 

FBGSW-B2-C 

FBGSW-A3-C 

FBGSW-B3-C 

FBGCFRP-A1-C 

FBGCFRP-B1-C 

FBGCFRP-A2-C 

FBGCFRP-B2-C 

FBGCFRP-A3-C 

FBGCFRP-B3-C 

FBGFGRP-A1-C 

FBGFGRP-B1-C 

FBGFGRP-A2-C 

FBGFGRP-B2-C 

FBGFGRP-A3-C 

FBGFGRP-B3-C 

2.444 

2.457 

2.450 

2.477 

2.459 

2.438 

1.852 

1.865 

1.867 

1.875 

1.890 

1.875 

1.634 

1.635 

1.616 

1.628 

1.652 

1.643 

2.450 

2.446 

2.441 

2.464 

2.462 

2.445 

1.865 

1.870 

1.876 

1.869 

1.879 

1.888 

1.620 

1.625 

1.626 

1.631 

1.642 

1.633 

0.25 

0.45 

0.37 

0.52 

–0.12 

–0.29 

0.70 

–0.27 

–0.48 

0.32 

0.58 

–0.69 

0.86 

0.61 

–0.62 

–0.18 

0.61 

0.61 

As can be analyzed from the data of Table 5, 

temperature sensitivity coefficients of the 

temperature compensation FBG sensor in two states 

are almost the same, with an error rate of less than 

1%. This indicates that the end restraint does not 

affect the temperature sensitivity coefficients of 

FBG sensors. 

Temperature sensitivity coefficients T M CK − −  of 

the temperature compensation FBG sensor, 

temperature sensitivity coefficients T M SK − − , strain 

sensitivity coefficients M SKε − − of the strain 

FBG(data in Tables 3 and 4 adopted), and the 

variations of the central wavelength of the 

temperature compensation FBG and the strain FBG 

CλΔ  and SλΔ  were recorded. These were 

monitored along with an increase in the temperature 

per step, using (7), and the strain ( ε ) of the 

specimen was calculated. The strain was taken as the 

ordinate, and the temperature was taken as the 

abscissa. The comparative strain values, measured 

by the electronic dynamometer using (7)       

with the strain values obtained after the  

temperature compensation are shown in        

Fig. 10. 
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(a3)                               (b3)                                 (c3) 

Fig. 10 Comparison between the strain value obtained after temperature compensation of the corresponding variable grating and the 
strain value measured by the electronic dynamometer: (a1) FBGGS-A1 and FBGGS-B1, (a2) FBGGS-A2 and FBGGS-B2, (a3) FBGGS-A3 and 
FBGGS-B3, (b1) FBGCFRP-A1 and FBGCFRP-B1, (b2) FBGCFRP-A2 and FBGCFRP-B2, (b3) FBGCFRP-A3 and FBGCFRP-B3, (c1) FBGFGRP-A1 and 
FBGFGRP-B1, (c2) FBGFGRP-A2 and FBGFGRP-B2, and (c3) FBGFGRP-A3 and FBGFGRP-B3. 

Note: the optical fiber in the figure is the strain value measured by the embedded fiber grating, and the electronic dynamometer is the strain value measured 
by the electronic dynamometer. 

As shown in Fig. 10, the temperature variations 

have a negative correlation along with the variations 

of the strain. The higher the temperature is, the 

smaller the tensioning strain is. The reason behind 

this is that the higher temperature leads to an 

increase in the strain, thus reducing the tensioning 

strain. This statement is also consistent with an 

actual decrease in the anchoring strain of the bridge 

cable with an increase in the temperature. In Fig. 10, 

the strain value was calculated from (7) which was 

measured by a pressure sensor. This showed the 

maximum difference of 2.65με  with an error rate 

of less than 1%. So, this could be almost ignored in 

the actual engineering. It was proven that this 
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method of the temperature compensation had a high 

accuracy. 

Considering one substrate, different FBG central 

wavelengths had nearly no effect on the monitored 

result or temperature compensation as can be seen in 

Fig. 10. For the specimens in Groups A and B with 

the same FBG central wavelength, their fitting 

curves were almost overlapped. This overlap 

suggested that the preloading and non-preloading 

coupling techniques had no impact on the 

performance of the temperature compensation. 

Stressing states of different substrate materials 

are compared in Fig. 11. The larger the expansion 

coefficient of substrate materials is, the faster the 

reduction of the tensioning stress will be along with 

an increase in the temperature. 
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  (c) 

Fig. 11 Comparison of stress monitoring after the FBG temperature compensation of different substrate materials: (a) 1 532 nm,   
(b) 1 540 nm, and (c) 1 548 nm.

In terms of Fig. 11, the fitting curves of stress 

data were measured by the FBG and gained from the 

pressure sensor almost overlapped, as can be seen in 

Fig. 11. This indicated the high accuracy of (7) for 

monitoring the FBG strain, caused by the 

temperature compensation. 

5. Conclusions 

In this paper, comprehensive theoretical and 

experimental studies have been conducted on the 

strain-temperature cross-sensitivity of the FBG 

strain sensors on different substrates. A series of 

cross-sensitivity tests were designed, and the tests 

were systematically performed based on the 

temperature compensation reference grating method. 

This laid a foundation for engineering applications 

in strain monitoring of components, embedded with 

the FBG sensors. The main points of this work were 
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as follows: 

(1) Using the temperature compensation grating 

method, the strain-temperature cross-sensitivity 

problem of the FBG strain sensor was theoretically 

studied and the theoretical formula of the 

temperature compensation was derived. In the 

experimental test, the fitting of the stress value was 

calculated as the formula and measured by a 

pressure sensor. These were almost overlapped 

which suggested the high accuracy of this 

temperature compensation method. 

(2) In the case of the temperature compensation 

FBG or strain FBG, both the theoretical and 

experimental data of temperature sensitivity 

coefficients and strain sensitivity coefficients had 

some errors. In order to consider the actual 

engineering aspects, the sensitivity coefficients 

should be measured by the calibration method 

instead of directly using the theoretical values. 

(3) When the FBG sensors were coupled with 

different substrates, their temperature sensitivity 

coefficients were quite different from those of the 

bare FBG, which were directly related to the CTEs 

of substrates. Therefore, when the temperature 

compensation reference grating method was applied, 

the temperature compensation FBG should be 

coupled with the same substrate material with 

monitoring strain FBG and then calibrated together. 

Rather than the temperature sensitivity, the 

coefficients of the bare FBG or FBG with different 

substrate materials were adopted. 

(4) Three different kinds of FBG central 

wavelengths had almost no impact on the monitored 

result and temperature compensation. So, the 

temperature compensation FBG could be used with 

a central wavelength similar to that of monitoring 

strain FBG. 

(5) While considering the temperature 

compensation FBG with one or two free ends in the 

specimens test, their temperature sensitivity 

coefficients were almost the same. So, the 

temperature compensation FBG could be set on the 

end outside the anchoring part of members in 

engineering applications. And the temperature 

compensation FBG had the same substrate material, 

but both should have a similar variation field of 

temperature. 

(6) The preloading and non-preloading 

techniques had almost no impact on the temperature 

compensation. The FBG monitoring range was 

sufficient for the temperature variations of –50 ℃ 

and 100 ℃. So, to simplify the technique process, 

the preloading technique was not required in the 

temperature compensation FBG. 
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