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Abstract—Intelligent hybrid reinforced plastics (IHFRP)
with fiber Bragg grating (FBG) sensors embedded in the
HFRP were produced in-situ. The FBG/HFRP interface
bonding is discussed. Experimental results show that the
interfacial bonding of FBG/HFRP is good, which ensures
that it can transfer the external load to the FBG sensor well.
The novel IHFRP has a higher strain-testing precision
compared to the existing products, which is necessary due to
the requirements of staying cables. The survival rate of the
FBG sensor is high due to the packaged sensor used during
the manufacturing process. In addition, a simple and
theoretical model to estimate shear and peel-off stress is
proposed. According to the simulation results, the maximum
shear and peel-off stress are located at the ends of the FBG
sensor, and this stress is less than the strength of interfacial
adhesion of the matrix material. Moreover, the larger the
diameter of the packaged sensor is,the more is the additional
stress induced.

Index Terms—hybrid composites, smart materials,
structural composites, interface, stress/strain curves

I. INTRODUCTION

Fiber-reinforced plastics (FRPs) have become an ideal
future material for staying cables due to their low weight,
great strength, corrosion and fatigue resistance, and low
coefficient of thermal expansion; these advantages attract
scholars and engineers of various countries to study their
properties [1-3]. Especially, the railway cable bridge,
whose dynamic load and dynamic response are large,
needs a cable material with high tensile strength, high
elasticity coefficient, and appreciable toughness and
damping performance. Research results [4] show that
composites with only one type of fiber cannot meet the
requirements of mechanical strength and dynamic
characteristics. However, with increasing tailoring, hybrid
fiber—reinforced plastics (HFRP) attain properties that the
individual components do not have. Moreover, HFRP also
reduces the cost. Composite cables with high levels of
tensile strength, toughness, and damping, in addition to a
large elastic modulus, are prepared to meet these
demands.

In addition, cable-health monitoring is a key issue. In
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recent research, fiber Bragg grating (FBG) has been
proven to be the most promising fiber-optic strain sensor
due to its elaborate strain-sensing capability [5-9].
Numerous efforts have been undertaken to produce
practical FBG strain-gage systems, either mounted on the
surface or integrated within the structure. These research
experiments provide a reliable guarantee of achieving
intelligent functioning of the HFRP cable. For example,
tension-monitoring systems based on FBG have huge
attraction due to their wavelength-division multiplexing
features. Zhang et al. [10-13] have designed an FBG
system suitable for real-time, online cable monitoring.
However, the FBG sensor in the above-cited studies was
mounted on the surface, which reduced the FBG
reliability. Therefore, Zhou et al. [14-16] carried out
numerous experiments involving the embedding of bare
FBGs in FRPs. Nevertheless, the survival rate of FBG is
lower without stainless steel package of FBG. In addition,
the cable-health monitoring process must possess a higher
precision, and the strain errors must be less than a few
microstrains. However, the cross-sensitivity of bare FBGs
between temperature and strain seriously affect the
accuracy of the strain-testing process. Therefore,
increasing the test precision of intelligent hybrid fiber
reinforced plastics (IHFRP) wires is of utmost
importance.

In this study, we manufactured a novel IHFRP wire
with a temperature-compensated FBG sensor embedded
during the online production of HFRP; moreover, the
encapsulation of bare FBG effectively protected the
sensors from hostile attack. The novel IHFRP has a higher
strain-testing precision compared to the existing products,
which is necessary due to the requirements of staying
cables. Meanwhile, a simple and theoretical model to
estimate shear and peel-off stress is proposed. This study
will be an important guide to the further development of
IHFRP cables.

II. MODELING AND SIMULATION

Whenever embedded in materials, optical fiber is
regarded as foreign entity to the host structure, which
inevitably perturbs the instinctive structural morphology
in a local continuum. Embedded FBG strain gages
experience lateral response-induced radial and axial
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stresses. Thus, due to the mismatch of the mechanical
properties between the embedded sensor and the host
structure, when a load is applied to the structure along the
sensor’s longitudinal direction, the lateral mechanical
response of the structure may induce further local stress
on the embedded FBG sensor and, hence, may induce
interfacial debonding. Therefore, refer to Fig. 1, we
modeled an anisotropic structure with an embedded FBG
sensor, which was developed by our research group /""",
A three-dimensional finite element model, with an
FBG-sensor angle of 36°, was constructed, as seen in
Fig.2. Different values were assigned to the mechanical
properties of the structure, while an identical strain was
loaded onto the structure along the direction of the
embedded FBG sensor, so that the strain evolvement in
the HFRP in a vicinity of the embedment can be evaluated
along with the changes in the structural property. The
structural property parameters are listed in Tab.1, together
with those of the FBG sensor.

Figure 1. Concentric cylinder structure model

NN

Figure 2. The 3D finite element model with the angle of 36°

TABLE 1
MECHANICAL PROPERTY OF STRUCTURAL ELEMENTS

EZ*(Mpa) t*(mm) PRXZ°
FBG sensor 200 0.2/0.25/1/1.5 0.3
IHFRC 200/210/220/245 11 0.28

* EZ represents elastic modulus along z-direction (loading direction) of FBG
sensor and IHFRC.

® t represents the thickness of the cylindrical sensor and diameter of the rod.
© PRXZ represents major Poisson’s ratio between x- and z-directions

A. The Influence of Elastic Modulus on Shear Stress

According to the numerical simulation result in Fig. 3,
the maximum circumferential stress (6.98Mpa) is located
at both ends of the sensor, named along L, the direction,
and less than the adhesive strength between the sensor and
epoxy resin (20Mpa). In addition, the shear stress is
declining rapidly far away from the sensor end.

From Fig.4, with the modulus increasing of the sensor,
the shear stress along L,, L,, and L; is increasing from
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OMpa to 6.98Mpa. From Fig. 5, the interfacial stress is
decreased gradually along the radius of packaged FBG
sensor, named along the L, direction; for example, the
stress located in the core of the FBG sensor is far lower
than that of the outer of FBG sensor. From Fig. 6, the
interfacial stress is declining rapidly far away from the
sensor end, which is identical to the theoretical results.
The above simulation results are identical with the theory
model.

According to the simulation results, we can conclude
that: due to their elastic modulus mismatch between FBG
and host structure, embedded sensor did experience
additional stress field when load was applied along sensor
direction. The more the mismatch exists, the more the
additional stress field is induced.
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Figure 3. Shear stresses contour(E,,=245Mpa, D=2mm, d=1.6,
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Figure 6. Shear stresses on L; path for various elastic modulus
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B. The Influence of the Thickness of Packaged Sensor on
the Shear Stress

From Fig. 7, we can conclude that: with the thickness
increasing of the sensor, the shear stress along L;, L,, and
L; is increasing from 7.13Mpa to 20.7Mpa. Thus, the
thickness of packaged sensor must be less than 3mm.
From Fig. 8, it is shown that the stress is decreased
significantly along the radius of FBG sensor, for example,
the stress located in the core of the FBG sensor is far
lower than that of the outer of FBG sensor. Hence, as long
as the thickness of the FBG sensor is less than a certain
value, the interfacial debonding between the FBG sensor
and HFRP does not induced during the working period of
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stayed cable. Therefore, based on the above analysis, the
embedded sensor does not affect the mechanical
properties of IHFRP.

According to the simulation, we can conclude that: the
thickness of packaged sensor must be less than 3mm; the
lager the thickness is, the more the additional stress is
induced; in addition, the core stress is far lower than the
outer stress of FBG sensor.

As we have discussed, according to the safest
circumstances the diameter of the designed FBG sensor in
this study is 2 mm.

C. Interface Stress Analysis between the Designed
Sensor and IHFRP

According to the numerical simulation results shown in
Fig. 9, the maximum shear stress (16.6 Mpa) is located at
both ends of the sensor and is less than the adhesive
strength between the sensor and the epoxy resin (20 Mpa).
In addition, the shear stress rapidly declines away from
the sensor end. Hence, interfacial debonding between the
FBG sensor and the HFRP is not induced during the
working period of the staying cable wire.

Fig. 10-12 show the shear-stress curves along the L;, L,,
and L; paths for three typical cases of different diameters
of the sensor. The interfacial stress is declining rapidly far
away from the sensor end, which is identical to the
theoretical results in Fig. 10.
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From Fig. 11, it is shown that the stress is gradually
decreased along the radius of the FBG sensor, for
example, the stress in the core of the FBG sensor is far
lower than that at the outer edges. In the case of a 2-mm
diameter sensor, the core stress declines to —1.85Mpa.
The maximum shear stress is located at both ends of the
sensor (Fig. 10).The maximum shear stress of the FBG
sensor with 2-mm diameter is 16.6 Mpa, which is less
than the strength of the bond of the sensor with the epoxy
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Figure 9 Shear stress contour of sensor model (Ecom=245Mpa)
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resin (20 Mpa). In addition, the shear stress rapidly
declines away from the sensor end. Hence, as long as the
diameter of the FBG sensor is less than 2 mm, interfacial
debonding between the FBG sensor and HFRP is not
induced during the working period of the staying cable.
Therefore, based on the above analysis, the embedded
sensor does not influence the mechanical properties of
IHFRP.
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III. EXPERIMENTS AND RESULTS

A. FBG Optical Fiber Sensor Principle and The Other
Experimental Materials
FBG is written and formed into a photosensitive optic
fiber by modulating the core refractive index periodically
using interference pattern created by ultra violet lights
through a phase mask. When a broadband light transmits
through the optic fiber, the FBG written in the core
reflects back a wavelength depending on the Bragg
condition:
Ay =2n,A 1)
Wheren, is the effective refractive index of the core
and A is the grating period. The shift in the reflected
wavelength of the FBG sensor is approximately linear to
any applied strain or temperature. Therefore, the Bragg
wavelength shift(A4;) caused by the change of strain

(Ag ) and the change temperature( AT ) can be expressed
as
Ay — A AZ
S = o (1-p, e, +(a +E)AT ()
/IBO ﬂ'BO
a; +E~T.5x10° 3)
Where 4;, is the Bragg wavelength at a reference
state, p, the strain-optic coeffient of the fiber and & is
the thermo-optic coefficent of the fiber, respectively.
n2
Pe :?ﬁ[plz_v(pn"'p]z)] 4)
p, =0.22 5)
When the FBG in embedded into a host material and
both experience temperature changes, the Bragg equation

is modified to account for the thermally induced axial
strains in the fiber as a result of the mismatch in the
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coefficients of thermal expansion between the optical
fiber( o, ) and the host material( ¢z, ). Therefore, a more

generalized equation can be written as

2o Aoy :A—/lB:(l— P )&, +(am—af)AT +(a, +§)AT

ZBO ABO
(6)

In the case where the embedded sensor and the host
material are not subjected to any temperature variations,
eq. (3) can be futher simplified to the following form:

M:%:(l—pe)% 7
Ao e

The Bragg wavelength is also affected by temperature
changess. The relative change in the Bragg wavelength
due to temperature change is expressed as

o —Ha _ A = (&, +&)AT ®)
ﬂ'BO ;”BO

The FBG used in this study is 10mm long with a
reflectivity of more than 90% and bandwidths of 0.2nm.
The packaged FBG sensor with temperature-compensated
function is made by our team. Therefore, the wavelength
is not moved with the temperature change. The FBG
sensor used in this study is 2mm diameter and 10mm
length.

Moreover, the experimental materials included carbon
fiber (Japan Toray production, 6 k, M40J), glass fiber
(Nanjing Fiberglass Research and Design Institute,
240Tex), aramid fiber (United States, Kevlar-29), E-618
epoxy resin, methyl tetrahydrophthalic anhydride (curing
agent). The material properties is shown in Tab.1

TABLE.II
THE PERFORMANCE PARAMETERS OF VARIOUS FIBER
Fiber Producted Country Strength/Mpa Modulus/Gpa Elongation/% Density/G/cm’ Diameter/ £AMN
carbonfiber Japan 4400 1.2 1.77 6
Kevlar-29 America 2800 3.6 1.45 12
glassfiber China 4018 83.3 5.7 2.54 10

B. Specimen Fabrication

A cable is a one-dimensional rod suitable for the
pultrusion process. The molding temperature was
approximately 160 °C. To cure the resin completely, the
online curing process was necessary after the molding,
and the temperature was about 170~180 °C, which is
higher than the glass-transition temperature; The
pultrusion speed and molding pressure were, respectively,
0.1 m/min and 0.4-0.5 Mpa. To carry out a thorough
investigation on the interface adhesion and the sensing
properties of the intelligent HFRP with an embedded
FBG strain gauge, two composite specimens were
fabricated and studied, as shown in Fig. 13. Furthermore,
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to assess and characterize the overall behavior of the
embedded FBG sensors, mechanical testing of two
pultruded ITHFRPs was carried out by applying various
loads to the cable wires while continuously monitoring
the strain through the embedded FBG sensors and a
standard extensometer clipped onto the pultruded rod. In
addition, analysis of the interfacial adhesion between the
FBG sensor and HFRP was carried out by scanning
electron microscopy (SEM).

C. Results and Discussions

The FBG sensor was embedded in a HFRP wire during
molding. Encapsulation contributes greatly to the survival
rate of the bare FBG from manufacture. Moreover, the
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stress-sensing experiments show that the sensor can
accurately reflect the wavelength changes. The
photograph of an entire cross section of the cable is
shown in Fig. 14, and the amplified SEM image of the
FBG/HFRP interface is shown in Fig. 15. Figures 14 and
16 show that the diameter of the FBG sensor used in this
study is approximately 2 mm and that the FBG
sensor/HFRP interface bonding is good. Therefore, the
interface can transfer the external load to the FBG well;
moreover, the FBG sensor is able to accurately reflect the
loading environment, which provides a reliable guarantee
for achieving intelligent functions of the IHFRP cable
wire. Figures 16 and 17 are the stress-sensing curves of
two HFRP rods with embedded FBG sensors. The Bragg
wavelength of the sensor is linearly dependent on its axial
strain, and the strain-sensitivity values of the two
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intelligent rods are respectively, 1.35 and 1.4 pm/ ue
which tallies with the theoretical strain intensity of the
FBG sensor and is higher than that of the IHFRP rods in
existing products. This also shows that FBG can reflect
the external loading environment accurately.

Figure 13. Photo of pultruded intelligent stayed cable wire

Figure 15. SEM of the interface between FBG and HFRP with different amplified times
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IV. CONCLUSIONS

A simple and theoretical model to estimate both shear
and peel-off stress is proposed. The simulation results
show: 1) Due to mechanical properties mismatch between
FBG and host structure, particularly their elastic modulus,
embedded sensor did experience additional stress field
when load was applied along sensor direction; and the
more the mismatch exists, the more the additional stress
field is induced; 2) The interfacial stress is decreased
significantly along the radius of FBG sensor for various
thickness of packaged; and the larger the thickness is, the
more the additional stress field is induced; 3) The
maximum shear stress is 16.6 Mpa for the FBG sensor
with 2-mm diameter, which is less than the interfacial
adhesion strength. Neither fraction nor debonding was
observed in this IHFRP rod produced by our team.

In addition, the novel IHFRP produced in this study
has a higher strain-test precision and can satisfy the
cable-monitoring requirements. Neither fracturing nor
interface debonding was observed during specimen
fabrication and stress measurements, which proved the
survivability of the embedded FBG sensor. The interface
between FBG and HFRP is intact, which can transfer the
external load to the FBG well and reflects the external
mechanical environment accurately. The Bragg
wavelength of the packaged sensor is linearly dependent
on its axial strain, and the strain-sensitivity values of the
two intelligent rods are, respectively, 1.35 and
1.4 pm/ pe , which tally with the theoretical strain

intensity of an FBG sensor and are higher than those of
the intelligent FRP rods found in existing products.
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