PHOTONIC SENSORS / Vol. 4, No. 3, 2014: 236241

Long-Term Mechanical Properties of Smart Cable Based on
FBG Desensitized Encapsulation Sensors

Sheng LI'" and Min ZHOU?

'National Engineering Laboratory for Fiber Optic Sensing Technology, Wuhan University of Technology, Wuhan,
430070, China
*Wuhan WUTOS Limited Company, Wuhan, 430223, China

"Corresponding author: Sheng LI E-mail: lisheng@whut.edu.cn

Abstract: In order to ensure the testing range and long-term reliability of the fiber Bragg grating
(FBG) used for the smart cable, a smart cable embedded with FBG strain sensors based on the
desensitized encapsulation structure was designed. For a smart cable specimen, the fatigue loading
experiments with the cycle from 100 thousands to 2 million and 0.95 times nominal breaking cable
force (Pp) were carried out, which tested the long-serving effects of the smart cable. The test results
of the static tension loading and unloading during the stepwise fatigue cycle process showed that the
encapsulated FBG strain sensors had the good linearity and repeatability. Also all sensors survived
after 2 million times fatigue cycle. 0.95P, static tension test showed that the encapsulated FBG strain
sensors embedded inside the cable reached 4.5% testing accuracy in the 0.86P, working range. After
0.95P), static tension test, the dissection test was carried out by breaking the force tension. The results
showed that the appearances of the encapsulated sensors were good, and the design structures were
not changed and damaged.
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conventional cable manufacturing processes. The

1. Introduction o .
existing research on the smart cable mainly focuses

Forming a smart cable by embedding optical
fiber sensors inside a cable in the fabricating stage
has been widely researched. The fiber Bragg grating
(FBG) sensor [1, 2] is a mainly sensing means for
the smart cable [3—5]. Also there are some studies on
the smart cable by the Brillouin sensing technique
[6]. The difficulties in the FBG-based smart cable
are to increase the reliable strain range which
requires for 5000 pe [7], close to the rupture limit
strain of the naked FBG [8], and the compatibility
process

requirements should conform to the
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on the short-term property performances by the
static loading test and is lack of the consideration of
the long-term properties.

In order to meet the large strain working range
of the cable in the over tensioning stage and the
maximum combined load in the operational stage,
an FBG desensitized encapsulation sensor was
studied for solving the range problem effectively. In
addition, based on Chinese code [9] about the
fatigue requirements for the steel wires of the cable,
2 million times fatigue cycle experiment and
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0.95times nominal breaking cable force (P5) loading
experiment were carried out for a specimen smart
cable.

2. Structure of the smart cable

2.1 Sensing principle

For the traditional single steel tube encapsulation
structure, the cooperative deformation between the
steel tube and the testing object occurs prior to the
deformation of the FBG driven by the encapsulated
steel tube. So when subjected to the large stress, the
strain transfer process usually cannot totally finish
due to the reason that sensor pedestals fastened to
the steel wire may break off the encapsulation
structure.

So as shown in Fig. 1, the FBG is mainly
encapsulated by three-segment steel tubes. The
boundary of the steel tube in the middle only fastens
one side, and the other side is completely free. The
strain transfer pathway of the encapsulation
structure can be expressed as: steel wire of the cable
— adhesive — pedestal — fiber optical fixed-point
at the ends — FBG. In essence, the middle steel tube
only protects the FBG from the lateral load and the
impact of the shear force. And after the transfer
through the pedestal, the FBG directly bears the
tensile strain. Set that L and L

distance between two pedestals and the distance

s delegate the
between two optical fiber fixing points, respectively.
When the steel wire tensile deformation occurs, the
deformation coordination relationship between the
steel wire strain ¢ and the optical fiber strain ¢,
can be expressed as

el =¢,L (1)
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Fig. 1 Layout of FBG strain sensors.

Thus, the strain sensor sensitivity can be
adjusted by setting different ratios of L and L.
When L., > L, , the strain sensitivity of the FBG
wavelength drift decreases compared to the steel
which
desensitization. Choosing the proper ratio of L,

wire  strain, achieves the sensor
and L., can ensure the reliable test range
requirement of the FBG sensor under the service

load of the cable.
2.2 Desensitized test

Three specimens of the proposed FBG sensors
with different ratios of L and L
the tension test based on the single steel wire in the

s were used for
laboratory. As shown in Table 1, the experimental
results of the three specimens showed that the actual
values calculated from the tension test were a little
bigger than the theoretical values due to the
transmission force influence of the adhesive
between the pedestals and testing steel wire.
However, three specimens all achieved the aim of
desensitization. The actual strain sensitivity
coefficients were all less than the theoretical values
of the naked FBG, namely less than 1 pm/pe. Taking
the best desensitized effect of the 3rd length for
example as Fig.2, three specimens all had the good
repeatability. And the fitting linear correlations all

exceeded 0.99.

Table 1 Strain sensitivity coefficient of different structure
dimension sensors (unit: pm/pe).

Strain sensitivity coefficient 1st specimen 2nd specimen  3rd specimen

Theoritical value 0.679 0.593 0.519
Actual value 0.724 0.654 0.559
1291.0 1 _¢—_1stloading —m—1st unloading
12005 - 2nd loading 2nd unloading

U —%—3rd loading —#—3rd unloading
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Fig.2 Load versus wavelength relationship curves of the 3rd
specimen.
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2.3 Fabrication scheme

The fabrication scheme of the smart cable
mainly contained eight steps, which were depicted
in Fig.3. To avoid the effect of the high temperature
epoxy stuffing on the fiber, the fifth step was
arranged after the fourth step. In the fifth step, the
FBG sensors were fastened to the periphery steel
wires of the cable in the connection pipe region. The
layout of the FBG sensors in the smart cable is
shown in Fig.4. The reserved channels in the first
step provided the through space for steel tubes
which gave the protective measure to the output
optical fiber. The calibration test of the smart cable
was the last step, which utilized the over tensioning
test procedure for every cable.

| Punch and reserved channels at anchor slab |

| Array and wrap steel wires |

| Steel tubes through the reserved channels and fasten anchor slab |

I Wear socket and cast high temperature epoxy stuffing I

| FBG sensors installation and output optical fiber protection I

FBG sensors testing

I Wear connection pipe and cast normal temperature epoxy stuffing |

I Cable tension and calibration |

Fig. 3 Fabrication schemes of smart cables with FBG
Sensors.

Reserved steel FBG sensor

Output optical fib . .
u‘.‘pu (,)‘Pslca oer tube protective shield

Connection pipe Steel wires Cable with PE
protection

Fig. 4 Layout of the FBG sensors in one smart cable.

Anchor slab  Socket

3. Mechanical property testing

3.1 Object and purpose

As shown in Fig. 5, a 3.5-meter-length smart
cable with the 85 @7 smart cable was fabricated

Photonic Sensors

with the help of Jiangsu FASTEN Group Company
(steel wire nominal strength ¢,=1670 MP,). The
smart cable embedded five designed FBG strain
sensors and one FBG temperature sensor used for
the temperature compensation. The main purpose of
the test was to check the long-term mechanical
properties of the smart cable based on Chinese code
about fatigue requirements for the steel wires of the
cable.

Fig. 5 Smart cable test specimen.

3.2 Methods and steps

The whole test process is shown in Fig. 6, and
before the
coefficient

the force sensitivity

established by the
two-cycle loading and unloading tension test with
300kN load interval from 300 kN to 2100kN. Due to
different actual installation locations, the force

fatigue test,
reference was

sensitivities to the steel wires strain of five sensors
were different, as shown in Table2. However, both
the linear correlation and repeatability of all sensors
were good. Figure 7 presents the load versus
wavelength relationship curve of 1# sensor.
According to the code, the upper limit of the fatigue
stress was set at 668 MPa (0.4003), and the stress
range Ac was set at 200 MPa. The static loading
tension tests with 0.4P, range were carried out after
every stage fatigue cycle experiment adopted by sine
wave load with the 2-Hz frequency, which used for
tracking the stability of the smart cable output signal
and analyzing the force sensitive coefficient time
varying trend. In addition, after 2 million times
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fatigue cycle, 0.95P, range static tension and
breaking force tension tests were carried out for
checking the maximum working range of the smart
cable and the appearance state of the designed
sensors inside the cable.

Contrast test

<>

Embed sensors

mb: Dissection cable & checking sensors
inside cable

Working range test by 0-0.95F, static
tension after 2 million times fatigue cycles

f

Sensor force sensitivity coefficient test by

cocfficient testby | : . e
0-0.4P, static tension c 0-0.4P, static tension after 2 million times

b/; fatigue cycles
&
0, ¥
S
— - Sensor force sensitivity coefficiency test by
Sensing signal tracking | 4

0-0.4F, static tension after every stage
during fatigure experiment| fatigue cycle from 10 thousand to
1.5 million

Sensor force sensitivity | Contrast test

step output cable force under 0.4P, range static
loading tension test were shown in Tables3 and 4.
The maximum force errors between the loading and
testing did not beyond 50kN and 200 kN before and

after the fatigue experiment.

Table 3 Force of the smart cable before fatigue (unit: kN).

Case Ist loading Ist unloading ~ 2nd loading  2nd unloading
600 620.1 599.5 648.6 590.6
900 9382 889.3 948.9 887.0
1200 1228.1 1175.1 1240.6 1167.7
1500 1517.6 1466.2 1524.8 1478.0
1800 1804.5 1772.9 1814.1 1777.8
2100 2109.3 2109.3 2107.5 2107.5

Fig. 6 Testing process for smart cable.

Table 2 Force sensitivity coefficient reference of each sensor
(unit: kN/pm).

Sensor 1# 2# 3# 4# S#

Force sensitivity coefficient 1.947 1.363 1.174 1.622 1.656

1302.0 1
1301.8 //
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&
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Load (kKN)

Fig. 7 Load versus wavelength relationship curve of 1#
Sensor.

3.3 Results and analysis

All designed sensors survived after 2 million
times fatigue cycle. The force of the smart cable was
delegated by the cable force output average of five
designed FBG strain sensors which considered the
temperature compensation and took the static
tension strain sensitivity coefficients before the
fatigue experiment as the calculation basis. Before

and after 2 million times fatigue, the results of every

Table 4 Force of the smart cable after fatigue (unit: kN).

Case Ist loading Ist unloading  2nd loading  2nd unloading
600 465.9 4482 458.2 454.1
900 842.1 826.4 837.5 806.7
1200 1210.6 1191.7 1214.9 1186.9
1500 1589.6 1559.5 1586.6 1564.5
1800 1923.0 1941.9 1935.0 1927.1
2100 2276.7 2298.1 2285.6 2299.7

The force errors were caused by the change in
the force sensitivity coefficients during the fatigue
cycle process. Figure8 shows the development trend
of the sensor force sensitive coefficients calculated
from the relationship between the testing load and
sensor wavelength.
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Fig. 8 Development trend of sensor force sensitive
coefficients.

After 2 million times fatigue cycle, 0.95P, static
tension test was carried out. Table 5 shows the
maximum working range of five designed FBG
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sensors. During the static tension process, 1# — 3#
sensors all survived, while 4# sensor was failure at
0.8627P, (as shown in Fig. 9) and 5# sensor was
failure at 0.89P,. So the maximum working range of
the smart cable could be set at 0.86P,. The cable
force testing accuracy change during the fatigue
cycle process is shown in Fig. 10 based on (2). With
an increase in the fatigue cycle, the testing accuracy
decreased gradually. After 2 million times fatigue
cycle, the accuracy still reached 4.5%.

Accuracy = | maxim um error | / rangex100%. (2)

Table 5 Sensor testing range.

Sensor No. 1# 2# 3# 4# S5#
Py (%) =0.95 =0.95 =0.95 0.86 0.89
1305.00
~ 1304.00 | 4# sensor >
g
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k)
5 .
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Fig. 9 Wavelength drifts of 4# sensor during the tension
loading process.
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Fig. 10 Cable force testing accuracy change during the
fatigue cycle process.

There was no break of the smart cable after
0.95P, static tension test. The appearance inspection
results after unloading showed that the anchorage
and cable were both in good condition. According to
the breaking force tension, the dissection for the
smart cable was finished. As shown in Fig. 11, by
appearance checking, the encapsulated sensors

under the protective shields were good, and the

Photonic Sensors

designed structures were not changed and damaged

compared to the installation stage.

Fig. 11 Sensor appearance contrast between the installation
and dissection states.

4. Conclusions

The FBG-based smart cable is a meaningful
smart structure. The desensitized encapsulation
solves the large strain measurement problem when
FBG

fabricating scheme can ensure a high survival rate

using the sensor. The proposed cable
for the sensor. The fatigue experiment results
showed that after long-term loading the smart cable
had 4.5% testing accuracy in the 0.86P, working
range. The breaking force tension and dissection
experiments verified the long-term effectiveness of
the designed sensor and installation structure. The
proposed study plan based on fatigue code
requirements for the steel wires of cable can provide
a reference for studying the long-term mechanical

properties of other type of the smart cable structure.
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