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Abstract

A smart sensor was fabricated using a carbon-epoxy composite laminate in which fibre Bragg
gratings were embedded. These instrumented carbon fibre laminates can be used for reinforcement
and protection of concrete/metallic structures, playing an important role in monitoring repaired or
reinforced constructions.

1. Introduction

Fibre Bragg grating sensors (FBG) can be very useful in applications where layered materials, such as
composites, are involved, because they provide a basis for the development of smart structures. These
sensors allow measurement of parameters such as load/strain, vibration, temperature and detection of
cracks and delamination phenomena tests [1], which are chiefly related with the monitoring of
concrete loading/failure behaviour. Based on these properties we have conducted experiments by
adhesively bonding smart sensors onto polymeric concrete samples, which where then submitted to
standard loading tests. The work performed was aimed at the evaluation of stiffness and detection of
fissures in carbon reinforced concrete, both through experimental tests and development of analytical
models. Because of the recent interest in repairing metallic/concrete structures with composite
laminates, it is safe to assume that such applications will be an appealing field for FBG sensors, since
these are cases where monitoring is extremely important.

2. FBG Theory

An FBG is a periodic modulation of the refractive index of the core of a single mode optical fibre,
written by exposure to UV light in the region around 248nm [2]. This fabrication process is based on
the photosensitive mechanism, which is observed in Ge-doped optical fibres [3]. If broadband light is
travelling through an optical fibre containing such a periodic structure, its diffractive properties
promote that a very narrow wavelength band is reflected back. The centre wavelength of this band can
be represented by well known the Bragg condition:
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X, = 2ndA, (1)

where XB is the centre wavelength, neff is the effective index of the guided mode and A is the period of
the index modulation. The FBG ressonance wavelength will vary accordingly with temperature or

strain changes experienced by the fibre. For a temperature change AT, the corresponding wavelength
shift is given by:

A),B = X. (_L"aT + n -T X. (( + O)AT, (2)

where oc is the fibre thermal-expansion coefficient, and • is the fibre thermo-optic coefficient. The
wavelength shift, induced by a longitudinal strain variation Ae is given by,

aA 1 In l•),•
AX 1 = X• ';--- + ''__ • 1 o)s (3)

where Pe is the photoelastic coefficient of the fibre. For a silica fibre, the wavelength-strain and
wavelength-temperature sensitivities are -13pm*C1 and -1.15pmp•t', for a Bragg wavelength centred
at 1555nm [4].

3. Smart Sensors Plate Fabrication and Characterization

Two fibre Bragg gratings were embedded between
layers of pre-impregnated carbon fibre/epoxy resin
to produce a smart sensor plate. The laminate had
three layers with dimensions of 150x70x 1mm 3 and
was cured inside an autoclave at 100'C during 1
hour with 0.8xl05Pa pressure. The FBG1

MG Capillary tube (XOI=1539nm) was used for measuring strain and

Fig. 1 Smart sensor plate with illustration of temperature, while the FBG 2 (XB2=1530nm) was

FBG sensor placement. only sensitive to temperature. The FBG2 sensor
was properly isolated from strain inside a steel

capillary tube with Oext=0.8 mm, Oint=0.5mm and length L=40mm. The characterization of the smart
sensor consisted in temperature measurements holding strain constant (E=O) and strain measurements
with constant temperature (T=20°C). Fig. 2-a) and 2-b) show the response of the two FBGs to
temperature variation under constant strain and bending strain variation at constant temperature,
respectively.
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Fig. 2 Response of smart sensor plate to: a) Temperature; b) Inverse curvature radius (l/R).
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As expected different sensitivities were obtained for strain, while similar ones were obtained for
temperature. The small difference observed between the thermal sensitivities can be attributed mainly
to the additional strain effect of the material's thermal expansion. Monitoring both Bragg grating
wavelengths allow us to determine simultaneous temperature and bending strain. In fact, from data
contained in Fig. 2 the following relationship can be expressed:

[AT]=I[KC2  -Kc 1 [AXB1 = -336.3 [ 0.0000 -297.09] [AXB1 1
AC A[- K2 K•I AXB2  -10.01 10.73 LA 2 1'(4

where A = KTK 2 -K, KT2, AT and AC are temperature and curvature variations. Based on this
equation and from the experimental evaluation of AXBI and AX.B2 we are then able to determine both
AT and AC.

4. Experimental Results

Experiments were conducted on instrumented and/or reinforced polymer concrete plates, with
dimensions of 600xl00x20mm 3, using a test machine INSTRON Universal (mod. 4208). All three
point bending tests performed had a span length of 500mm. Fig. 3 shows two types of plates tested. In
a Fig. 3-a) we can observe a CFRP (Carbon Fibre Reinforced Polymer) concrete plate. The CFRP was
used to increase the tension strength and reduce the crack propagation rate of the plate, and it
contained 3 FBG sensors. One was located at the centre and the others two at 150mm to each side. In
Fig. 3-b) it is shown a concrete plate instrumented with the smart sensor plate described in the
previous section.

Fig. 3 a) CFRP reinforced concrete plate containing FBG sensors, and b) smart sensor plate
adhesively bonded to polymer concrete plate.

The system used for monitoring the smart sensor plates is presented in Fig. 4. The system included an
OSA - optical spectrum analyser (ANDO AQ 6330), an EBOS - erbium broadband optical source
(PHOTONETICS), a 3 dB coupler and a computer data acquisition system.

Fig. 4 Experimental set-up used for monitoring smart sensor plates.

Fig. 5-a) and 5-b) show test results of reinforced and non-reinforced polymer concrete plates (strain
vs. time). The temperature evolution measured through the sensor FBG 2 during the test, in the smart
sensor plate is also presented. The non-reinforced concrete plate showed no cracking before failure
and presented an ultimate strain of 280ge at the sensor location (see Fig. 5-a). The reinforced concrete
plate, on the other hand, endured a much higher strain (about 7x) and failed in compression
developing 4 compression cracks. The FBG monitoring system also allowed the detection of these
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cracks as can be observed in peak (1) of Fig. 5-b) - here (2) denotes a failure of sensors 1 and 3 due
rupture of the optical fibre containing FBG sensors. The crack detection is shown in detail in Fig. 6
using data extracted from the peak (1) in Fig. 5-a).
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Fig. 5 Test results of the strain and temperature evolution of the: a) Non-reinforced concrete plate;
b) Reinforced concrete plate containing 3 FBG sensors.
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Fig. 6 Detail of crack detection and final failure extracted from peak (1) in Fig. 5-a).

5. Conclusion

FBG sensors showed the ability to detect strain and cracks in concrete plates. A 1mm thick CFRP
laminate reinforcement allowed an increase of 7 times in strain and induced compressive cracking in
the concrete polymer. The monitoring system failed when the optical fibres were forced to endure
strain values in excess of 9000[w, causing signal loss due to rupture of the optical fibres. The
possibility of using fibre optic instrumented plates in rehabilitation of civil structures was
demonstrated, since strain measurements and compressive cracking can be effectively detected.
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