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ABSTRACT 
 
A filament wound composite canister geometry is employed in conjunction with embedded and surface 
bonded fibre Bragg grating sensors to demonstrate the capability of fibre optic sensing technologies to 
precisely predict the strain fields developed within advanced composite structures, and thus serving as a 
reliable technology for through life monitoring. Experiments were carried out on in-house developed four-
point bending apparatus, exhibiting strong correlation between the strain recordings from embedded fibre 
optic sensors and the supporting strain data. The latter was extracted with the aid of auxiliary measuring 
devices, such as strain gauges and 3D digital image correlation system. 
 
 
INTRODUCION 
 
Nowadays the use of fibre-reinforced composite materials (FRPs) has been widely expanded in the 
design of advanced engineering structures, such as transportation products and civil infrastructures, 
replacing conventional materials (e.g. metallic alloys) due to their inherent advantages, such as high 
specific stiffness and strength, long fatigue life and superior corrosion resistance. However, the complex 
nature and the corresponding failure mechanisms of FRPs tend to limit their use within major structural 
elements, indicating the need of more sophisticated condition monitoring techniques. One of the most 
promising sensing technologies for real-time condition monitoring is the fibre optic sensors (FOS), since 
they present some unique characteristics (e.g. immunity to electromagnetic fields, multiplexing capability, 
embedding applicability into structures, etc.). 
 
In the current work a filament wound Kevlar/epoxy thin-walled cylinder (canister), representative of several 
primary structural components (e.g. pipelines), is adopted for the development of a robust and accurate 
monitoring sensors’ network. In particular, optical fibres with FBG sensor arrays were embedded and 
surface-bonded on a number of the tube specimens, while bending tests were carried out in order to 
demonstrate the capability of FOS to accurately measure the developed strain fields; in addition, auxiliary 
measuring systems, i.e. camera system and strain gauges, are used for evaluation purposes. 
 
 
FIBRE BRAGG GRATING SENSING PRINCIPLE 
 
A fibre Bragg grating is a periodic modulation of the effective refractive index (neff) that can be inscribed in 
the optical fibre core using mainly excimer lasers or UV sources and a suitable method for generating the 
spatial pattern, such as phase mask. When a broadband light source is coupled to a single mode optical 
fibre with an inscribed Bragg grating, incident light travelling at the Bragg wavelength (λB) is reflected back 
by the grating itself and, as a result, is missing in the transmitted spectrum; the principle of operation is 
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illustrated in Figure 1. The reflected spectrum is centred on the Bragg wavelength and depends on the 
effective refractive index and on the Bragg period (ΛΒ) of the grating, according to Equation 1 [1]: 
 

2 effn  
 

(1) 

(1 )e         (2) 

 
Figure 1 demonstrates the Bragg grating period (ΛΒ), which is the physical pitch of the grating area. The 
measuring principle is as follows; when a mechanical strain (ε) is present, the grating’s period varies and 
the reflected wavelength (or Bragg wavelength) shifts (ΔλΒ) according to Equation 2 [2]. In Equation 2, ρe 
indicates the photo-elastic coefficient (or effective strain-optic coefficient) of the fibre core material, while 
the term (1 – ρe) can also be found as the ‘strain sensitivity coefficient’ or ‘Fg’. In the current study a value 
of 0.833/strain (provided by the manufacturer) was adopted for the strain calculations. It should be noted 
at this point that the actual strain calculation of the host material using a bare fibre optic sensor is not only 
depended on the sensor’s construction technique (e.g. refractive index), but also on the connection type to 
the measuring structure (e.g. properties and thickness of the adhesive layer and hosting material); 
however, if the adhesive layer is relatively thin, the nominal value of the strain sensitivity coefficient 
(0.833) can be used without introducing significant errors. 
 

 
Figure 1: Measurement principal of FBG sensor. 

 
 
EXPERIMENTAL ARRANGEMENT 
 
The composite cylinders for this study were manufactured using the filament winding technique with the 
aid of an automated machine which incorporates robotic arm technologies (MF Tech - KUKA) and a 
rotating steel mandrel. Four cylindrical samples were fabricated from aramid/epoxy material with identical 
layup and dimensions. 
 
Two different types of FBG arrays were used for the monitoring of the strain fields in the current work. The 
first type contains 12 sensing areas distributed along a 36-meter length optic cable, while the second type 
includes 3 sensing areas for strain measurements. Both types of the FBG arrays are made using the 
same type of a single mode optical fibre with diameters of 9 μm, 125 μm and 155 μm for the fibre core, the 
cladding and the polyimide coating, respectively. Note that the first type of the sensor arrays was 
embedded in one of the cylindrical samples; in particular, it was wound between a pair of hoop Kevlar 
fibre layers following exactly the same orientation in order to minimize the disturbance (i.e. resin pockets 
and voids) of the host material. On the other hand the array with the three FBG strain sensors was 
bonded at several points on the surface of the composite cylinders using a low viscosity adhesive 
(cyanoacrylate). A schematic representation of the FBG arrays and the FOS network of an indicative 
instrumented canister are depicted in Figures 2 and 3, respectively. 



  
 
 

 
Figure 2: FBG array – type 1 and 2 with 12 and 3 strain sensing areas, respectively (all dimensions in mm). 

 

 
Figure 3: Canister design and FOS network. 

 
In order to assess the capability of fibre optic sensors as a reliable in-situ strain monitoring element, a 
four-point bending loading arrangement was selected. This loading case is representative of in-service life 
events for many protective housing or pipework designs. In addition, several standardized procedures 
have been proposed by international organizations and industrial sectors regarding this loading type. 
However, no standardized geometries exist for composite thin-walled cylinders. The major problem, which 
has also been reported in the corresponding literature [3], is the high concentrated transverse loads at the 
loading/supporting points that commonly cause intense local deformations and premature failures. With 
the aim to attenuate these phenomena, a unique four-point bending apparatus was designed and 
manufactured based on the geometry proposed in ASTM D4476 standard [4] for solid semi-circular 
geometries. Moreover rubber pressure pads were placed at the loading/support points for a further 
attenuation of the localize load application effects; similar suggestions can be found in the relative ASTM 
D7249 standard [5]. The specimen and the bending apparatus are depicted in Figure 4. 
 



  
 
The evaluation of the FBG readings was conducted with the aid of established conventional and advanced 
non-contact techniques. In particular, several electrical resistance strain gauges were bonded on the 
specimen surface, using the same low viscosity cyanoacrylate adhesive as for the case of the FOS 
placement, at locations where the FBGs have been glued or embedded. Furthermore a 3D camera 
system integrated with the digital image correlation technique (DIC) from Dantec Dynamics was used in 
order to calculate the full-field displacement and strain maps at the corresponding locations on the 
canister (see Figure 4). 
 

 
Figure 4: Filament wound specimen, bending apparatus and instrumentation. 

 
 

RESULTS AND DISCUSSION 
 
Bending tests were conducted using a Dartec load-frame with capacity of 100 kN with loading rates in the 
range of 0.05 to 0.07 mm/sec. Note that many of the experiments were performed within the elastic 
regime of the specimen, since the main aim of this work was to evaluate the capabilities of FBG sensors 
for accurate strain measurements at typical service loads. However, some preliminary experiments were 
performed until the damage point of the samples (approximately at 9 kN). 
 

 
Figure 5: Strain histories extracted from DIC and SG readings at hoop direction (position x=500mm, θ=90

o
). 



  
 
 
The strain gauge (SG) readings were initially verified using the DIC strain maps. In Figure 5 the strain 
readings are plotted versus time in the hoop direction of the cylinders (DIC and SG at the position x=500 
mm, θ=90

o 
– see also Figure 3 for the coordinates notation). Although the camera system readings 

present some fluctuations in the results due to the relatively small strain range, it can be observed that the 
SG data only marginally diverge from the mean strain values calculated using the DIC system; thus, it was 
determined that the SG data can be used for the assessment of the FBG readings. 
 
Indicative results from various cylinder tests are illustrated in Figure 6. In Figure 6a the load-displacement 
response of a composite cylinder is depicted during an experiment which follows a loading/unloading 
pattern. In particular, the specimen was loaded up to an imposed displacement of 6 mm from the machine 
piston. The piston remained at that position for several seconds before returning to its initial position. It is 
important to mention here that the actual displacement of the cylinder differs significantly from the piston’s 
readings due to the rubber pressure pads used for the attenuation of the localized effects at load/support 
points. The actual displacement at the location x=500 mm, θ=180

o
 was recorded using a displacement 

transducer and is also plotted at Figure 6a. In Figure 6b the strain histories from the same experiment are 
plotted using the corresponding SG and FBG bonded sensors at x=500 mm, θ=~180

o
(±10

o
) location. In 

this graph it can be observed that the FBG readings underestimate the SG values with a maximum 
deviation of approximately 12% when the recommended (from the manufacturer) Fg value is used. This 
divergence could be attributed to the possible thin adhesive layer between the FBG sensor and the host 
material. A potential solution to this strain transfer loss could be the estimation of a strain correction factor 
based on calibration experiments or FE/analytical calculations using the same host and adhesive material. 
The curves in Figure 6b, which are plotted with slightly lower Fg values (0.73 or 0.7), indicate that the 
divergence in the results between the two measuring techniques (SG and FBG) can be reduced to a very 
small percentage (less than 1%) with the use of an appropriate strain correction factor. 
 

 
Figure 6: (a) Load – displacement response of the composite specimen calculated from the Dartec piston movement and using the 
RDP TRS50 transducer readings; (b) strain histories from bonded SG and FBG sensors at position x=500 mm, θ=~180

o
(±10

o
); (c) 

strain histories from bonded SG and embedded FBG sensors at position x=500 mm, θ=~45
o
. 

 



  
 
The strain histories from an embedded FBG sensor and a bonded SG, both in the specimen hoop 
direction with the same x, θ coordinates (x=500 mm, θ=~45

o
), are plotted together in Figure 6c. The 

resulting curves present a very good correlation even though the calculation of the FBG strains was 
conducted using the recommended Fg value (0.83) for bare fibres. This result is an expected outcome for 
the embedded cases, due to the absence of an additional adhesive layer between the host material and 
the sensor. 
 
 
CONCLUSIONS 
 
In the current work several filament wound composite cylinders with embedded and surface bonded FBG 
sensors were tested under four point bending load cases. Strain gauges and a DIC camera system were 
also employed in order to assess the capability of the FOS with respect to strain monitoring. The results 
indicated that the fibre optic sensors are able to predict the strain fields with very good accuracy, 
combining at the same time all of their unique advantages. However, the bonded FBG sensors can be 
affected by the properties of the adhesive layer, indicating the need for a careful placement and calibration 
exercise. On the other hand, embedded bare FOS can provide without additional actions accurate data 
using the strain sensitivity coefficient provided by the manufacturer. 
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