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Abstract: The strain of fiber-reinforced polymer (FRP) bars at high temperatures is currently
difficult to measure. To overcome this difficulty, a method of smart FRP bars embedded with
optical fibers was proposed and studied, in which an ordinary single-mode optical fiber was
applied as a distributed sensor. In this paper, both the distributed temperature and strain-sensing
characteristics of optical fiber were studied based on pulse pre-pump Brillouin optical time-domain
analysis (PPP-BOTDA) under high temperature. The temperature and strain coefficients were
investigated under a thermomechanical coupling environment with consideration of large strain
levels. The experimental results show that the temperature and strain coefficients decreased as
the temperature increased, because the properties of silica and coating materials changed with
temperature. Then, the formulas for determining the temperature and strain coefficients at high
temperatures were introduced and discussed. The excellent sensing performance of the optical fiber
indicated that smart FRP bars have the potential for use at high temperatures.

Keywords: self-sensing property; temperature coefficient; strain coefficient; high-temperature
experiments; FRP

1. Introduction

Fiber-reinforced polymer (FRP) bars, as advanced materials, are expected to be a promising
substitute for steel bars. Due to having several superior characteristics, FRP bars have attracted
increasing attention and have been generally used for new concrete structures or for structural
reinforcement. To evaluate the structural performance, the characteristics of the bars in all kinds of
conditions should be well known. When experiments are conducted at room temperature, the strain
of the bars can be easily monitored by conventional strain gauges. However, when in fire or a
high-temperature environment, these strain gauges rapidly fail because they are not immune to high
temperatures. As a result, strain gauges cannot meet the reliable measurement requirement. Therefore,
a more effective method of monitoring is urgently needed to solve this problem.

In recent years, structural health monitoring (SHM) has played a significant role in detecting
damage characteristics in structures, such as cracks, fatigue, and slip [1]. Among the methods used,
fiber optic sensors have gained increasing attention. Fiber optic sensors have been widely applied
in many fields, such as airplanes/spacecraft [2], piles [3,4], civil infrastructure [5,6], submarines and
deep-sea floor [7,8], health care [9], etc. After decades of development, two types of optical fiber sensing
technology have been utilized or even improved upon in lab experiments and actual civil engineering,
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as follows: Fiber Bragg grating (FBG) and Brillouin scattering based optical sensors. FBG sensing is a
typical “point” sensing technique that allows distribution through an array of FBG sensors [10], whereas
Brillouin optical sensing is a truly distributed technique. Generally, Brillouin optical sensing includes
Brillouin optical time-domain analysis (BOTDA) and Brillouin optical time-domain reflectometry
(BOTDR), and this method is convenient and economical. In particular, improved BOTDA, i.e.,
pre-pump pulse BOTDA (PPP-BOTDA), has higher static monitoring accuracy for temperature and
strain, as well as sensing frequency [11]. Therefore, it is advisable to use optical fiber in measuring
temperature and strain of FRP at high temperatures, based on PPP-BOTDA. However, it is necessary
to embed optical fibers into FRP bars to fabricate smart bars so that FRP can provide the sensors
with reliable and durable protection, while the sensors also provide the FRP with a self-monitoring
function [12-14]. A previous study showed that smart FRP bars have been applied to many areas of
concrete structures [15].

However, regardless of the kind of sensor, the monitoring was mostly carried out at or above
room temperature but below the 100 °C reported in previous studies [15,16], which is not suitable for
applications at high temperatures. A previous study [17] suggested that the main reason is that the
coating of most current optical fiber is a polymer that is sensitive to high temperatures. When the optical
fiber is exposed to high temperatures or fire, the polymer coating easily softens. Finally, the optical
properties and mechanical strength of the fiber may degrade due to damage [18,19]. Therefore,
previous studies recommended coating fibers with a metal coating to develop high-temperature optical
fibers [17,20,21]. However, the cost of such optical fibers is obviously much higher than fibers with
ordinary polymer coating. Therefore, high-temperature coating approaches may not be suitable for
civil engineering, which is price-sensitive. At present, only a few studies [22,23] have involved ordinary
optical fibers and proposed calculation methods for temperature and strain coefficients. However,
these studies were conducted under small strain levels and did not take large strain levels into account.
Although previous studies [22,24] contributed a lot to the understanding of sensing properties of
uncoated optical fiber at high temperatures, there is doubt whether those properties are suitable for
practical conditions where optical fibers with coating are applied [23]. Therefore, it is still necessary to
evaluate the sensing properties of ordinary optical fibers. If the temperature and strain coefficients of
optical fiber at high temperature can be attained reliably and accurately, the method of embedding
fiber optic sensors into FRP will solve the problem that the strain of FRP bars cannot be monitored at
high temperature.

In this paper, the system of PPP-BOTDA was adopted. The ordinary single-mode optical fiber
with UV resin (sensitive to light) was applied to the sensors. The highest temperature was up to 400 °C,
because the highest temperature on the surface of FRP bars is around 400 °C when they are applied to
concrete structures that are protected and exposed for less than 2 h in a fire [24]. The temperature and
strain coefficients of the optical fiber in a high-temperature environment were measured and studied,
especially considering the large strain levels. Finally, in this paper, a calculation method is proposed
for temperature and strain coefficients of optical fiber at high temperatures. The experimental results
reveal that the proposed coefficients are suitable for monitoring the temperature and strain of FRP bars
at high temperatures.

2. Monitoring Principle of PPP-BOTDA

At present, the sensing mechanism of distributed optical fiber can be classified into Rayleigh
scattering, Raman scattering, and Brillouin scattering. BOTDA technology is based on stimulated
Brillouin backscattering. Brillouin backscattering will occur and an energy transfer will be generated
between the two lasers as soon as the frequency difference between the two lasers introduced into the
optical fiber from different ends is equal to the shift in the Brillouin center frequency (also called the
Brillouin shift). The Brillouin shift of the optical fiber changes in proportion to the variation of strain or
temperature along the fiber [25]. Therefore, this relationship is beneficial for measuring strain and
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temperature. From previous studies [26,27], the Brillouin shift, AV, is linear with temperature change
and strain change. The linear relationship can be given as follows:

AZ)B(T,E) = UB— Uy = Cg(é' - 60) -+ CT(T— To), 1)

where ¢ is the strain (ue¢); T is the temperature (°C); Vp is the Brillouin frequency (MHz); T and ¢ are
reference strain and temperature, respectively, corresponding to a reference Brillouin frequency, Vpy;
C¢ is the strain coefficient (MHz/0.1%); and Cr is the temperature coefficient (MHz/°C).

3. Temperature-Sensing Properties in the High-Temperature Field

Neubrex has developed an improved PPP-BOTDA system with better measurement accuracy
in static measurement. This system has a spatial resolution of 10 cm, a strain resolution of 7.5 um/m,
and a temperature resolution of 0.75 °C, which are higher than previous products. In this test, Brillouin
shifts were monitored with a Neubrescope (NBX-6050A, Neubrex Co., Ltd., Kobe, Japan).

In a previous study [16], the fiber strain coefficient (at normal temperature) and the temperature
coefficient (20-60 °C) were tested and obtained. The results showed strain and temperature coefficients
of 49.7 MHz/0.1% and 1.07 MHz/°C, respectively, which agreed well with the coefficients at ambient
temperature. However, if exposed to a real fire, structures would be in a thermomechanical coupling
environment and new optical fibers with coating would be applied only once. Therefore, it is necessary
to consider optical fibers with coating and simulate the environment of both strain and high temperature
when determining the two key coefficients.

3.1. Experimental Program

Based on the relationships described by Formula (1), the optical fiber should be subjected to a
certain initial strain before being exposed to high temperature. To acquire a more reliable conclusion,
different initial strain levels were considered. Thus, a total of five bare optical fibers in series were
tested, as shown in Figure 1. One of the five optical fibers was free; thus, its initial strain was 0 pe.
The other four initial strains were applied by hanging different weights at the ends of the optical fibers
(Figure 2). Figure 2 shows the details of the test equipment. It was reported that the strain of optical
fiber at room temperature could be reliably monitored by the optical fiber demodulator. The five
measured initial strains were 0 e, 171 pe, 424 pe, 957 pe, and 2107 pe. These are all below 2500 pe
because that is the critical value for steel yields in basalt fiber reinforced polymer (BFRP) strengthening
beams by the near surface mounted (NSM) technique, and it is consistent with previous studies [20,22].

In the past, few studies have considered large initial strains. One study [22] considered six
initial strain levels. However, the maximum initial strain was 1639 pe, which is far lower than that
in engineering applications. In addition, the temperature coefficient might be different if the initial
strain is very large. Therefore, it is necessary to consider larger strain ranges, especially considering
that, when structures reach the ultimate limit state after cracking, optical fibers embedded in FRP bars
will reach a relatively large strain, close to 10,000 pe. An extra temperature coefficient experiment
under large initial strain levels (in the range of 2,500-9,000 we) was added. The measured initial strain
values were 3154 ue, 4693 e, 5873 e, 7328 ue, 8149 e, and 9140 pe. Then, the fibers were heated from
room temperature to 400 °C. At every 30 °C, the temperature and the Brillouin frequency shifts were
collected and recorded by a data logger (model number TDS-530) and an optical fiber demodulator
(model number NBX-6050A), respectively. After the target temperature was reached and the heating
process was complete, the furnace was naturally cooled to room temperature. After that, the same
heating process was performed again. Finally, the heating process was repeated a total of five times.
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Figure 1. Schematic of experimental device.

Figure 2. Details of test equipment.

3.2. Experimental Results

3.2.1. Initial Strain Levels in the Range of 0-2500 e

There were five strain levels in each heating process. Figure 3 shows the relationship between
Brillouin shift and distance, which is a typical plot collected by the demodulator. Then, the platform
data from the figure were processed through MATLAB to obtain the Brillouin shifts at the desired
location of an optical fiber. From the previous studies, there are two methods to analyze the relationship
between Brillouin shift and temperature. One method is to linearly fit the experimental data under
different temperature ranges, and the other method is to consider that the Brillouin shift is quadratic
with temperature. In this case, the first method was applied by dividing the whole heating process
into different temperature ranges. Then, the temperature coefficients under the different temperature
ranges can be attained by linearly fitting the experimental data. This method seems to be extremely
simple but has low accuracy, especially when the temperature is over 200 °C. So, the second method is
mainly discussed in the following section.
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Figure 3. Typical plot collected by NBX-6050A in temperature coefficient test.

A previous study [22] noted that Brillouin shifts were quadratic with temperature and the Brillouin
shift-temperature curves at various initial strains were approximately parallel. Figure 4a also shows
the quadratic relations between Brillouin shifts and temperature at different initial strains in the first
heating process. The particular curve at zero strain in Figure 4a was chosen to be fit using a parabolic
equation, as represented in Figure 4b. The parabolic regression equation accurately fit the test data,
as indicated by the coefficient of correlation, which is 0.9997. As such, the regression equation can be
written as follows:

Av = (aT + B)(T —-20). )

In other words, the temperature sensitivity coefficient can be expressed as follows:
Cr=aT+§, ®)

where a equals —2.9 x 107 and f equals 1.035 from Figure 4b.

Similarly, the temperature sensitivity coefficient under other initial strains can be expressed as
above. The detailed values of & and 8 are shown in Table 1. In a previous study [22], only the values of
a and B at zero strain were attained, and they were —3.464 X 10* and 1.11, respectively. Then, because
of the parallel relations of curves at different initial strains, the values of @ and f at other initial strains
were considered to be the same, as those at zero strain and were ignored. However, the values of a and
p are different in the range of 0-2500 e, from Table 1, which means the parallel relations proposed in
Reference [22] are not reasonable, because optical fibers with coating were applied in this case. From
Table 1, different initial strains may have an effect on temperature coefficients and Formula (3) may
need to take different initial strains into consideration.
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Figure 4. Brillouin shifts versus temperature: (a) At different strain levels and (b) regression analysis at
zero strain.

Table 1. Values of « and {3 at different initial strains (below 2500 pie).

0pe 171 pe 424 pe 957 ne 2107 pe
a —29x107* -3.1x107* -2.86 x 1074 —2.73x107% —251x107%
B 1.035 1.037 1.025 1.015 0.986

3.2.2. Initial Strain in the Range of 2500-9000 pe

Figure 5 shows the quadratic relationship between Brillouin shifts and temperature when the
initial strain is in the range of 2500-9000 pe. The fitting results are great because six correlation
coefficients are larger than 0.99. Therefore, six temperature coefficient formulas can be derived from
the corresponding quadratic curves. Similarly, the temperature coefficient formulas are decided by a
and B, as shown in Figure 5. The values of a and  shown in Table 2 have slight fluctuations. Therefore,
the initial strains do have an effect on the temperature coefficient. The values of f decrease with the
increasing initial strains from Tables 1 and 2. However, the values of a do not show obvious regularity
with increasing strain. Therefore, in order to conclude a general temperature coefficient formula,
the values of « are averaged after maximum and minimum values are removed. The detailed average
value of a is —2.64 x 10™%. In addition, from Figure 6, it seems the relationship between f and strain is
linear. The linear fitting result is shown in Figure 6. Thus, the relationship between f and initial strain
can be expressed as follows:

B = —1.247 x 105 4 1.03. (4)

Furthermore, the temperature sensitivity coefficient can be expressed as follows:
Cr = —2.64x1074T - 1.247 x 10¢ + 1.03. ®)

Both temperature and strain are taken into considerations in Formula (5), which is suitable for all
different strains and is more reasonable.
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Figure 5. Experimental results at large strains.
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Table 2. Values of a and g at different initial strains (above 2500 p.e).

3154 pe 4693 pe 5873 ue 7328 pe 8149 pe 9140 pe
a —243x107% -—268x107* -252x10"* -—261x10% -211x10"%* -249x10°*
B 0.978 0.974 0.954 0.957 0.920 0.915

3.2.3. Analysis of Accuracy

Although the above section discusses the Brillouin shift-temperature relationship in detail and
the results seem to be reasonable, temperature-sensing accuracy is another important parameter to
evaluate the sensing properties of optical fibers. During the experiments, the temperatures collected
by thermocouples connected to the data logger were accurate and considered as real temperatures.
The Brillouin shifts recorded by the demodulator can be used to calculate the temperature according to
Formula (1), where the above-measured temperature coefficient, Formula (5), was applied.

So, Figure 7 compares temperatures measured by the optical fiber demodulator and real
temperatures by showing the measurement errors, including absolute and relative errors. The relative
values mean the absolute values divided by the corresponding real temperature. From Figure 7a, most
of the absolute values are within the range from -8 °C to 8 °C and float around zero. Meanwhile,
most of the relative errors range from —5% to 5% from Figure 7b, indicating that measurement errors
are very small. Obviously, the quadratic relationship between Brillouin shifts and temperature has
high accuracy. Therefore, it can be concluded that temperature coefficients decrease as temperature
increases and Formula (5) is suitable for the strain range of 0-9000 e because different initial strains
and high temperatures are taken into consideration.
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Figure 7. Measurement errors (using temperature coefficient formula): (a) Absolute values;
(b) relative values.

3.3. Discussion

Although the above section shows great results, the effect of coating and the reason why
temperature coefficients will decrease at high temperatures still need to be discussed. It is common
sense that the coating will have an effect on the properties of optical fiber. The coating of optical fiber
is so hard to strip off that any further stress imposed on the bare optical fiber would break it. Thus, this
section analyzes the coating effect by comparing the results attained from multiple heating processes,
as in a previous study [17].

Figure 8 shows three heating results at 3154 pe. The black, red, and green lines represent the
first, second, and third heating results, respectively. The square black points represent the Brillouin
shift difference between the first and second measurements, and the circular red points represent the
Brillouin shift difference between the second and third measurements. The Brillouin shifts of the second
measurement are between 5 and 13.5 MHz lower than those of the first measurement, indicating that the
coating would introduce tensile stress when the fiber was drawing [17]. The difference becomes smaller
with temperature; especially when the temperature is up to 400 °C, the difference between the two
measurements is 5 MHz, which is allowable. This is because the coating burning would occur around
350 °C, which would cause coating pyrolysis and further introduce additional compressive stress,
counteracting the tensile stress of fiber drawing [17]. Furthermore, the maximum difference between
the first and second results is around 13.5 MHz, which results from the strain changes caused by the
coating. From Reference [22], the strain coefficient can be taken as 47.9 MHz/0.1% when the maximum
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extra strain occurs. Therefore, the maximum extra strain caused by the coating is around 280 e,
according to Formula (1). The results are the same under other initial strains. Thus, experimental
errors caused by this extra strain can be ignored when the initial strains are very large; otherwise, they
cannot be ignored. Meanwhile, this extra strain can be eliminated with temperature. Additionally,
the difference between the second and third measurements is almost close to zero, indicating that the
coating may be burned out after the first heating process.
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Figure 8. Influence of coating burning on optical fiber at 3154 .

The temperature coefficient is mainly applied to represent the temperature sensing of optical
fibers. It can be understood as the difference in Brillouin shifts per unit of temperature, according to
Formula (1). The above section confirms that the relationship is nonlinear instead of linear at high
temperature, indicating that the temperature coefficient decreases as the temperature rises. This can be
attributed to the velocity variations of the acoustic wave [28] or the nonlinear relationship between the
modulus of the silica materials and temperature [29,30]. To further explain the reason for a decrease in
temperature coefficients, a simplified force model is shown in Figure 9. Except for the non-uniform
temperature field in the furnace, length Ly means the length of the optical fiber in the furnace. The total
elongation, AL, of this part is equal to the following;:

AL =¢(T)Ly = =7, 6
where ¢(T) is the strain; F is the force, which is caused by weights; and E(T) and A(T) are the equivalent
Young’s modulus and cross-sectional area of the optical fiber, respectively. Neglecting the relative
displacement between silica and coating, the tensile rigidity, E(T)A(T), can be written as follows:

E(T)A(T) = Es(T)As(T) + Eu(T)Au(T), @)

where E¢(T) and As(T) are Young’s modulus and the cross-sectional area of silica, respectively, and
E,(T) and A,(T) are Young’s modulus and the cross-sectional area of the coating (UV curable resin),
respectively. From Reference [29], Young’s modulus of silica will increase nonlinearly from 72 GPa to
82 GPa when the temperature increases from 20 °C to 1400 °C. The area of silica can be determined by
using a diameter of 0.125 mm and a thermal expansion of 5.5 x 10~7/°C. The Young’s modulus of UV
curable resin is around 2 GPa at ambient temperature [31]. The coating will soften and, further, the total
volume will decrease with temperature. Therefore, Young’s modulus and the area of coating must
decrease with temperature. However, there is no detailed relationship that can describe this trend.
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The strain that is a function of temperature can be calculated by using the following:

F
“0) = E DA 1 Eu(T)AR(T) ®)

It is estimated that the increase of E;(T)As(T) is larger than the decrease of E,(T)A,(T) at high
temperature, because Young’s modulus of the silica is much larger than that of the coating. Thus,
E(T)A(T) will increase, which further causes strain reduction with temperature. The reduction in
strain will lead to a Brillouin shift reduction, according to Formula (1), which can account for the
nonlinear relationship between Brillouin shifts and temperature. Unfortunately, many properties of
silica and UV curable resin are not given by the manufacturer. Thus, only qualitative analysis can be
discussed in this case.

Furthermore, other factors, such as the dopant diffusion of the core and fiber devitrification, will
also increase the loss of the optical fiber when the temperature is up to 1200 °C, which was not taken
into consideration here [17].

%L();b

UV curable resin

Figure 9. Force model applied to analyze the relationship between strain and temperature.

4. Strain-Sensing Properties in the High-Temperature Field

4.1. Experimental Program

The above paragraphs describe the temperature coefficient of optical fibers, which decides the
value of Cr in Formula (1). However, optical fiber strain sensing is another important property in
thermomechanical coupling conditions. The study of the relationship between the Brillouin shift and
strain was carried out for two purposes. The first purpose was to study whether the tested strain
coefficient was consistent with the value at ambient temperature. The other purpose was to acquire an
accurate strain coefficient suitable for thermomechanical coupling.

The experimental setup for optical fibers is shown in Figure 10. Two optical fibers were used,
as follows: One was bare and used as stretched fiber bonded on the fixed end with the moving end
through the glue, and the other was free and used as compensated fiber in series with the stretched
fiber. To obtain a stable high-temperature condition simultaneously, a sunlamp was placed beside a
shelf wrapped in fireproof cotton. Different temperatures were achieved by adjusting the distance
between the fiber and sunlamp. The moving end was shifted by rotating the screw bar along the shelf.
During the experiments, the distance change that was easily transformed into the optical fiber strain
could be measured by a displacement transducer. Therefore, the tensile strain was exactly controlled at
each step by controlling the moving distance of the end. The Brillouin shifts along the optical fiber
were measured by the optical fiber demodulator, and the temperature was collected by a data logger at
the same time.

The experiments were repeated multiple times. Additionally, considering the ultimate strain of
BFRP bars in ambient temperature (approximately 20,000 pe) and the bonding performance of resin,
the experiments were divided into two working conditions, small strain (0-2500 pie) and large strain
(2500-17,500 pe), because 2500 pie is a critical value, as mentioned above. The small strain was applied
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to simulate the state before the yielding of steel bars or after the appearance of apparent damage,
and the large strain was applied to simulate the state where the steel bars might yield while the BFRP
bars still worked or after serious damage to the structure occurred. Due to limited experimental
conditions, the stable achieved temperatures were 100 °C and 350 °C, respectively.

| .
b iiog: moving end  glue

compensating fiber \ /

( - dial gauge
Q \ N

stretched fiber | 4

-
R D rotating

fixed end / thermocouple screw
shelf

NBX-6050A

7
o
-0

T
SERmSuniamp
e ————

o

Figure 10. Test device for strain coefficient of optical fiber.

4.2. Results

Figure 11 shows the typical Brillouin shifts collected by the optical fiber demodulator in the
strain coefficient experiments. The Brillouin shift changes in the gauge length of the stretched and
compensating fibers are given in Figure 11. The Brillouin shift of stretched fiber minus the compensating
fiber equals the Brillouin shift caused by strain. Theoretically, the Brillouin shift of optical fiber in the
calibration range is a fixed value that can be directly applied. However, the results of Figure 11 do not
match the theory. The Brillouin shift curve fluctuates because the temperature is not uniform.

11.4 Y

1.3 I Calibration range of
< 1124 [ compensated optical fiber|
s
< 1114 . . /
£ ! i
< 11.04 el X
= |
E 10.9
E 108 T

107 Calibration range of

: stretched optical fiber
10.6
10.5

LN L S B B e B B B B S B S B R R |
20 25 30 35 40 45 50 55 60 65 70
Distance(m)

Figure 11. Typical plot collected by NBX-6050A in the strain coefficient test.

Therefore, the Brillouin shift data are processed according to the following procedures:
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First, as shown in Figure 12, the fiber is divided into n segments. The total length of the fiber is L,
and the length of each segment is I. Then, the Brillouin shifts of the ith segment of the stretched optical

fiber can be expressed as follows:
v; = Ce(ei = €0) + Cr(Ti = To). )
Similarly, the corresponding ith segment of the stretched optical fiber can be written as follows:
o) = Ce(&] = £0) + Cr(T] = T). (10)

Second, the difference in Brillouin shifts between the stretched fiber and the compensated fiber
can be calculated by subtracting Formula (9) and Formula (10), as follows:

[ —U; = CE(Ei—Eg)-FCT(Ti—T;). (11)

It is noticeable that the temperatures of the stretched and compensated fiber are the same at the
ith segment. The left side of Formula (11) can be expressed as v; for simplicity, then the formula can be
further simplified as follows:

7; = Ce(ei - €]). (12)

Third, after both sides of Formula (12) are multiplied by ! except the first and last formulas are
multiplied by //2, it can be expanded as follows:

1% = Ce(e1-¢7)3
Byl = Ce(e2— &)l
B3l = Ce(e3 — &3
(13)
ol = Ce(ei - &)l
_n% = Ce<5n 5;,1)%

Then, adding both sides of each equation in Formula (13), the new formula can be written as

follows:
=1 = = = =1 _ . 7\1 . v . v .. v . A/
D1+l + T3l + ..+ T+ 4Tk =Cel(er— &)+ (- eyl + (s — ) 4.+ (e =) + ...+ (ea—en)d)  (14)

The strain measured by the dial gauge is expressed as &,,. Obviously, the left side of Formula (14)
indicates the real elongation of the optical fiber, which is ¢;yL. If n—o0 or 1-0, Formula (14) can be

simplified as follows:

_ — _

015+Uzl+03[+...+0il+...+vn§:CEEHUL (15)

: L U2 V3 Vs Us Vi-1 Vi VUp—1 Un

Stretched optical fiber

& & €3 & s Ei-1 & En-1 &n

. vp vy U3 Vi Vs vy V[ Vp_g Vp

Compensated optical fiber = : . , , e )

‘1 € & &4 & &g & En-1 €n

L l )

L

Figure 12. Schematic view of data processing.
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Finally, the strain coefficient, C,, can be calculated according to Formula (15). The above analysis
can be programmed by MATLAB and the strain coefficients can be calculated and obtained automatically.

As a consequence of the limited experimental conditions, the tested values only included strain
coefficients at ambient temperature, 100 °C, and 350 °C. Figures 13 and 14 show the relationship
between Brillouin shift and strain under three temperature levels. It is obvious that all the correlation
coefficients are larger than 0.99, which also indicates great strain-sensing linearity, regardless of room
or high-temperature conditions. The slope of each fitting line in these figures is the value of the
corresponding strain coefficient. The specific results are listed in the two figures.

From Figure 13, it is obvious that the strain-sensing repeatability for optical fibers is great because
the results of five tests under small strains are the same and those of four tests under large strains are
almost equal. On average, strain coefficients under small strain and large strain at ambient temperature
are 48.24 MHz/0.1% and 49.25 MHz/0.1%, respectively. The values are very close to the value at ambient
temperature, which is 49.7 MHz/0.1%. Therefore, it confirms that the value at ambient temperature is
49.7 MHz/0.1%, again.

109809 = st © 2nd 2 3rd
v 4th ¢ 5th
10,960 -
§10,940-
=
& 10,920 -
g
]
=} 4
‘g 10,900
2
= 10,880 -
1st 2nd 3rd 4th 5th
10,860 -
Slope 0.04814 0.04801 0.04847 0.04801 0.04845
10,840 - R”A2  0.9997 0.9999 0.9998 0.9998 0.9998
T T T T T T
0 500 1,000 1,500 2,000 2,500
Strain (pe)
(a)
11,800 ~
o 1Ist © 2nd
A 3rd v 4th
11,600
S
jus}
\%11,400-
]
=
3
g
E 11,200
=
m
Ist 2nd 3rd 4th
11,000
Slope 0.0491 0.04973 0.04883 0.04921
R”2 0.9999 0.9998 0.9999 0.9998
10,800 T T T T
4,000 8,000 12,000 16,000
Strain (pe)
(b)

Figure 13. Experimental results for strain sensing at ambient temperature: (a) Small strain; (b)
large strain.

A previous study [20] analyzed the strain sensing of optical fibers at different high temperatures and
described a strain coefficient formula when the temperature is below 700 °C. However, the maximum
strain in that study was around 3000 pe, indicating that the larger strain working level still needs
to be considered. Therefore, Figure 14 shows only one result at two high temperatures under large
strains because of the great strain-sensing repeatability in previous tests. From Figure 14, the strain
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coefficients at 100 °C and 350 °C are 48.64 MHz/0.1% and 45.42 MHz/0.1%, respectively, which are
close to the coefficients measured under small strains in Reference [20].

o 100 °C

800 350 °C

(2]

o

o
1

Brillouin shifts (MHz)
N S
8 ]
1 1

100 °C 350 °C
Slope 0.04864 0.04542

04
R”2 0.9992 0.9959

T T T T T T T 1
2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000
Strain (ue)

Figure 14. Experimental results for strain sensing at 100 °C and 350 °C.
4.3. Discussion

As only two high-temperature conditions were simulated in this condition, it is difficult to
further analyze the results from the thermal or mechanical properties of the optical fibers. Fortunately,
the above section about temperature sensing of optical fibers considers a thermomechanical coupling
condition including six large initial strains that can be applied to verify the reliability of strain-sensing
measurements and compensate for the limited high-temperature conditions. The detailed method
transforms Figure 5 into Figure 15, which shows the theoretical relationships between Brillouin shifts
and strain at different high temperatures. The maximum temperature is 400 °C, which is also the
maximum temperature in Figure 5.

11,600 © 20°C © 100°C & 200°C
v 300°C 350 °C 400 °C
11,500 -
11,400
N
N ]
= 11,300
%) ]
=
< 11,200
= 1
3 11,100
= ]
11,000 -
20°C  100°C 200°C 300°C 350°C 400 °C
10,900 - Slope 0.04891 0.04813 0.04719 0.04629 0.04585 0.04543
RA2 0998 0998 0997 0997 0997 0.997

T T T T T T T T T
2,000 4,000 6,000 8,000 10,000
Strain (ue)

Figure 15. Theoretical relationships of strain sensing at different temperatures.

From Figure 15, it can be observed that the Brillouin shifts linearly increase with strain at different
temperatures. The slope of each Brillouin shift-strain curve (strain coefficient) at each temperature
can be determined, and these are shown in Figure 15. The strain coefficients are 49.25 MHz/0.1%,
48.13 MHZz/0.1%, and 45.85 MHz/0.1%, corresponding to temperatures of 20 °C, 100 °C, and 350 °C,
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respectively. Those two coefficients are very close to the above experimental results, which are
48.91 MHz/0.1%, 48.64 MHZz/0.1%, and 45.42 MHz/0.1%, respectively. Therefore, it confirms that the
experimental results for temperature sensing and strain sensing of the optical fibers are reliable.

It is worth noting from Figure 16 that the strain coefficient will decrease as temperature rises.
The black line represents the strain coefficient as a function of temperature for six points. The linear
formula of strain coefficients can be expressed as

Ce = —1.0554 x 1072T + 49.16 (16)

The dotted red line represents the relationship between strain coefficient and temperature, attained
from Reference [22]. The largest difference of strain coefficient between the two lines is 0.544 MHz/0.1%
at ambient temperature, which may be due to the effect of the coating. However, this difference is so
small that it can be ignored. So, the strain coefficient result from Figure 16 is consistent with the results
from References [20,22], which further indicates that larger strain conditions will not influence the
strain coefficient.

As for the reason for the decrease in the strain coefficient with temperature, it may be due to the
increase in Young’s modulus of silica with temperature, as reported in a previous study [20]. However,
this explanation still needs further verification with more experiments.

50

Present result
N - - - -Result from Reference [22]

N
©
1

/

Ey
[o2)
|

EN
~
|

C,(T)=-1.0554x10"T +49.16
46 - R*=0.995

Strain coefficient (MHz/%)

ey
[$)]
|

BT T T T T T T
0 50 100 150 200 250 300 350 400 45

Temperature ('C)

Figure 16. Temperature dependence of strain coefficient.

5. Conclusions

The sensing properties of ordinary single-mode optical fibers were mainly studied at high
temperature, because this kind of optical fiber with coating is often directly applied in practical
conditions. The most important contribution is the calibration of two key coefficients, temperature and
strain coefficients, in a thermomechanical coupling condition with large strain conditions, which have
not been taken into account by previous studies. The following conclusions and remarks can be made:

(1) Although burning of the coating will have an effect on sensing properties, ordinary optical fibers
are still valid because the nonlinear relationship between Brillouin shift and temperature is great
at different initial strains. Similarly, the linear relationship between Brillouin shift and strain is
also great at different temperatures.

(2) The temperature and strain coefficients tend to decrease with temperature, mainly because of the

increase in Young’s modulus of silica with temperature, which will further change the strain of
optical fibers.
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(3) The temperature coefficient can be determined by Formula (5), which is suitable for the range of
0-9000 pe. The strain coefficient can be determined by Formula (16), which is consistent with
experimental results and previous studies.

(4) The research and development of smart FRP bars may solve the problem of obtaining strain at
high temperatures. The calibration of two key parameters (temperature and strain coefficients)
under different levels guarantees the reliability of the subsequent measured data. This result
provides a basis for further high-temperature studies of smart FRP bars.
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