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Abstract: To address low transfer efficiency, strain dead zones and chirping during linear packaging of ultra-weak fiber
Bragg grating sensor arrays, a distributed strain sensing optical cable based on fiber-reinforced polymer (FRP) is
proposed. The distributed strain-sensing principle of UW-FBGs is analyzed, a strain-transfer model of a stranded FRP
optical cable is established, and ANSYS simulation is used to analyze the strain-transfer efficiency of the fiber/FRP-steel-
cable-sheath structure. A UW-FBG array with 0.2 m spacing is preprocessed and hot-pultruded with glass fiber to form a
1.0 mm diameter FRP sensing fiber, which is twisted with steel cables and then extruded with an outer sheath.
Temperature and tensile characteristics are calibrated, and concrete specimens are prepared for static-pressure testing.
Results show that the cable has a temperature sensitivity of 22.3 pm/°C, strain sensitivity of 1.1 pm/pe, strain linearity
error below 1.4%, repeatability error below 2.2%, spatial resolution of 0.2 m, and no dead zone under tensile-compressive
strain, providing a promising solution for distributed strain sensing.
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Figure and Table Captions

Fig. 1 Strain-transfer model.

Fig. 2 Force-transfer diagram of the microelement structure.
Fig. 3 Simulation mesh of the cable structure.

Fig. 4 Tensile force-strain fitting curve.

Fig. 5 Path strain at different positions.

Fig. 6 Structural model of the optical cable.

Fig. 7 Single-grating spectrum.

Fig. 8 Multi-wavelength sampling intensity.

Fig. 9 Temperature calibration curve of the strain cable.
Fig. 10 Multi-band strain fitting curves.

Fig. 11 Tensile-unloading strain test curve.

Fig. 12 Demolded and formed concrete specimens.

Fig. 13 Load test platform.

Fig. 14 Pressurization-unloading fitting results.

1. Introduction

Ultra-weak fiber Bragg gratings (UW-FBGs) are grating sensors with reflectivity below 0.1%. The number of UW-
FBG sensors multiplexed on a single fiber has exceeded 10,000, showing clear advantages for long-distance and large-
range sensing. How to exploit the potential of UW-FBG arrays for high-accuracy, real-time distributed strain sensing has
become a research focus.

Bare optical fiber has low strength and is easily broken, so it is difficult to use directly in engineering. It is typically
packaged into sensing cable to improve durability and monitoring range. Among many cable structures, the center-
stranded cable used in Brillouin optical time-domain reflectometry/analyzers (BOTDR/A) is representative and has been
widely used for bridges, tunnels, petroleum pipelines and geological engineering monitoring.

Existing distributed strain cables provide a reference for UW-FBG cabling, but in practice UW-FBG arrays exhibit
obvious attenuation and chirping when twisted with FRP or steel strands, making engineering application difficult. FRP is
a typical linear elastic material that can prevent deformation lag and residual deformation, making it a good material for
linear packaging of FBGs. Because conventional FBGs have small capacity and limited range, the value of linear
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packaging is restricted; however, UW-FBGs have strong multiplexing capacity, and distributed sensing through linear
packaging can greatly expand their applications.

Direct FRP encapsulation of UW-FBG arrays suffers from thermal-shrinkage stress during high-temperature curing,
causing a significant increase in fiber loss and limiting sensing distance. To address this, a distributed strain sensing
optical cable based on UW-FBGs is proposed. The UW-FBG strain-sensing principle is analyzed, a multilayer strain-
transfer model is established, ANSY'S is used for simulation, and a dedicated cable structure is designed with special fiber
processing to suppress attenuation and chirping.

2. Basic Principles

2.1 UW-FBG Operating Principle

UW-FBGs have extremely low reflectivity, so the reflected energy from each grating is very low. This allows all
gratings with the same wavelength along the entire fiber to reflect signals with usable strength. When grating reflectivity
is below -40 dB (0.1%), thousands of sensing points can be multiplexed at the same wavelength, and the shadowing and
multiple-reflection effects from upstream gratings can be ignored. Wavelength-division multiplexing can further increase
sensor capacity by more than one order of magnitude.

The working principle of UW-FBGs is similar to that of conventional FBGs. When the fiber core is subjected to axial
strain or temperature, the grating length or refractive index changes, causing a shift in the center wavelength. Although
UW-FBG arrays are still quasi-distributed sensors, high-performance linear packaging into a cable enables each UW-FBG
to sense local strain, so the full cable can approximate distributed sensing.

Because a strain cable may contain thousands of grating sensing units, individual temperature-coefficient calibration is
impractical. For temperature compensation, packaging materials and cabling processes with low thermal expansion
coefficient, good consistency and good linearity are needed.

2.2 Strain Transfer Mechanism of the Cable

In a UW-FBG strain cable, strain applied to the cable sheath must be transferred layer by layer to the fiber at the
center and then to the nearby UW-FBG sensing unit. Because different layers have different material properties and
mismatched elastic moduli, shear stress occurs at contact interfaces, causing strain-transfer loss. A simplified strain-
transfer model is established for the stranded cable structure.

The force balance equations of the fiber and internal structure are considered. Because the fiber and internal structure
are coupled during fabrication, they are assumed to deform synchronously without relative slip. The relationship between
fiber strain and external-material strain is derived, and the average strain-transfer efficiency of the sensor is obtained by
considering strain transfer through the entire structure.

Considering packaging-material properties and cable fabrication requirements, glass fiber and UW-FBG are
composited into FRP. This structure is simple to fabricate, has high compressive strength and good temperature stability.

An ANSYS model of the stranded FRP cable is established. The model assumes one FRP core and steel strands with
diameters of 1 mm, an overall cable diameter of 5 mm and model length of 100 mm. Simulation results show that the
central fiber maintains good linearity in the range of 0-3500 pe. The calculated strain-transfer efficiency is about 88%,
which is reasonable when axial-strain conversion of the spiral structure is considered.

3. Cable Design and Fabrication

Using FRP as the internal structure of the stranded cable can effectively suppress side pressure during cabling and
loading. However, hot pultrusion of fiber, glass fiber and resin usually requires temperatures above 180 °C, and curing
shrinkage becomes a key challenge. Experiments showed that curing a high-temperature-resistant polyimide layer on the
surface of the UW-FBG array can effectively suppress chirping and loss caused by thermal curing shrinkage.

A UW-FBG array with wavelengths of 1530 nm, 1542 nm and 1554 nm and spacing of 0.2 m was used to prepare a 1
mm diameter FRP sensing fiber. With the FRP at the center, six steel strands with diameters of 1 mm were twisted around
it, and a high-density polyethylene sheath was extruded to form a 5 mm diameter strain cable. The structure effectively
suppresses thermal shrinkage and side pressure, provides good mechanical strength, protects the fiber from external
damage and is compatible with traditional BOTDR/A installation methods.
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4. Experimental Testing

4.1 Spectral Test

After cable fabrication, a 15 m section was tested using demodulation equipment to examine the cable spectrum and
signal transmission intensity. The sampling spectrum of the distributed strain cable was Gaussian, with no chirping or
distortion. Although sampling intensity in some wavelength bands was below 1.0 due to sampling-current influence, the
overall sampling intensity of the gratings was above 1.5 and no obvious transmission attenuation was observed.

4.2 Temperature Characteristics

Temperature-induced expansion and contraction of the external packaging material can have complex effects on
internal UW-FBGs, so temperature testing is necessary. The cable was placed in a constant-temperature and humidity
chamber. Temperature was increased and decreased in 5 °C steps, and a UW-FBG demodulator with 1 pm wavelength
accuracy recorded the wavelength drift after each step.

The results show a temperature sensitivity of about 22.3 pm/°C, much lower than the approximately 40 pm/°C of
internally fixed-point cables. The coefficient fluctuation is about 2%, and the consistency is good. The temperature
linearity of sensors at different wavelengths is above 0.9995, which facilitates temperature compensation.

4.3 Strain Characteristics

The cable was fixed on the tensile fixture of a testing machine by winding, with a fixed length of 0.5 m. The testing
machine was displaced stepwise by 0.04 mm, the displacement was recorded by a micrometer, and the UW-FBG
wavelength shift was recorded after each tensile step. The strain coefficients of sensors at 1530 nm, 1542 nm and 1554 nm
were 1.13 pm/pe, 1.10 pm/pe and 1.12 pm/pe, respectively, with fitting linearity above 0.99.

The calibration values were slightly below the theoretical value of bare fiber (1.19 pm/pe) due to strain-transfer loss
during cable packaging. Because the high-density polyethylene sheath compresses the internal structure during cabling,
the actual cabling effect is better than the simplified simulation model, and strain-transfer efficiency at small strain can be
slightly higher than the simulated value.

To test repeatability and linearity error, tensile-unloading cycles were performed over the range of 0-300 N. In the 0-
500 pe strain range, wavelength changes under the same load during loading and unloading were basically consistent,
showing good repeatability. The maximum linearity error was about 1.16%.

4.4 Concrete Specimen Test

To verify practical application, the cable was embedded in C50 concrete, positioned at the center of the specimen, and
led out through reserved circular holes on both sides. After 28 days of curing, the specimen was subjected to
pressurization-unloading tests on a press machine at 40 kN intervals. A UW-FBG demodulator recorded wavelength
values at different loads, and corresponding strain values were calculated.

Comparison of load-strain values shows that the strain varied with position under 40-400 kN loading, and the test
results were generally consistent with expectations. Loading-unloading cycling demonstrated that wavelength values
under the same force were generally consistent and the experimental data matched the fitted values. The maximum
linearity error was about 2.67%. The cable coupled well with concrete, with cumulative repeatability error below 2.2%
and hysteresis error below 2.8%.

5. Conclusion

This paper proposes and fabricates a stranded FRP distributed strain cable based on UW-FBGs, simulates the
influence of cable structure on strain-transfer efficiency and tests the cable performance.

First, the designed cable has a strain-transfer efficiency above 88%, effectively suppresses attenuation and chirping
during fabrication, and has the potential for long-distance distributed strain sensing. Second, its temperature and strain
performance are excellent: in the range of 20-70 °C, temperature sensitivity is about 22.3 pm/°C with R? above 0.999;
within a strain range of 1000 peg, strain sensitivity is about 1.1 pm/pe, close to the bare-fiber sensitivity of 1.19 pm/e, also
with R? above 0.999. Third, the cable has high engineering value. It has no strain dead zone during tensile and
compressive tests, couples well with concrete and has cumulative sensor error below 10%.

Combined with a high-density UW-FBG demodulator, the cable can achieve 0.2 m spatial resolution and 1 pe
accuracy, breaking through the limitations of conventional quasi-distributed FBG sensing and providing an excellent
solution for long-distance distributed structural health monitoring.
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