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Abstract: With increased use of fibre reinforced plastics throughout many industries, the use of 
embedded sensors is of key interest. Typically formed through layering glass or carbon fibres within a 
polymer matrix, smart structures capable of self-monitoring become a possibility with the aid of optical 
fibre strain gauges, specifically fibre Bragg gratings. As these sensors may be multiplexed to produce a 
distributed sensor array within a structure, this presents pathway towards undertaking non-destructive 
evaluation of structures persistently and in real time. 

This paper demonstrates the ability of optical strain gauges to detect delamination damage in beam 
specimens composed of unidirectional carbon fibre reinforced plastics. By embedding optical fibres with 
fibre Bragg gratings into beams at the point of fabrication, specimens are produced with distributed strain 
gauge arrays within the structure. Analytical models for non-destructive evaluation are proposed for 
detection and characterisation of delamination damage in statically and dynamically loaded beams. 
Through a series of tests, the proposed analytical models are tested and found to positively identify and 
locate damaged regions while providing an indicator of damage severity. 

Keywords: Fibre Bragg gratings, governing differential equation, Savitzky-Golay filter, non-destructive 
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1. INTRODUCTION

Practical and effective non-destructive evaluation (NDE) techniques for the interrogation and 
continuous monitoring of composite structural integrity is of critical importance. Fibre-reinforced 
plastics (FRPs) are widely used for various structural applications, especially in aerospace, maritime 
and energy industries. They have good specific stiffness and strength, as well as excellent corrosion 
resistance and fatigue properties. However, FRPs are vulnerable to impact damage mainly due to the 
lack of reinforcement through the thickness of the material. In the worst case scenario, impact damage 
may induce internal delamination of the FRP, which can significantly reduce the performance and/or 
cause a catastrophic failure of the structure (1–3) without leaving any external evidence of damage. 
The aim of this paper is to present the results from smart FRPs with a distributed array of embedded 
fibre optic sensors that are able to detect the location and severity of damage in real-time. 

The most promising techniques for structural integrity monitoring of Fibre Reinforced Plastics (FRPs) 
involve the use of fibre optic sensors (FOS). These sensors are able to measure strain, yet are light in 
weight, small in size, immune to electromagnetic interference, capable of multiplexing sensors in a 
single optical fibre and can be embedded into the FRPs. Techniques developed using FOS include, 
optical fibre fracture (4), impact wave triangulation (5) and analytical models (6). A large amount of 
research has been conducted in the use of optical fibre fracture and impact wave triangulation, and 
has shown success in detection of damage of an impact in real-time. However, these techniques still 
struggle to evaluate the severity of unknown damage (1–3). 

Conversely, techniques based on analytical models have been largely ignored because the majority of 
these analytical techniques model damage as linear processes, while ignoring the effects the damage 
has on the governing equations of structural deformation. Zhou and Sim (1) stated that analytical 
model techniques would be further improved by removing the use of significant assumptions or by 
taking the nonlinear effects into account. The use of the governing differential equation of plate 

mailto:p.cook@flinders.edu.au


deformation has, to date not been considered for use in optical fibre based composite structural 
integrity monitoring system. 

Wildy et al. (7) formulated an approach for using the governing differential equation of plate 
deformation as a basis for the development of a family of effective and practical NDE techniques. In 
these techniques, the non-compliance of the governing differential equation for discrete 
measurements within a strain field is used to identify the presence and location of structural damage. 
The feasibility of such techniques using 3D scanning laser Doppler vibrometry has been demonstrated 
for the detection and monitoring of delamination damage in beams both static(7) and dynamic.(8) 

The intention of the work is to produce smart FRP beams with a network of embedded fibre optic 
sensors able to detect the location and severity of damage in real-time. This paper will demonstrate 
that through the use of an analytic model of a beam based on the governing differential equation of 
deformation, real time damage detection may be accomplished with minimal a priori information. 
Results will show that the derived algorithms successfully detected and located delamination damage 
in statically and dynamically loaded FRP beam specimens, while evaluating the size of a delaminated 
zone. 

2. FIBRE BRAGG GRATINGS

The sensors used throughout this research are Fibre Bragg Gratings (FBGs). FBGs are regions of an 
optical fibre that have been modified using UV light to produce regular bands of raised refractive index 
in the fibre core. Demonstrated diagrammatically in figure 1, these bands produce Bragg reflection at a 
wavelength proportional to the spacing of the refractive index banding. As most wavelengths of light 
are permitted to pass a given grating, a single optical fibre can be used to form a distributed array of 
FBGs. 

Figure 1 – Conceptual diagram of fibre Bragg grating function, where λ and P are the wavelength and 
power input to the fibre. The grating will reflect light at peak wavelength λ𝐵. The peak will be related to 

the grating pitch 𝛬 by the effective refractive index 𝑛𝑒𝑓𝑓, where λ𝐵 = 2𝑛𝑒𝑓𝑓𝛬. 

When strain is applied to an FBG the physical spacing of the bands, Λ, will change accordingly. Due to 
photoelastic contributions, the relationship between applied strain and measured wavelength is only 
80% efficient.(8) For the purposes of this research, mechanical strain will be calculated using the 
equation: 

𝜀 =  
1

0.8
∙

∆λ

λ0
(1) 

Where λ0 is the starting centre wavelength of a reflected peak, ∆λ is the change in wavelength from 
the starting value, 𝜀 is mechanical strain.(9) This behaviour allows the FBGs to essentially act as a 
distributed strain gauge array. 

3. DAMAGE DETECTION ALGORITHM

Damage detection algorithms based upon strain compatibility and appropriate governing differential 
equations have been implemented by Wildy et al. (7) and Cook and Wildy (8). In contrast to methods 
of operational deflection shapes (10) etc., these methods have been demonstrated to be robust in 



 

applications where prior knowledge of the structure is limited. As the samples here had damage 
manufactured into the structure, an algorithm of this nature is of primary importance. 

3.1. Quasi-Static Bending 

For the purposes of NDT in thin beams, the GDE proposed by Wildy et al. (7) has been successful in 
detecting delamination damage in composite laminates. For beams undergoing out of plane 
displacement, Wildy (7) proposed that damaged regions may be identified using equation 2: 
 

𝜕4𝑤

𝜕𝑥4 = 0      (2) 

 
Where x is the position along the length of the beam and w is out of plane displacement. By 
integration of (2) with respect to position, x, a constant term is introduced: 
 

 
𝜕3𝑤

𝜕𝑥3 = c      (3) 

Where c is a constant of integration, where the magnitude is arbitrary in this case but constant for all 
beams. With strain being the measured phenomena in this case, we may utilise the strain-curvature 
relationship (11) given in equation (3): 
 

𝜀𝑥 = −𝑧
𝜕2𝑤

𝜕𝑥2       (4) 

 
Where 𝜀𝑥 is strain and z the distance from the neutral axis to the point of interest. In this research, z 
was constant throughout all samples. With this consideration made, substitution of equation (4) in (3) 
allows the definition of: 
 

𝑅𝑆 =  
𝜕𝜀

𝜕𝑥
      (5) 

 

Where 𝑅𝑆 is the residual value for static deflections and 𝜀𝑥  has been simplified to 𝜀 as it is the only 
strain being measured in this research. As the residual value should remain constant in the case of an 
ideal beam, in this scheme damage will be positively identified by large magnitude deviations from a 
constant value of R along a beam length. The differential equation given in equation (5) will form the 
basis for the NDT algorithm used in this research for application to static measurements. 

3.2. Dynamic Solution 

For the case of dynamic displacements, inertial effects become apparent as frequencies (and 
subsequently, speeds) increase. In this case an alternative GDE may be utilised from Cook and Wildy 
(8) for a beam undergoing vibration: 
 

 
𝜕5𝑤

𝜕𝑥5 = 0       (6) 

 
Where all variables retain their definitions as in equation (2). Repeating the process as undertaken in 
section 3.1, equation (4) may be utilised to produce a dynamic solution for damage detection: 
 

𝑅𝐷 =
𝜕2𝜀

𝜕𝑥2       (7) 

 
Where 𝑅𝐷 is defined similarly to 𝑅𝑆 from equation (5), but for dynamic applications where inertial 
effects become a consideration. Likewise, this differential equation will form the basis for a NDT 
algorithm for dynamic loading cases. 



 

3.3. Algorithm Implementation 

Based upon success in similar NDT applications,(7) numerical differentiation was conducted utilising 
the Savitzky-Golay (SG) filter.(12,13) By undertaking convolution and least-squares polynomial curve 
fitting, this filter provides smoothing of the dataset while performing differentiation. This filter provides 
a single step solution for calculating the derivatives as required by equations (5) and (7) while 
providing a level of noise rejection not provided with simple methods. 
 
The final implementation of the damage detection algorithm combines the strain conversion specified 
in equation (1) with the differential equations specified in equations (5) and (7), utilising the SG filter to 
provide numerical differentiation and noise rejection. 

4. EXPERIMENTAL SETUP 

This section outlines the samples, mechanical apparatus and measurement data acquisition 
equipment utilised in this series of experiments. Further details on the fabrication and specifications of 
the beam samples are given in Cook et al.(14) 

4.1. Samples and Apparatus 

All beams utilised in testing consisted of unidirectional carbon fibre beams with a fabricated 
delamination zone. Each beam was approximately 30mm wide, 500mm long and 6mm thick. Two 
layers of PTFE film were integrated at fabrication to produce a damaged region in a controlled 
manner, as illustrated in figure 2. The delamination length and depth were varied between samples. 
All delaminations remained centrally located with respect to length. In this series of tests, beams with 
50mm long delaminations were tested with a depth value of 1mm to 4mm. A beam with a 75mm 
centrally located delamination was also tested. A beam without damage was also produced. 
 

 
Figure 2 - Illustration showing fabricated delamination length, L, and depth, d, within the carbon fibre 

beams used in testing. 
 
The optical fibres used for sensing were embedded at the point of manufacture, above the bottom-
most layer of carbon fibre, approximately 0.25mm from the surface. Each fibre contained 40 FBGs at 
10mm spacing. 
 
The beam specimen was arranged as a cantilever as illustrated in figure 3. This configuration allowed 
the beam to experience out of plane deflection controlled by a screw thread with a dial indicator 
allowing precise deflection measurement. 
 

 
Figure 3 - Illustration of the testing platform used for cantilever bending of beams. 



 

4.2. Data Acquisition and Analysis 

All data acquisition was undertaken using an FBGS 804D optical interrogator (FBGS International, 
Geel, Belgium) and the manufacturer supplied software (ILLumiSense). With this equipment, single 
fibre sampling rates of 2 KHz are available with a resolution of 1pm and noise of ±0.5pm. All post-
processing and data analysis was undertaken in MATLAB.  

5. RESULTS AND ANALYSIS 

Tests were undertaken for both quasi-static and dynamic deflection cases with analysis being 
undertaken as specified in section 3. Experiments were undertaken only once all strain readings 
stabilised, reducing any thermal errors. 

5.1. Static Testing 

Feasibility testing was undertaken with the 75mm delamination sample. Following a baseline 
measurement at zero deflection, further measurements were taken with maximum deflections of 1mm, 
2mm then 5mm to 30mm in 5mm increments. All testing was conducted with the fibre optic sensors 
having tensile forces applied. The strain profile derived from the 30mm deflection is given in figure 
4(a), shown against the undamaged sample. The strain profile is interrupted in the damaged region as 
would be expected from the presence of a delamination.(7) 

 
(a)      (b) 

Figure 4 - Results obtained from sample with 75mm long centrally located delamination showing (a) 
measured strain and (b) output of damage detection algorithm. 

 
Prior research by Wildy et al.(7) has demonstrated that a large relative magnitude wavelet can be 
used as a positive indicator of damage when using the NDT algorithm given in equation (5). 
Application of the strain-based NDT algorithm from this preliminary test produced the data given in 
figure 4(b). In this case, the predicted damage indicators are present, with the zero-crossing points 
aligning with the known location of damage within the sensor spacial resolution. 
 
The same series of deflection-controlled measurements was undertaken with a beam with 50mm long 
delamination, centrally located. As beam deflection was varied, the peak-peak value of the damage 
indicators increased significantly, as illustrated in figure 5(a). Damage indicators were found to 
increase with strong linearity for tests with10mm beam deflection or greater. 



 

 
(a) (b) 

Figure 5 – Application of the NDT algorithm to test series demonstrating the change in damage 
indicator magnitude with (a) beam deflection and (b) delamination depth. 

A comparative analysis was undertaken between all samples with 50mm long delaminations, 
permitting simulation of the effect of moving a delamination through the thickness of a beam. 
Delamination damage of constant length was simulated to move through the thickness of the beam 
with depths of 1mm to 4mm in 1mm increments. Shown in figure 5(b), the magnitude peak to peak of 
the NDT algorithm output was found to positively detect damage in cases where the delamination was 
up to half the thickness of the beam from the fibre optic sensors. Sensitivity to damage was found to 
drop significantly after the delamination passed the centreline. 

5.2. Dynamic Testing 

In order to test the algorithm derived in section 3, dynamic tests were undertaken through 
implementing a free vibration. Beams were subjected to a 10mm maximum deflection then a stop 
removed, allowing the beam to vibrate for a short period of time. For each sensor, the RMS value of 
the time-variant strain was calculated, producing the RMS strain field of the beam, demonstrated in 
figure 6(a). Due to the primary component of vibration being near the fundamental mode of the beam, 
this RMS value will be proportional to the first mode shape of the beam. 

 
(a)      (b) 

Figure 6 – Results obtained from beams experiencing free vibration with and without fabricated 
damage showing (a) the RMS strain profile and (b) the output of the NDT algorithm. 

Application of the dynamic NDT algorithm was applied to this series of tests. While smaller than the 
magnitudes obtained from static testing by two order of magnitude, the relative magnitudes given in 
figure 6(b) again demonstrate the wavelet damage indicator as expected. As the higher order 
derivative is taken in this instance, the wavelet is located with maximum and minimum values at the 
bounds of the damage zone. 
 
Comparative analysis was undertaken in similar vein to the static data previously. As was expected 
from earlier results, the magnitude of the damage indicators were found to decrease as distance 



 

increased as shown in figure 7. In contrast to the static deflection test series, the damage indicators 
were found to steadily decrease as the delamination progressed further from the sensors. 

 
Figure 7 - Change of damage indicator magnitude with change in delamination depth obtained through 

dynamic deflection of beam specimen. 

5.3. Use of Dual Fibres 

Research undertaken by Arkwright (15) has demonstrated the capacity of differential measurement of 
FBG sensors to optimise measurement of pressure while isolating thermal effects. As beams in 
bending will simultaneously undergo compression and tension on opposing sides of the neutral axis, 
the difference of the strain in each fibre may be utilised for damage detection. 
 
During fabrication the 50mm delamination length sample with centrally located damage zone had two 
FBG arrays implemented. In addition to the first fibre implemented above the first carbon fabric layer, a 
second fibre was embedded beneath the upper-most layer. In this instance, the second fibre 
experiences compressive loading and negative strain. Application of the NDT algorithm is 
implemented for both static and dynamic displacement data-sets, as shown in figures 8(a) and 8(b) 
respectively. 

   
(a)       (b) 

Figure 8 - Comparative magnitudes of NDT algorithm results for singular and dual fibre methods for (a) 
static beam deflection with peak displacement of 30mm and (b) free vibration of beam with initial 

maximum displacement of 10mm. 

Through the use of the strain difference calculation, the damage indicator magnitude can be seen to 
be significantly larger than each singular fibre. This increase in signal amplitude may be utilised to 
produce more sensitive damage detection schemes in further implementations.  
 
As the SG filter maintains the linearity of differentiation, computation of the derivatives to find damage 
may be implemented after summation rather than before. While minor, this reduction in computational 
power requirements may prove useful in real-time structural health monitoring applications. 



 

6. CONCLUSIONS 

As FRP structures become more commonplace and the safety entrusted to them increases, the ability 
to monitor and evaluate these bodies becomes more critical. Through utilising fibre Bragg gratings 
sensors as distributed strain gauge arrays, structures may be constructed with self-monitoring 
apparatus from the point of fabrication. When coupled with appropriate analysis methodologies, this 
presents an opportunity to treat the life of the structure as a persistent evaluation routine. 
 
The research undertaken here has demonstrated the ability of analytical models of beams to function 
as non-destructive evaluation techniques when optical fibre sensing is employed. Through the use of 
embedded fibre Bragg gratings, delamination damage was successfully detected and characterised in 
beams subjected to both static and dynamic loading scenarios. 
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