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In order to evaluate the health status of continuous welded rail accurately, a deduction on the FBG sensing principle has been
made with regard to the temperature variation of test specimens under different constraint conditions. A long seamless rail testing
solution and its on-site application are designed based on this deduction. According to the verification experiments of sensing
principle inside, the effect of the reference temperature on the FBG temperature and strain sensitivity coefficient within −30∘ C∼30∘ C
is not higher than 0.05%; the maximum relative error of single point between the tested and theoretical results of test specimen
under constrained condition is 3.2%; and the maximum relative error of slopes of fitted straight lines based on the tested and
theoretical results within the entire test temperature range is 2.3%, verifying the deduced FBG sensing principle with regard to the
test specimen under constrained condition. The maximum error of the longitudinal temperature force between the on-site tested
results and calculated results in long seamless rails is only 6.1 kN, the corresponding rail temperature variation is 0.3∘ C, and the
accumulated error is controllable within 5%.

1. Introduction
Continuous welded rail (CWR) is an important symbol
of railroad track modernization and has been developed
widely in the world because of its advantages such as higher
traveling stability, longer rail service life, noise and vibration
reduction, low maintenance load, and energy consumption
[1–3]. At present, the total length of CWR in the world has
reached up to 500,000 km, accounting for 1/3 of the total
mileage of railway lines. Accurately obtaining real-time quality information about CWR and ensuring its excellent service
have become a new technical problem for the international
railway industry, and the dynamic variation of longitudinal
temperature force aggregated inside long seamless rails is
the key issue [4, 5]. Since the 1930s, many researchers have
been developing many techniques to try measuring the
longitudinal temperature force of rails [6–11]. The resistance
strain gauge, applied early and developed maturely, has been

widely used as a strain method for testing the longitudinal
temperature force in long seamless rails [12, 13]. However, it is
liable to be affected by the complicated railway transportation
environment and therefore cannot satisfy the requirements of
long-term service. The introduction of Fiber Bragg Grating
(FBG) provides a new approach for testing the longitudinal
temperature force in long seamless rails for researchers.
Since Morey et al. researched the fiber grating strain
and temperature sensor for the first time in 1989 [14], many
researchers were attracted to performed wide application
research considering its dominance such as independence
from electromagnetic interference and light intensity fluctuation of light paths, as well as its advantages of specific
wavelength coding and distributed sensing. The fiber grating
technology has been developed rapidly within just over 20
years in the sensing field and applied successfully in many
fields such as aerospace, civil engineering, composite materials, and the petrochemical industry [15–20]. At present, fiber
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grating has also met great success in railway construction;
however its application is mainly limited to dynamic traintrack interaction measurements [21]. For example, Wei et
al. established an axle counting system with FBG sensors
based on the theoretical analysis of the effect of trains on rail
deformation and gave creditability validation of the system
through on-site tests [22, 23]. Lai et al., with reference to
the fast response of optical systems, established a system
for monitoring the real-time vehicle operation through FBG
sensors. This system can be used to quickly detect faults
such as wheel defects and the offset load of trains [24].
Roveri et al. also used the same principle to design a FBG
sensor array system for the real monitoring of railway track
and train wheel which could estimate the wear of rail and
wheel, key traffic parameters, and so on [25]. Buggy et al.
monitored the strain of railway track components with arrays
of FBG sensors during trains passing through to identify
the features of the components [26]. Lee et al. researched
the dynamic wheel-track interaction using FBG sensors for
monitoring traveling trains to evaluate the possibility of
derailment and performed relevant on-site tests successfully
[27]. Schröder et al. presented an approach which could
monitor the contact force between the catenary and current
collector by FBG sensors [28, 29]. Catalano et al. proposed an
intrusion detection system made up of FBG sensors to protect
the rail-tracks from physical barriers [30]. Chapeleau et al.
applied the FBG sensors during the fatigue test of ballastless
track structure and the results show that cracks can be
detected and localized by FBG sensors [31]. Many researchers
in the world have also made deep studies in testing the
longitudinal force of rails with FBG sensors. For example,
Yoon et al., with the Brillouin optical correlation domain
analysis, tested the longitudinal strain of rails under a certain
vertical dynamic load. The testing accuracy can reach up to
±15 𝜇𝜀 [32]. Wang et al. measured the additional contractility
caused by the track-bridge interaction and its distribution of
CWR on viaducts with FBG sensors [33]. However, since the
additional contractility was always affected by factors such
as resistance of track and temperature variation of bridge
and rail, the true value was hard to obtain, and therefore no
corresponding contrast was made in the test. These studies
are unable to solve the problem of testing the longitudinal
temperature force in long seamless rails effectively and no
effort based on the sensing of FBG has been made to verify
the scientific basis and effectiveness of testing longitudinal
rail temperature force using FBG strain sensors in existing
studies. Therefore the reasonableness of the tested results is
still in dispute.
Hence, in this paper, with reference to the temperaturestrain cross sensitivity of the fiber grating, the FBG sensing
principle of the test specimen under different constraint
conditions is obtained by theoretical derivation and verified
through indoor tests. Thus the effectiveness of FBG for testing
the longitudinal temperature force in long rails is also proven.
Then, based on the FBG sensing principle of the test specimen
under different constraint conditions, the long seamless rail
testing solution and its on-site application are designed. The
test is a success. This paper aims to ascertain the principle of
using FBG sensors to test the longitudinal temperature force
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in rails and lay a stable foundation for further application of
FBG in railway construction.

2. FBG Sensing Principle in Testing
Longitudinal Temperature Force of Rails
The long seamless rails of railway lines cannot contract or
expand freely along the direction of the line when temperature changes due to the constraint of fasteners, and therefore
a certain degree of longitudinal force can be generated in
them, which is called the longitudinal temperature force of
long seamless rails. In the vertical direction, only part of
the rail bottom is supported by the substructure; the free
deformation of rail section is allowed when the temperature
changes; see Figure 1. The FBG sensing principle with regard
to the specimens tested under free or constrained conditions
simulating the two different above-mentioned constraint
states of long seamless rails can be deduced.
2.1. Sensing Principle of Fiber Grating. Fiber grating means
the singularity generated by the projection spectrum and
reflection spectrum causing a special wavelength to undergo
mode coupling that is caused by the change of fiber wave
guide conditions in consequence of the periodic change of
the core refractive index. According to the mode-coupling
theory, the central wavelength of reflection spectrum of the
fiber grating is [34]
𝜆 = 2𝑛eff Λ,

(1)

where 𝜆 refers to the central wavelength of the fiber grating,
𝑛eff refers to the effective refractive index of the core, and
Λ refers to the fiber grating period. Therefore all factors
affecting the fiber grating period and effective refractive index
will cause a shift of central wavelength of the fiber grating. The
most direct affecting factors are strain and temperature, and
the relative central wavelength shift of the fiber grating caused
by them is
Δ𝜆
= 𝐾𝜀 Δ𝜀 + 𝐾𝑇 Δ𝑇,
𝜆

(2)

where Δ𝜆 refers to the variation of the central wavelength
relative to reference point of the central wavelength 𝜆; 𝐾𝜀 and
𝐾𝑇 refer to the strain and temperature sensitivity coefficients
of the fiber grating, respectively. The temperature sensitivity
coefficient of the fiber grating is mainly determined by the
thermooptic coefficient 𝜁 of the fiber grating and the thermal
expansion coefficient 𝛼 of the optical cable; that is, 𝐾𝑇 = 𝜁+𝛼.
Δ𝑇 refers to the temperature variation of the fiber grating. Δ𝜀
refers to the axial strain variation caused by a defined external
force. Formula (2) also expresses the temperature-strain cross
sensitivity of the fiber grating.
2.2. Unconstrained Test Specimen. When the direction of the
specimen to be tested is unconstrained, the FBG sensing
principle is the same as that of its temperature sensitization
encapsulation; see Figure 2.
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2.3. Constrained Test Specimen. When the direction of the
specimen to be tested is constrained, the test specimen can
be considered as the superposition of the two conditions as
shown in Figure 3 (a and b) based on the equivalent load
and strain, where 𝐸 refers to Young’s modulus of the test
specimen. State (a) is the same as that of the unconstrained
test specimen, and the relative variation of the corresponding
central wavelength can be calculated with reference to Formula (4). For State (b), the fiber grating is used under an even
axial strain and at this time the relative variation of the central
wavelength is

Partial support

Longitudinal constraint

Δ𝜆
= 𝐾𝜀 𝜀 = −𝐾𝜀 𝛼𝑠 Δ𝑇.
𝜆

Figure 1: Constraint conditions of CWR.

The FBG sensing principle with regard to specimens tested
under constraint conditions can be concluded based on States
(a) and (b):

FBG
ΔT

Test specimen

(5)

Optical cable

Free state

Figure 2: Unconstrained test specimen.

(3a)

𝑑Λ
(3b)
= 𝛼𝑠 Δ𝑇.
Λ
According to theories of photoelastic effect, waveguide effect,
and thermooptic effect, differential form of the effective
refractive index is
𝜕𝑛
𝜕𝑛
𝜕𝑛
(3c)
𝑑𝑛eff = eff Δ𝐿 + eff Δ𝑎 + eff Δ𝑇.
𝜕𝐿
𝜕𝑎
𝜕𝑇
The waveguide effect has little impact on the sensitivity
coefficients of fiber grating, so the second item of Formula
(3c) can be ignored. Then Formula (3c) can be written as
𝜕𝑛
𝑑𝑛eff
1 𝜕𝑛eff
=
(
Δ𝐿 + eff Δ𝑇) = −𝑃𝑒 𝜀 + 𝜁Δ𝑇
𝑛eff
𝑛eff 𝜕𝐿
𝜕𝑇

(3d)

= −𝑃𝑒 (𝛼𝑠 − 𝛼) Δ𝑇 + 𝜁Δ𝑇,
where 𝛼𝑠 refers to the thermal expansion coefficient of the
test specimen, for metallic materials, 𝛼𝑠 > 𝛼; 𝑃𝑒 refers
to the effective elastooptical coefficient; Δ𝐿 and Δ𝑎 refer
to the change of longitudinal length and diameter of the
optical cable, respectively. Substitute Formulas (3a), (3b),
(3c), and (3d) into the total differential equation of the fiber
grating resonance equation and suppose that the FBG strain
sensitivity coefficient is expressed as 𝐾𝜀 = 1 − 𝑃𝑒 ; then the
FBG sensing principle under this state can be obtained as
Δ𝜆
= 𝐾𝜀 (𝛼𝑠 − 𝛼) Δ𝑇 + (𝜁 + 𝛼) Δ𝑇
𝜆

(6)

= −𝐾𝜀 𝛼Δ𝑇 + 𝐾𝑇 Δ𝑇.

When the temperature of the test specimen changes as
Δ𝑇, for FBG,
𝜀 = (𝛼𝑠 − 𝛼) Δ𝑇,

Δ𝜆
= [𝐾𝜀 (𝛼𝑠 − 𝛼) + 𝐾𝑇 ] Δ𝑇 − 𝐾𝜀 𝛼𝑠 Δ𝑇
𝜆

(4)

= [𝐾𝜀 (𝛼𝑠 − 𝛼) + 𝐾𝑇 ] Δ𝑇.
From Formula (4), since 𝛼𝑠 > 𝛼, then 𝐾𝜀 (𝛼𝑠 − 𝛼) > 0; thus the
FBG temperature sensitivity coefficient can be enhanced.

It can be seen from Formula (6) that the relative variation of the corresponding central FBG wavelength will be
independent of the thermal expansion coefficient of the
test specimen when the test direction of the specimen is
constrained and the temperature changes, and the FBG will
not emit its temperature strain but it will be reflected in the
sensing principle in the form of compressive strain due to the
constrained test specimen.

3. Indoor Test
In order to verify the correctness of the FBG sensing principle
when the test specimen is constrained, an indoor test is
designed. From Formula (6), it can be seen that the FBG
temperature and strain sensitivity coefficients should be
obtained first. Therefore a test plan covering how to obtain the
FBG temperature and strain sensitivity coefficients involved
in the sensing principle should be laid for the purpose of
verifying Formula (6).
3.1. Test Plan. The test plan laid according to the experimental purpose is shown in the following.
Step 1. Put the FBG freely into a TCB (temperature control
box), gradually adjust the temperature inside the TCB to
change the temperature of the FBG, and test the central
wavelength of the FBG when the temperature at each step
stabilizes. The temperature sensitivity coefficient of the FBG
can be obtained based on the tested results and Formula (2).
Step 2. Attach the FBG from Step 1 to the test specimen, place
them freely into the TCB, gradually adjust the temperature
inside the box to change the temperature of the test specimen,
and test the central wavelength of the sensor after the
temperature of the specimen stabilizes. The strain sensitivity
coefficient of the FBG can be obtained based on the sensing
principle of Formula (4) and the tested results of Step 1.
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(a)
ΔT

FBG
Test specimen
ΔT
Constrained state

=

Free state
+

𝜎 = E𝛼s ΔT

(b)

Figure 3: Constrained test specimen.

Step 3. Put the test specimen with FBG attached as mentioned in Step 2 on the loading platform of a universal testing
machine and then put them into the TCB.
Step 4. Adjust the temperature inside the box to a low level
(the controlled temperature during the test is −30∘ C). After
the temperature of the test specimen stabilizes, adjust the
universal testing machine to exert a low initial force on the
specimen along the direction of FBG and then keep the
displacement of the loading device unchangeable during the
whole test.
Step 5. Adjust the temperature inside the box step by step,
and after the temperature of the test specimen stabilizes,
test the central wavelength corresponding to FBG and the
corresponding pressure of the universal testing machine.
Perform a contrast verification for the theory and tested
results according to the datum from Steps 3, 4, and 5 as well
as the FBG temperature and sensitivity coefficients obtained
from Steps 1 and 2 and Formulas (6) and (4).
3.2. Test Apparatus. Considering that the FBG is prone to
distributed sensing, two FBGs with central wavelengths of
1551 nm (sensor A) and 1563 nm (sensor B) are connected in
series on a piece of optical cable for the test. For common
optical cables, the thermal expansion coefficient 𝛼 is (5.45 ±
0.05) × 10−7 /∘ C, while for the theoretical analysis, 5.5 ×
10−7 /∘ C is used [34–37].
The test specimen is a size-reduced rail model. Young’s
modulus 𝐸, thermal expansion coefficient 𝛼𝑠 , and Poisson’s
ratio 𝜇 of the material are 2.1 × 1011 Pa, 1.18 × 10−5 /∘ C, and
0.3, respectively. The sectional area 𝐴 𝑠 of the rail model in
the direction to be tested is 10.76 × 10−4 m2 .
The central wavelength of the FBG is tested with a
single channel sm130 optical sensing interrogator. The testing
accuracy is 1 pm. The allowed temperature variation range of
the TCB used in the test is −70∘ C∼180∘ C. The temperature
control accuracy is ±0.5∘ C. The temperature range selected
in the test is −30∘ C∼+30∘ C. The variation at each step is 10∘ C.
The maximum range and accuracy of the universal testing
machine in the test are 50 kN and 0.1 N, respectively.
3.3. Test Process and Results. The test is performed according
to the above plan. Figure 4 shows the whole process of the
indoor test and the relevant test apparatus.

Figure 5 shows the direct tested results from Step 1, where
some time used to change the temperature is excluded in the
abscissa. The range of temperature during the test is −30∘ C∼
+30∘ C.
It is clear from the results shown in Figure 5 that the
wavelengths of both sensors increase gradually as the temperature rises, and both the central wavelength variations of the
two sensors corresponding to two consecutive temperature
steps are about 8.8 pm, indicating that the central wavelength
variation has a good linear relation with the temperature
variation. After the temperature at each step stabilizes, the
central wavelengths of the sensors will fluctuate slightly
since they are constrained by the accuracy of the TCB and
interrogator. The least square method can be adopted to treat
the wavelength data at each temperature step and thus the
errors caused by fluctuation of tested data can be greatly
reduced, and at the same time further treatment of the data
can be accomplished easily.
Figure 6, based on the data treatment shown in Figure 5,
shows the relationship curve between the relative shift of the
central wavelength (calculated when the central wavelength
corresponding to the FBG is selected as the reference point
under −30∘ C) and the temperature variation of sensors. From
the fitting results, the relative shifts of both sensors used in
the test have a strong linear relation with the temperature
variation. All the coefficients of determination (𝑅2 ) of fitted
straight lines are higher than 0.998, and the slopes of the
corresponding fitted straight lines are 5.626 × 10−6 and 5.647
× 10−6 , respectively. According to Formula (2), the slopes
of the fitted straight lines under the conditions of Step 1
are the temperature sensitivity coefficient 𝐾𝑇 of the sensors.
In addition, when results under different temperatures are
selected as the reference points, the fitted straight slopes will
differ to a certain extent; see Table 1.
It is clear from the results in Table 1 that all values of
𝑅2 corresponding to the fitted straight lines with test results
at different temperatures as reference points are higher than
0.998, indicating that their linearity is good. The slopes of
the fitted straight lines differ to a certain extent; however
the discrepancy is slight, with a relative variation less than
0.05%, and therefore the effect of reference points on fitted
slopes can be ignored in engineering applications. In order
to standardize the indoor tests, the test result under −30∘ C is
selected as the reference point.
Figure 7 shows the direct tested result from Step 2.
Figure 8, based on the process data shown in Figure 7,
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(a) Step 1 (−30∘ C)

(b) Step 2 (30∘ C)

(c) Step 3∼5 (30∘ C)

(d) Test apparatus

Figure 4: Test process and apparatus.
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Figure 5: Tested result from Step 1.

shows the relationship between the relative shifts of the
central wavelength (calculated when the central wavelength
corresponding to the sensor is selected as the reference point
under −30∘ C) and the temperature variation of the sensors.
In Figure 7, the wavelength variation is almost the same
as that shown in Figure 5; however the fluctuation amplitude
of wavelength corresponding to each step is lower compared
with that shown in Figure 5, due to the fact that the FBG sensors are attached to the rail the volume of which is relatively
large and the TCB accuracy has little effect on it. The central

10

kA = 5.626 × 10−6

7

0
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ΔT (∘ C)

Sensor_A test point
Sensor_A fitted
straight line

∘
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Sensor A

Ref. point temp./∘ C

40
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0
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Sensor_B Δ𝜆/𝜆 (×10−6 )

35

Table 1: Slopes of fitted straight lines corresponding to different
reference points.

−10

Sensor_B test point
Sensor_B fitted
straight line

Figure 6: Fitting results.

wavelength variations of the two sensors corresponding to
two consecutive temperature steps are 20.7 pm and 22.3 pm,
respectively, about 2.3–2.5 times that of the corresponding
variation results shown in Figure 5. This is also the reason
for achieving enhanced FBG temperature sensitivity through
FBG-metal encapsulation.
From the fitting results shown in Figure 8, when two
sensors are attached to a piece of unconstrained test rail,
the linearity between the relative shift of the corresponding
central wavelength and the temperature variation is better
than that corresponding to the unconstrained bare grating.
The slopes of fitted straight line corresponding to the two
sensors are 1.338 × 10−5 and 1.430 × 10−5 , respectively.
According to Formula (4), the corresponding result of the
slope is 𝐾𝜀 (𝛼𝑠 − 𝛼) + 𝐾𝑇 .
The strain sensitivity coefficient of FBG can be obtained
based on Formulas (2) and (4):
𝐾𝜀 =

(𝑘2 − 𝑘1 )
,
(𝛼𝑠 − 𝛼)

(7)

where 𝑘1 and 𝑘2 are the slopes of fitted straight line shown
in Figures 6 and 8, respectively. By substituting the corresponding slopes into Formula (7), the calculated strain
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Figure 8: Fitting results.

Δ𝜆
= [𝐾𝜀 (𝛼𝑠 − 𝛼) + 𝐾𝑇 ] Δ𝑡2 + 𝐾𝜀 (−𝛼Δ𝑡1 ) + 𝐾𝑇 Δ𝑡1 . (8)
𝜆
Based on Figure 10, by taking the corresponding force load
and sensor wavelength at −30∘ C as the reference point, the
relation between the relative shift of the central wavelength
and the temperature variation can be obtained; see the black
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Figure 9: Force load curve.
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sensitivity coefficients of the two sensors are 0.686 and 0.769,
respectively.
In Step 5, the displacement of the loading device has been
set as unchangeable, and therefore along with the temperature
rise of the TCB, the force load of the universal testing machine
will also increase since the above-mentioned longitudinal
temperature force in long seamless rails will be generated.
Figure 9 shows the load variation of the universal testing
machine during the test. For the tested wavelengths of the two
FBGs, see Figure 10.
From the force load shown in Figure 9, it can be seen
that the corresponding increased force loads of the test
rail are different when the temperature rises by 10∘ C each
time and the force load variation at each step is different
from that calculated according to the material mechanics
formula [𝐸𝛼𝑠 𝐴 𝑠 Δ𝑇] to a certain extent. Even though the
displacement of the loading device does not change during
the test, constraint of the test specimen in the test direction
is incomplete since part of the loading device is in the TCB
and the contact positions have inevitable gaps. Hence, in the
test the rail is under both constrained and free states. The
constrained and emitted temperature forces can be calculated
according to the temperature inside the TCB and the force
load variation.
Suppose that the force load variation of the universal
testing machine is Δ𝐹; then the temperature variation corresponding to the constrained rail is Δ𝑡1 = Δ𝐹/𝐸𝛼𝑠 𝐴 𝑠 ;
the temperature variation corresponding to the emitted
longitudinal force of the rail is Δ𝑡2 = Δ𝑇 − Δ𝑡1 ; then the
calculated relative shift of the central wavelength for the FBG,
according to the sensing principles of Formulas (4) and (6),
will be
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Table 2: Comparison between the slopes of fitted straight lines.

Slope of line based on measured
value/∘ C−1

Sensor A
Slope of line based on theoretical
value/∘ C−1

1.252 × 10−5

Sensor B
Slope of line based on measured
Slope of line based on
value/∘ C−1
theoretical value/∘ C−1

1.233 × 10−5

1.348 × 10−5
1.317 × 10−5
Relative error of two slopes
2.3%

Relative error of two slopes
1.5%
×10−4
8.0

×10−4
9.0
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(a) Sensor A

(b) Sensor B

Figure 11: Comparison between measured and theoretical values.

points shown in Figure 11. The theoretical results can be
calculated by substituting the load shown in Figure 9 as well
as the sensing strain and temperature sensitivity coefficients
into the sensing principle Formula (8); see the red points
shown in Figure 11. Figure 11(a) shows the comparative results
of sensor A. Figure 11(b) shows the comparative results of
sensor B.
In view of the comparative results shown in Figure 11, as a
whole, the measured and theoretical values of the two sensors
are almost the same. For sensor A, the maximum relative
error of all points is 1.6%, while for sensor B, the relative error
is a little bit higher at 3.2%. Some of these errors are caused by
inaccurately determined parameter values. Table 2 shows the
comparison between the slopes of fitted straight lines based
on the measured and theoretical values shown in Figure 11.
It can be seen from the comparative results shown in
Table 2 that the differences between the slopes of straight lines
obtained through measured value and theoretical value corresponding to the two sensors are almost the same, too. For
sensor A the slope error is only 1.5%, while for sensor B, the
slope error is a little bit higher at 2.3%, which also indicates
clearly that both the measured values and theoretical values
match ideally within the whole test temperature range.
Generally, the results obtained from the above test show
the obvious effect of the specimen tested under different
constraint states on the FBG sensing principle and prove the

correctness of the FBG sensing principle when the specimen
is tested under constraint. Therefore, the longitudinal temperature force of long seamless rails can be tested effectively
based on the FBG sensing principle obtained when the
specimen is tested under different constraint states.

4. On-Site Applications
4.1. Long Seamless Rail Testing Plan and Sensor Output.
Based on the method for testing the longitudinal force
of long seamless rails with resistance strain gauges [13],
the longitudinal force can be obtained through testing the
longitudinal and vertical sensor outputs of the corresponding
rail web at the neutral axis of a piece of rail. This testing
method can be adopted to determine the relative positional
relationship between the FBG sensors and rail; see Figure 12.
The relative variation of the central wavelength corresponding to sensors in two directions can be calculated based
on the FBG sensing principle Formulas (4) and (6) obtained
under different constraint conditions:
Δ𝜆 1
= 𝐾𝜀1 [𝜇𝛼𝑠 Δ𝑡 + (𝛼𝑠 − 𝛼) Δ𝑡] + 𝐾𝑇1 Δ𝑡,
𝜆1
Δ𝜆 2
= −𝐾𝜀2 𝛼Δ𝑡 + 𝐾𝑇2 Δ𝑡.
𝜆2

(9)
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Figure 13: On-site sensor installation and protective encapsulation.
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Figure 12: Relative positional relationship between sensors and rail.

Suppose 𝐾𝜀2 = 𝑛𝜀 𝐾𝜀1 and 𝐾𝑇2 = 𝑛𝑇 𝐾𝑇1 ; then
(Δ𝜆 1 /𝜆 1 − Δ𝜆 2 /𝜆 2 )
(𝑛 − 1) 𝛼Δ𝑡
= 𝛼𝑠 Δ𝑡 + 𝜀
𝜇+1
𝐾𝜀1 (𝜇 + 1)
𝐾 Δ𝑡 (1 − 𝑛𝑇 )
+ 𝑇1
,
𝐾𝜀1 (𝜇 + 1)

(10)

where 𝛼𝑠 Δ𝑡 refers to the temperature strain that is not emitted
due to the constraint of the long seamless rail. The product
of the temperature strain, Young’s modulus, and sectional
area of rail is the longitudinal temperature force of the long
seamless rail [5]. (𝑛𝜀 − 1)𝛼Δ𝑡/(𝜇 + 1) + 𝐾𝑇1 Δ𝑡(1 − 𝑛𝑇 )/(𝜇 +
1) refers to the error caused by the unequal strain and
temperature sensitivity coefficients of the two sensors. The
difference between temperature sensitivity coefficients of bare
grating sensors is low (the conclusion also obtained according
to the above test), and therefore the effect of the unequal
temperature sensitivity coefficients of the two sensors can be
ignored. The error is mainly caused by the unequal strain
sensitivity coefficients of the two sensors; the relative error
between measured value and theoretical value is
 (𝑛 − 1) 𝛼 

 𝜀




(11)
 (𝜇 + 1) 𝛼  = 0.0358 𝑛𝜀 − 1 .
𝑠

It is obvious that the lower the difference between the strain
sensitivity coefficients of sensors in two directions is, the
lower the relative error will become. If the two sensors of
the above test are used, the corresponding maximum relative
error is only 0.43%, which can satisfy the requirements of
on-site testing. Considering the inequality property, a sensor
with a higher strain sensitivity coefficient, if possible, should
be used for testing the vertical strain at the position shown at
FBG1 in Figure 12, in order to further reduce the relative error.
Under the above conditions, the change of the longitudinal
temperature force of long rails measured with FBG sensor is
obtained from
(Δ𝜆 1 /𝜆 1 − Δ𝜆 2 /𝜆 2 )
,
(12)
Δ𝐹 = 𝐸𝐴𝛼𝑠 Δ𝑡 = 𝐸𝐴
𝐾𝜀1 (𝜇 + 1)
where 𝐴 refers to the sectional area of rails used on-site and
the value is 77.45 × 10−4 m2 .

4.2. On-Site Test Process and Results. A segment of CWR of
one high-speed railway line in China was selected as the test
point area, which is situated in a subgrade section and is far
away from special structural parts such as bridge abutments
and turnouts. It was ensured that this test point was sure in
the fixed area of CWR. The sensors were set according to
Figure 12. The selected sensors were the same as those used
for the indoor test. The one with a higher strain sensitivity
coefficient was installed in the vertical direction, and the
other was installed in the longitudinal direction. Protective
encapsulation was arranged in order to prevent the sensors
from being affected by the surrounding environment of the
railroad; see Figure 13.
In order to verify the correctness of the longitudinal
force in the long seamless rail tested by the FBG sensors,
a rail temperature sensor was set at the test point; thus the
rail temperature variation could be tested and the longitudinal temperature force of the long seamless rail could be
calculated. Figure 14 shows the rail temperature variation
curve as well as the longitudinal temperature force of the rail
calculated based on the corresponding theoretical formula
during the test, where the longitudinal force of the rail is
negative under pressure and positive under tension when the
test is started.
The site test lasted about 16 hours, the maximum rail
temperature variation during the test was 6.3∘ C, and the
corresponding longitudinal force variation of the rail was
120.9 kN. Figure 15 shows the relative variation difference
curve of the central wavelengths corresponding to the vertical
and longitudinal sensors of the test point. The site test
also had many clutter signals due to the accuracy of the
interrogator. The true values can be effectively maintained
and the effect of the clutter, namely, the red curve shown in
the figure, can be removed through the S-G filtering method.
Figure 16 shows the comparison between the longitudinal
temperature force in the long seamless rail tested by the FBG
sensors and the calculated results.
From the comparison shown in Figure 16, though the
longitudinal temperature of the rail tested under different
constraint states matches with the calculated results, a certain
difference still exists, which is caused by several factors. First,
the surface temperature of the rail is uneven. Errors will exist
if the temperature of one point is adopted instead of that of
the whole section, and therefore there is an error between
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In this paper, considering the cross sensitivity of fiber gratings, FBG sensing principles are deduced with reference to
the specimen tested under different constraint conditions,
and the indoor test verification is performed. Based on which,
a solution for testing the longitudinal temperature force of
long seamless rails is designed. The on-site application is
a success. According to the above description, it can be
concluded that
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Figure 15: Relative variation difference curve of the central wavelengths.

the longitudinal temperature force in the long seamless rail
calculated based on the rail temperature variation directly
and the true value. Second, the testing accuracy of the
interrogator, to some extent, can not only affect the strain
sensitivity coefficient of sensors but also cause errors in the
site test, making the longitudinal temperature force in the
rail tested with FBG sensors different from the true values.
Third, the strain and temperature sensitivity coefficients of
the two sensors are different; however errors caused by them
are low. Fourth, some errors might be caused during data
filtering. Generally, the maximum difference value between
them is 6.1 kN, the corresponding rail temperature variation
is 0.3∘ C, the accumulated error during the site measurement
is controllable within 5%, and therefore the engineering
applications requirements can be satisfied.

(1) when the test specimen is constrained and the temperature changes, the relative variation of the corresponding central wavelength will be independent of
the thermal expansion coefficient of the test specimen
and the temperature strain the FBG cannot emit will
be reflected in the sensing principle in the form of
compressive strain due to the constraint of the test
specimen;
(2) the temperature and strain sensitivity coefficients of
the FBG can be calculated based on the test. They
are related to the selected base temperature; however
their effect within −30∘ C∼30∘ C is not higher than
0.05%;
(3) the maximum relative error of single point between
the tested and theoretical results of test specimen
under constrained condition is 3.2%, and the maximum relative error of slopes of fitted straight lines
based on the tested and theoretical results within
the entire test temperature range is 2.3%, verifying
the deduced FBG sensing principle with regard to
specimens tested under constrained condition;
(4) the maximum error between the on-site tested and
calculated longitudinal temperature force results of
long seamless rails is only 6.1 kN, the corresponding
rail temperature variation is 0.3∘ C, and the accumulated error is controllable within 5%. Therefore,
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the requirements of engineering applications can be
satisfied.
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K. Schröder, W. Ecke, M. Kautz, S. Willett, M. Jenzer, and T.
Bosselmann, “An approach to continuous on-site monitoring
of contact forces in current collectors by a fiber optic sensing
system,” Optics and Lasers in Engineering, vol. 51, no. 2, pp. 172–
179, 2013.
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