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Abstract: In recent years, optic-fiber sensors have been required to simultaneously mea-
sure the structure’s crack and environmental temperature in the infrastructure monitoring
system. We proposed and experimentally demonstrated a distributed optic-fiber sensor
based on the Raman loop configuration and fiber loss characteristic for detecting the tem-
perature and structure’s crack. Among them, the Raman loop configuration with reference
fiber is proposed to detect the temperature profile along the sensing fiber. It can eliminate
the influence of external physical perturbation on the temperature measurement results,
and do not require pre-calibration process before measurement. The temperature experi-
mental results show that the temperature accuracy and spatial resolution can reach up to
0.28 °C and 1.2 m with the response time of 1.04 s. In addition, the information of crack is
extracted by using the loss characteristics of Stokes, which is based on optical time domain
reflectometry. The experiment results indicate that the fiber loss coefficient keeps a good
linear variation between the crack ranges of 1.6 mm and 5.6 mm. The studies achieve the
temperature and crack measurement only by one fiber.

Index Terms: Optic-fiber sensors, temperature and crack measurement, loop configuration,
fiber loss.

1. Introduction

Distributed optic-fiber sensors exploit specific optical effects along the sensing fiber to obtain a
spatially distributed physics profile [1]-[3]. It offers unique attributes and capabilities compared with
the conventional discrete sensing methods. With its advantages of no-electromagnetic interference
and long-sensing distance, the distributed fiber-optic sensors have become a research hotspot.
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And the technology based on the fiber-optic sensors have been widely applied in the fields of gas
pipeline, road tunnel and smart grids [4]-[6].

In recent years, the infrastructure monitoring systems such as road tunnels requires optic-fiber
sensors to simultaneously measure temperature and structure’s crack with high-speed [7]-{9]. At
present, the methods for crack and temperature measurement using fiber-optic sensors mainly
include Raman fiber-sensors [10]-[12], Fiber Bragg Grating (FBG) sensors [13]-[15] and Brillouin
fiber-sensors [16]-[19]. Among them, the Raman fiber-sensors are only used for temperature
detection for its temperature sensitive effect [10]. The Raman fiber-sensors are only used for
temperature detection because the Raman scattering is sensitive to temperature only. The FBG
sensors are quasi-distributed sensors with high resolution and measurement accuracy [13]-[15].
But the FBG sensors are limited in the application of long-distance detection [20], [21], such as
the long-distance tunnel group monitoring. The Brillouin fiber-sensors can extract the temperature
or strain information (crack causes strain on the fiber) by using the Brillouin frequency shift, which
mainly includes the time-domain demodulation systems (BOTDR, BOTDA) [16], [17] and correlation-
domain demodulation systems (BOCDR BOCDA) [18], [19] according to the demodulation principle.
The above Brillouin fiber-sensors are based on the linear relationship of Brillouin frequency shift
[22], [23], which means that the temperature and crack information cannot be measured without
the pre-calibration process.

To solve the above problems, the first method is to place a temperature-insensitive reference
fiber for achieving temperature compensation, then attaining the crack information. Subsequently,
the combined sensor with dual-scattering is proposed [24]-[26]. Among them, the dual-scattering
combined sensor based on the Brillouin-scattering and Raman-scattering, which can use the Raman
fiber-sensor to detect the temperature along the sensing fiber, and extract the crack information by
using the Brillouin fiber-sensor. For example, Gabriele Bolognini et al. demonstrated a hybrid Raman
and Brillouin sensor with enhanced performance thanks to the combined use of standard Fabry—
Perot lasers in conjunction with optical pulse coding techniques [24]. It achieved a temperature/strain
resolution of 0.27 K/30 ue. Crucially, it can simultaneously measure the temperature and strain
along the sensing fiber compared to the above technology. The combined optic-fiber sensors
can realize the multi-parameter measurement along the sensing fiber. However, the devices of
combined optic-fiber sensors for infrastructure monitoring are complex and expensive (including
electro-optic modulator, signal generator, et al.), and the polarization state of sensing fiber and
lower measurement speed also affects the performance of combined system.

In this paper, we propose and experimentally demonstrate a novel distributed optic-fiber sensor
based on the Raman loop configuration and fiber loss characteristic for detecting the tempera-
ture and structure’s crack. The Raman loop configuration with a reference fiber can detect the
temperature along the sensing fiber, and the information of crack is extracted by using the loss
characteristics of Stokes based on OTDR technology. In addition, the demodulation devices only
include two photodetectors, amplifiers and a data acquisition card, which omits the expensive de-
vices such as electro-optic modulators and signal generators. The experimental results show that
the temperature accuracy and spatial resolution can reach up to 0.28 °C and 1.2 m under the
response time of 1.04 s, respectively. The crack information can be extracted using fiber loss,
and the loss coefficient keeps a good linear variation between the crack ranges of 1.6 mm and
5.6 mm. This paper provides a new idea for simultaneous temperature and crack measurement
with high-speed by using optic-fiber sensors.

2. Principle

2.1 Loop Configuration With Reference Fiber for Temperature Measurement

In Raman distributed temperature sensors (R-DTS), the principle of Raman scattering is based
on the energy exchange in the sensing fiber. When the incident light quantum and fiber material

molecules cause an inelastic collision in the sensing fiber, the light quantum releases or absorbs
phonons which produce a Stokes light with a central wavelength of 1663 nm and an anti-Stokes light
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Fig. 1. Loop configuration with reference fiber.

with a central wavelength of 1450 nm. Among them, the anti-Stokes light is sensitive to temperature.
The R-DTS can use it as a signal channel and the Stokes light as a reference channel [10], [11].

At present, there are two types of temperature demodulation systems in R-DTS, which in-
clude self-demodulation and dual-demodulation systems. The self-demodulation only uses the
Raman anti-Stokes backscattered light to determine the temperature profile [12], [27], [28]. The
self-demodulation system can optimize the temperature measurement accuracy due to the improve-
ment of signal-to-noise ratio. It has achieved a temperature measurement accuracy of 1.58 °C over
11.5 km sensing distance [12]. The dual-demodulation system uses the ratio of anti-Stokes light
over Rayleigh light [29] or Stokes light [10], [30]-[31]. Compared to the self-demodulation system,
dual-demodulation system can optimize the temperature stability due to the calibration of Stokes
signal. It has achieved a temperature stability of 0.7 °C over 10.22 km sensing distance [10]. How-
ever, the above systems cannot solve the problem for the temperature measurement error of R-DTS
being induced by external physical perturbation. For solving this problem, the loop configuration of
R-DTS with self-demodulation has been proposed. The loop configuration of RDTS sets the sensing
fiber into a loop shape. Then the RDTS can obtain the forward and backward Raman backscattered
signal. Marcelo A. Soto et al. use the R-DTS system based on loop configuration to demodulate
the temperature information along the 19 km fiber [32]. Crucially, it can compensate for the external
physical perturbation by obtaining the forward and backward Raman backscattered signal. But this
method requires a traditional pre-calibration stage, that means the R-DTS system should place the
entire fiber to a constant temperature condition before measurement. In measurement stage, if any
device is replaced, it must be calibrated again.

In this letter, we add a section of reference fiber in the loop configuration, as shown in the Fig. 1.
The function of reference fiber can avoid the pre-calibration stage before measurement. Among
them, the fiber inside the dashed rectangle stands for the sensing fiber. The specific implementation
process is as follows: the backward scattering intensity ratio of Stokes over the anti-Stokes signal

can be expressed as:

K 4 hAv

;f—si - K—(5—> exp (—F) exp(os — ts) L] (1)
a a a

Where ¢g, and ¢,, are the backward scattering intensity of Stokes and anti-Stokes respectively,
K, and K are coefficients of anti-Stokes and Stokes scattering cross section, v, and v, are the
optical frequencies of anti-Stokes and Stokes respectively, h is the Planck’s constant, Av is the
Raman frequency shift of the fiber, k is the Boltzmann constant, T is the temperature, «, and «; are
the attenuation coefficients of anti-Stokes and Stokes respectively, and L is the scattering position.
After switching the light channel, the forward scattering intensity ratio of Stokes over the anti-Stokes
signal can be obtained from Eq. (2).

4
I _ Ks(ﬁ) exp (—%) exp [(os — e (1= L)]. @)

Ua

¢af Ka
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Where ¢s¢ and ¢4 are the forward scattering intensity of Stokes and anti-Stokes respectively,
| stand for the length of sensing fiber. The Raman intensity in the loop configuration can be obtained
from the geometric mean of backward (Eq. 1) and forward (Eq. 2) directions according to

o bst Ks(vs\* hA

From the Eq. (8), it can be seen that Raman scattering signal is not only modulated by the
environmental temperature, but also associated with some inherent parameters of the fiber (K, vs
and «a,, et al.). Traditional pre-calibration stage requires the entire fiber to a constant temperature
condition for calibrating this inherent parameter. To omit this pre-calibration process, a section of
reference fiber be set at the front of sensing fiber to calibrate the temperature measurement result.
The backward scattering intensity ratio of Stokes over anti-Stokes signal at the reference fiber can

be expressed as:
oK 4 hAv
%o —s(”5> exp (——kT )exp [(era = s) L] (4)
r

ab Ka\va

Where the ¢ and ¢[; are the backward scattering intensity of Stokes and anti-Stokes at the
reference fiber respectively, T, and L, are the temperature and position of reference fiber. In addition,
the forward scattering intensity ratio of Stokes over anti-Stokes signal at the reference fiber can be
expressed as:

P K [ vs 4 hA
¢_r£ - K_<i) exp <_k_TV> exp [(aa — as) (1= L] ®)
i a !

Ua
Where the ¢35 and ¢ are the forward scattering intensity of Stokes and anti-Stokes at the

reference fiber respectively. The Raman intensity in the loop configuration can be obtained by

[¢% 05 Ks(vs)* hAv
;% ‘75‘; Ka\va P kT, exp l(ea — ) 1] (6)

Using the Egs. (3) and (6), we can get the temperature demodulation results from Eq. (7).
And it can be seen from that the Raman signal is only modulated by temperature. Moreover, this
temperature demodulation method not only has the advantage of loop configuration (eliminate the
influence of external physical perturbation on the temperature measurement results [32]), but it can
also omit the pre-calibration process before measurement.

—|n Psv®st/DapPat <_L) 1 @

Tr ’
2.2 Fiber Loss Based on OTDR Technology for Crack Measurement

The information of structure’s crack is extracted by using the loss characteristics of Raman Stokes,
which is based on OTDR technology. Compared to the Raman anti-Stokes signal, the Raman
Stokes intensity is higher, and not sensitive to temperature [10]. The fiber loss schematic based on
OTDR for crack measurement is shown in Fig. 2. When the tension (caused by structural cracks) is
applied to the sensing fiber, it will produce a deformation at this point. And this deformation affects
the effective scattering area and luminous flux in the sensing fiber, which ultimately leads to a larger
loss at this point. In addition, the different degrees of tension are applied in the sensing fiber, the
loss characteristics will appear in different states. Specifically, the fiber loss will increase as the
tension rises. The specific method is as follows:

Before the measurement, the system needs to obtain the Stokes scattering intensity when the
sensing fiber maintains a relaxed state. In this state, the Raman intensity of Stokes based on OTDR

1
T
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Fig. 2. Crack measurement schematic based on fiber loss.

technology can be expressed as:

1
4
S T L exp [(hav/KTs) — 1]

In addition, the ratio of Stokes intensity at the entire sensing (¢s;) over the Stokes intensity at the
reference fiber (¢.) can be expressed as:

Osc _ 1+ exp [(hAV/kTCr) — 1]
¢ 1+exp[(hAv/kTs) — 1]

sC

Where T; and T/ stand for the temperature of sensing fiber and reference fiber, L, stands for the
position of the reference fiber.

In the measurement stage, the fiber tension induced by structure crack will influence the fiber
loss, which leads to the Stokes intensity that modulated by the structure tension. In this letter, S(L)
is defined as the tension modulation factor on the Stokes signal. The ratio of Stokes intensity at the
entire sensing (¢s) over the Stokes intensity at the reference fiber (¢5;) can be expressed as:

Ps S(L) x 1+exp[(hAV/KT") — 1]
pe 1+exp[(hAv/kT) — 1]
Where T' stands for the temperature at the reference fiber. Then the crack information can

be derived using the Egs. (9) and (10). The demodulation equation of crack information can be
expressed as:

¢sc=K

[(ero +as) L] (8)

x [(oo + as) (L — L/)]. (9)

X [(ato +as) (L — Ly)]. (10)

sy _ 8¢5 +expl(hAv/kT) —1] 1+exp [(hAv/kT) —1]
(L) = B DL X I Fexp[(hAV/KT) — 1] 1+ exp[(hAV/KT,) —1]

(11)

We can use the Eq. (11) to demodulate the crack information, it can be observed that the tem-
perature information along the sensing fiber should firstly be detected, before the crack information
is extracted.

3. Experimental Setup

The experimental setup of temperature and crack measurement is shown in Fig. 3. The R-DTS
consists of a pulse modulator, wavelength division multiplexer (WDM), Analog-to-Digital Converter
(ADC), optical switch, two avalanche photodiodes (APD) and amplifier receivers. The APD and
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Fig. 3. Experimental setup. WDM: wavelength division multiplexer; APD: avalanche photodiode; Amp:
amplifier; ADC: Analog-to-Digital Converter.

TABLE 1
Key Device Parameters of the R-DTS

Device Manufacturer Parameters
Pulse modulator CONNET LASER Wavelength: 1550 nm
WDM XUFENG PHOTOELECTRIC 1450, 1550, 1650 nm
APD FBY PHOTOELECTRIC Bandwidth:100 MHz
Amplifier REBES Bandwidth:100 MHz
ADC JEMETECH 4 channels
Sensing fiber YOFC Multimode, 62.5/125 um

High-precision
NANJING KENFAN ELECTRONIC Temperature fluctuation: 0.05 °C
thermostat

DAC are demodulation devices for collecting and demodulating the data. The pulsed laser source
operates at about 1550 nm wavelength with a pulse width of 10 ns and a repetition rate of 5 kHz. The
pulses with 15 W are launched into the sensing fiber (graded-index multimode, 62.5/125, MMF).
The WDM is used to control the back-scattering light. The function of the WDM is to filter the Stokes
light (1650 nm) and the anti-Stokes light (1450 nm) from the back-scattering light coming to towards
the laser source. The isolation degree ranges from 35 dB to 40 dB for the anti-stokes part. Then the
Stokes and anti-Stokes light is then detected simultaneously by two low-noise APDs through WDM.
Then the electrical signals are collected by an ADC. Finally, they are transmitted to a computer
for further data processing. The function of the optical switch is changing the incident light enters
the direction of the sensing fiber, for collecting Raman scattering light of forward and backward
direction. The reference fiber is placed in a high-precision thermostat to control the temperature
of the reference fiber (T,). Compared to the traditional combined sensors, the proposed system is
simple and suitable for industrial application. The key device parameters of the R-DTS are shown
in Table 1.
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Fig. 4. Sensing fiber distribution in the temperature experiment.

We can use the same technique with single mode fibers to detect temperature along the sensing
fiber and structural crack. However, the fiber devices (including laser, WDM, optical switch, MMF)
in the system are all using the single mode fiber before measurement. In addition, the proposed
R-DTS system does not operate at any given wavelength, it is only suitable for laser system with
1550 nm.

4. Results and Analysis
4.1 Temperature Measurement

In the temperature measurement experiment, distributed temperature measurement is carried out
by using the graded-index multimode sensing fiber (twin-fiber cable, 62.5/125 um, twin-fiber cable
for simultaneously collecting backward and forward direction Raman signal). The sensing fiber
configuration is shown in Fig. 4. To detect the temperature along the sensing fiber, the multimode
fiber with 3 km range has been used. (The fiber length of the single core is 3 km, and the total length
of the two-fiber cable is 6 km. Fig. 4 shows the fiber length of the single core.) Among them, the
fiber under test (FUT) consists of five sections with a length of 10 m, 3 m, 1.5 m,2mand 1 m. The
temperature of FUT is set at 35 °C, 40 °C, 45 °C, 50 °C, 55 °C, 60 °C and 65 °C by the temperature-
control chamber (TCC) and the rest of the sensing fiber is maintained at room temperature (the
room temperature is about 23 °C). The temperature measurement result of overall distribution
based on the Eq. (7) are obtained in Fig. 5. The Fig. 5(a)—(g) stands for the overall distribution of
the temperature measurement results (The results are averaged 1 k times and denoised by wavelet
transform modulus maximum. This denoise method is available to capture singular points of signal
when the signal has a low signal to noise ratio [12]). Fig. 5(h) stands for the temperature results of
FUTs under the control of the TCC. It can be observed that the temperature demodulation method
proposed in this letter can distinguish between the temperature of TCC and room temperature,
and the R-DTS can accurately measure the temperature distribution along the FUT. In addition,
this temperature demodulation method can not only eliminate the influence of external physical
perturbation on the temperature measurement results (the advantage of loop configuration [32]),
but also does not require any pre-calibration process before measurement.

Then we analyze the temperature measurement accuracy and spatial resolution of the R-DTS.
The temperature measurement accuracy represents the difference between the values of actual
measured temperature and the standard temperature. And the temperature measurement accu-
racy and error bar are shown in Fig. 6. It can be observed that the temperature measurement
accuracy is 0.28 °C at the sensing distance of 2.3 km by measuring the average of the all data.
The limitation of temperature measurement accuracy is the signal-to-noise ratio of R-DTS system.
The spatial resolution indicates that the R-DTS system can resolve the minimum spatial distance
of temperature change, which reflects the sensitivity of the system to position perception, that is an
important performance indicator of R-DTS. The result of the spatial resolution is shown in Fig. 6(b)
(10%—90% response distance to a temperature step). Fig. 6(b) shows the spatial resolution of the
FUT under the temperature-control chamber of 65 °C, and the relevant spatial resolution is 1.2 m.
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of FUTs.

The limitation of spatial resolution is the pulse width of laser due to the principle of OTDR. In this
experiment, the pulse width of the laser is 10 ns, and the theoretical spatial resolution is 1 m. How-
ever, due to the influence of fiber dispersion, the actual spatial resolution of the systemis 1.2 m. In
addition, the temperature performance parameters of R-DTS are shown in Table 2.

4.2 Structure’s Crack Measurement

In the experiment of crack measurement, the sensing fiber distribution is shown in Fig. 7. We use
the crack simulator (HWHR Instruments, A0O52F) to apply axial tension on the multimode sensing
fiber for simulating the generation of structure crack. (The displacement of HWHR Instruments can

Vol. 11, No. 4, August 2019 6802113



IEEE Photonics Journal Temperature and Crack Measurement

70

Spatial resolution
12t @ ® P T
[ —— [ pp——
60 - ? i L
i )
~ 0.8~ 6 ! ' ;‘
o ~ sl ' [
~ el ] bg
Z 04 E 10%90% |
g8 S 40 amplitude i3
g s f , ig
< 00 g » i $
9
T ! s Spatial resolution: 1.2 m
Temperature35°C 40 C45°C 50 C 55°C 60 'C 35°C I A
-0.4r Accuracy/'C 0.36 0.41 0.51 035 0.22 0.02 0.15 nmw
20

3035 40 45 50 55 60 65 70 2360 2364 2.368
Standard temperature ('C) Distance (km)

Fig. 6. (a) Temperature accuracy and (b) spatial resolution at the sensing distance of 2.3 km.

TABLE 2
Performance Parameters of R-DTS

Parameters Values
Temperature accuracy 0.28 °C
Temperature resolution 0.57 °C
Sensing distance 2.4 km
Response time 1.04s
Spatial resolution 1.2m

1.1k :
Pulsed laser _rl_ @m .
0C MMF .
| :
Stokes

Fig. 7. Sensing fiber distribution in the crack measurement experiment.

be manually adjusted to extension the fiber.) The graded-index multimode sensing fiber with 1.1 km
range which is connected to the optical circulator (OC) at one end, and the other end is connected
to the crack simulator. The 40 m sensing fiber is attached to the other end of the fiber stretcher.
During the experimental stage, we apply the varying degree of axial tension to the multimode
sensing fiber at 1.1 km, then the Raman Stokes signal is collected by the DAC. After demodulated
by the Eq. (11), the distribution information of fiber loss is obtained, as shown in Fig. 8(a)—(h).
Fig. 8(i) represents the loss variation of Stokes at the position of 1.1 km, which under the different
degrees of axis tension (crack). From the experimental results, it can be seen that the fiber loss
changes greatly at 1.1 km where the structure crack is generated. The fiber loss presents different
status under the varying degree of axial tension. Specifically, the fiber loss increases when the
crack rising. The experimental results are identical with the theoretical analysis. In addition, Fig. 9
stands for the relationship between fiber loss coefficient and crack information, which shows the
fiber loss coefficient keeps a good linear variation between the ranges of 1.6 mm and 5.6 mm. And
the fitting degree of coefficient can reach up to 0.98801. It represents that the crack information can
be obtained by using the fiber loss of Raman Stokes. And the measurement range from 1.6 mm
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Fig. 9. (a) The relationship between fiber loss coefficient and crack information. (b) The measurement

time of system.

to 5.6 mm is suitable for large-scale crack monitoring of structures. In addition, the fundamental
limitation of cracking resolution measurement is the signal-to-noise ratio of R-DTS system. The
experiment result shows the resolution of crack is 0.4 mm. If the system’s signal-to-noise ratio
is increased, the cracking resolution will also be optimized. Moreover, the measurement time of
this method is only related to the acquisition time of DAC, as shown in Fig. 9(b), the average
measurement time can reach up to 1.04 s.
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Fig. 11. (a) Temperature and (b) crack measurement results using one sensing fiber.

4.3 Simultaneous Temperature and Crack Measurement

In order to prove that this method (based on Egs. 7 and 11) can achieve the temperature and crack
measurement using one fiber, we apply the temperature and axial extension on the sensing fiber
at the same time. The distribution of sensing fiber is shown in Fig. 10, we place a fiber under test 1
(FUT 1, 60 m) at the position of the 1.2 km and set the temperature to 10 °C. The fiber under test 2
(FUT 2, 1 m) is placed at the position of 2.4 km, and is stretched to produce the axial tension using
the crack simulator (the crack is 3.6 mm).

The distribution results of temperature and fiber loss are shown in Fig. 11. The demodulation
signals are all averaged 10 k times, and it has not undergone any denoising method. The Fig. 11(a)
stands for the temperature distribution results along the sensing fiber, that clearly distinguishes
the temperature distribution of FUT 1 (10 °C) and the environment temperature (23 °C). Fig. 11(b)
represents the distribution results of fiber loss. And we can see from the illustration of Fig. 11(b)
that the fiber loss coefficient at 2.4 km is 0.090. According to the relationship between the fiber
loss and the crack in Fig. 9(a), it can be observed that the detected crack at 2.4 km is 3.6 mm.
The experimental results show that the crack monitored by the fiber loss is consistent with the
parameters set by crack simulator. This experiment illustrates that the proposed optic-fiber sensor
can detect the temperature and large-scale crack using one sensing fiber.

5. Discussion and Conclusion

The performance improvement of temperature accuracy and cracking measurement accuracy de-
pend on the signal-to-noise ratio of R-DTS system. In the experiment, the denoising method of
cumulative average and wavelet transform modulus maximum are applied to the Raman signal. In
order to further improve the R-DTS system performance, we will optimize the system’s signal-to-
noise ratio (such as eliminate the environmental noise) in the next step.

Vol. 11, No. 4, August 2019 6802113



IEEE Photonics Journal Temperature and Crack Measurement

In summary, we propose and experimentally demonstrate a novel optic-fiber sensor and demod-
ulation method to measure the temperature and structure’s crack. The proposed method is based
on the Raman loop configuration with reference fiber to extract temperature along the sensing
fiber, which can not only eliminate the influence of external physical perturbation on temperature
measurement results, but also does not require pre-calibration process before measurement. The
experimental results show that the temperature accuracy and spatial resolution can reach up to
0.28 °C and 1.2 m under the response time of 1.04 s. This proposed method improves the engi-
neering applicability of optic-fiber sensors. In addition, the information of crack is detected by using
the fiber loss characteristics based on OTDR technology. The experimental results show that the
fiber loss coefficient keeps a good linear variation between the crack ranges of 1.6 mm and 5.6 mm,
and the fitting degree of coefficient can reach up to 0.98801. The experiment also proves that the
temperature and crack can be measured by using only one sensing fiber.
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