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ABSTRACT 

A technological demonstrator is developed within the framework of the AMERICO research program (Analyses 
Multi-Echelles: Recherches Innovantes pour les COmposites) and in collaboration with DDL Consultants company. 
It's a composite material specimen, representative of industrial structures and instrumented with embedded optical 
fibre sensors. After having described the characteristics of the ITS, we first present the results of a cure monitoring. 
We then present a comparative study of three metrologies used at the same time during a three point bending test. 
Finally, measurements are confronted with the results of a numerical model. Some differences are observed and a 
discussion on their origin is proposed. 
 
 
1. INTRODUCTION 
Designers have to face today’s complex transportation needs: fuel savings, design flexibility and 
high performance at lower costs. As they are durable, lightweight and corrosion resistant, 
composites constitute a good alternative. Nevertheless the developments of such solutions are 
generally limited by the lack of knowledge about the performances of these materials in real 
industrial situations. On the basis of this report the French research program AMERICO (multi-
scale analysis of composite structures) was launched. 
At the same time, a methodology elaborated through a partnership between DDL Consultants 
Company and the LGMT PRO²COM was proposed [1] to facilitate the characterization, the 
durability prediction and the certification of primary composite structures while taking into 
account cost reduction. One of its major concept is the ITS. It is based on the specific advantage 
of composite materials, i.e. they are able to be instrumented with embedded sensors. The use of 
fibre Bragg gratings (FBG) optical sensors in structures is a promising step to contribute to an 
optimal survey of composite structures throughout their life cycle. An ITS is a composite 
demonstrator which, on one hand, has a geometry close to a structural primary element one (i.e. 
containing design singularities and large dimensions), and on the other hand, is instrumented 
with embedded sensors. From the multi-scale approach of our methodology, the ITS concept was 
approved and now developed within the framework of the AMERICO upstream research 
program. 
This paper gives a detailed description of the ITS and presents the results of a preliminary series 
of process and mechanical characterizations. First, a process monitoring technique with FBG's 
was defined and tested. The various phases of the curing process were identified and residual 
cure strain observed at the sensor localization was quantified. To proceed, a three point bending 
test has been performed. Three kinds of strain measurements were carried out at the same time 
and in the same region: FBG, gauges (at the vertical of FBG) and stereo Digital Image 
Correlation (DIC) on the top and lateral surfaces. Bragg gratings allow mesoscopic and internal 
measurements while the DIC method leads to a field of measures obtained on the surface of the 
tested specimen and representative of the macro scale. This test consists in establishing a 
comparison between the various metrologies applied in the core of the material as well as on the 
surface, in two zones of singularity which are the reinforcement zone and the drop off zone [2]. 
A first simulation/test comparison was achieved for a given vertical displacement assuming a 
classical beam kinematics. Some differences are observed. They may result from the influence of 
the FBG/composite interface, material properties identification (real ply thicknesses, inter ply 
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characteristics, initial state…) or an inappropriate kinematics description. This has yet pointed 
out the importance of feeding the finite element analysis with more realistic models and values. 
The association of the different measurement techniques and simulations will hopefully help to 
determine relations between the mesoscopic and the structural scales. 
 
2. THE INSTRUMENTED TECHNOLOGICAL SPECIMEN 

2.1. Composite material  
The ITS is made with UD carbon / epoxy prepreg and cured in the autoclave. The selected 
prepreg is a material developed by Hexcel company (reference: M21 / 35% / 268 / T700GC) and 
used in the AIRBUS A380 program. After being cured in an autoclave, the composite material 
features excellent toughness at high energy impact, high residual compression strength after 
impact, good hot-wet properties up to 150°C, and a simple cure schedule (rise in temperature 
2°C/minute up to 180°C, 120 minutes of temperature stage, and cooling down, 7 bar of pressure 
and -0.7 bar of vacuum pressure). 
 

2.2. Geometry and stacking sequence  
The geometrical characteristics of this demonstrator are representative of industrial design 
singularities and moreover, are combined on a same structural part. Singularities such as drop 
off, important thickness (9 to 18 mm) and large dimensions (800 x 80 mm) are included (cf. 
figure 1). Drilled holes filled or not, are envisaged for a future study however the first series of 
experiment presented here don’t include this problematic. 
 

  

 

Reinforcement 
zone 

Drop off 
Zone 

 
Figure 1.  Plan (on left) and scheme (on right) of the technological specimen 

 
Although the process parameters are sticking to the suppliers specifications, the stacking 
sequence and the layers placement are specific to our project. The specimen is made of: 

 - 36 plies in the current part (9 mm thick); stacking sequence: [0/45/0/-45/0/90/ 0/45/0/-
45/0/90/0/45/0/-45/0/0]s; 
- 72 plies in the reinforced zone (18 mm thick); the complementary stacking sequence is the 
same as above. 

This leads to the following distribution: 55.6 % at 0°, 33.3 % at +/- 45° and 11.1 % at 90°. 
 

2.3. Embedded instrumentation  
The instrumentation of the specimen consists in embedding FBG sensors in between prepreg 
layers during the stacking operation (cf. figure 2). The heat resistance and the low intrusive 
aspect of this sensor enable precise internal measurements without significantly affecting the 
material properties.  
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The autoclave needs to be equipped with a specific gate in order to connect the OF to the 
interrogative unit (cf. figure 3 a, b). As we said above, the response of the sensor is mainly 
dependent on temperature and axial strain. In order to just measure the effect of axial strain we 
need to have a temperature compensated sensor system. To isolate and define the influence part 
of the temperature, we use a technique of an encapsulated FBG (cf. figure 3). 
 
 

 
(a)    (b)     (c) 

Figure 3. (a) LGMT autoclave; (b) OF gate; (c) acquisition systems: Micron Optics wavelength meter and swept 
laser OSA 

 
In this manner, the FBG inside the hermetical needle is free of mechanical strains. A second 
FBG put nearby, will be sensitive to both temperature and strain. If the first FBG information are 
subtracted to the second FBG information, it is then possible to deduce the only mechanical 
action of the external environment over the second FBG. Concerning this embedded FBG we 
have made some observations through a BEM and noticed that to optimize the effective transfert 
of the matrix properties it was important to remove the protective coating around the sensor. 
Indeed, in case of using standard SMF28 polyacrylate coating fibre optic (250 µm), a very poor 
adhesion between the cladding of the fibre and the coating was created during curing (cf. figure 
4c) and the collected information at the sensor's place would not represent the behaviour of the 
composite [9]. 
 

               

               
              (a)                                        (b)                                   (c) 

Figure 4. a) Scheme; b) Photo of an encapsulated FBG; c) Section of a polyacrylate coated OF in carbon/epoxy 
composite observed through BEM 

 
However, some non axial strains may be encountered during the manufacturing process and may 
affect the answer of the FBG [7]. To minimize this effect it is important to position the FBG's in 
the same direction as the fibre reinforcements and if possible in the same direction of the 
loading. Moreover, the monitoring of the wavelength sprectrum shape using an OSA (Optical 
Spectrum Analyser) allows to check if the sensors are subjected to non axial or non uniform 
strain [8]. 
Having taken all the necessary cares we have monitored the autoclave process of the 
unidirectional plate. Figure 5 shows three wavelength spectrum shapes collected (with an si720 
Micron Optics OSA) at the beginning , the middle and the end of the cure cycle corresponding to 
2 FBG's  written on the same optical fibre (cf. figure 5). The second FBG is encapsulated. We 
can observe that no division or flattening of the spectrum shapes occurred. We only show here 3 
pairs of spectra but many more have been collected that relate the same behaviour. Indeed, even 
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after pressure and vacuum took place or during the cooling down phase, the spectra kept a clear 
single peak shape. We observe 2 variations: a peak shift due to temperature variation and/or axial 
strain and also an attenuation of the signal power due to phenomena such as micro-bendings 
which are taking place along the embedded optical fibre. 
 

 

 
 

Figure 5. Three wavelength spectrum shapes collected during an autoclave cure process 
 
As we are now more confident in the nature of the information collected by the FBG's we may 
recall the evolution of strain at the location of the non-encapsulated sensor during the cure cycle. 
The si425 Micron Optics swept laser interrogator acquires in real time the peak shift variations 
which are proportionally related to the evolution of temperature and/or strain. Being able to 
determine the temperature component in Eq.2 thanks to the encapsulated FBG we evaluate the 
longitudinal behaviour of the prepreg along the cure cycle. At the end of the cooling down phase 
we may estimate a residual strain of 90µm/m. 
 
 

 
 

Figure 6. Longitudinal response of [0°]10 prepreg T700/M21 during autoclave curing process 
 

 
4. MECHANICAL CHARACTERIZATION  
The technological specimen was subjected to three point bending tests (cf. figure 7), carried out 
at constant speed, up to a loading of 10 kN. Three kinds of metrologies are used, conventional 
strain gauges, digital images correlation (DIC) and Bragg grating measurements. Bragg gratings 
allow mesoscopic and internal measurements while the DIC method leads to a field of measures 
obtained on the surface of the tested specimen and representative of the macro scale. This test 
consists in establishing a comparison between the metrologies in two zones of singularity which 
are the reinforcement zone and the drop off zone [2].  
The first test aims at validating strain measurements on the surface. The second allows 
comparing internal and surface metrologies in a cross-section of the reinforcement zone. The 
third test enables to compare measurements obtained in the drop off zone. 
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Figure 7. Three point bending test carried out on a multi-instrumented technological specimen 
 
In spite of the important dimensions of the sp cimen, the tests are carried out on a dynamic 
mechanic and the 

seful race of ± 50 mm. Strain measurements are gathered by electric gauges with a VISHAY 

e
al testing machine of INSTRON type whose maximum force is of ± 100 kN 

u
extensometry bridge. Field measurements are obtained by stereo-correlation of digital images, 
using two CCD Hamamatsu numerical cameras. The numerical image processing is carried out 
with the assistance of the commercial software Vic3d© (Correlation Solution, Inc). 
With regards to measurements by Bragg gratings, they are carried out with the si425 Micron 
Optics unit. It is supposed that the conditions of test are isothermal. We can then directly 
estimate strain using the following simplified equation (Eq. 3): 

b

b

aλ
λ

ε
∆

=                                                                           (3) 

 
4.1. Position of the measurement points 

We are mainly interested in observing two zones of singularities (cf. figure 8): 
- the reinforcement zone on which a number of sensors is laid out according to a section 
per m from the center. First, an observation will be pendicular to the specimen axis, at 150 m
carried out on the top face of the specimen, then on the side; 
- the drop off zone for an observation on the section. 
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Figure 8. Position of all the sensors and measured fields on the ITS 
 

At the time of the laying up, a first Bragg grating (FBG2) is integrated in between plies 30 and 
31 respectively orie ted in between the 
plies 12 and 13 respectively oriented at 0° and etric gauges are 

nted at 90° and 0°. A second grating (FBG1) is integra
90° (cf. figure 2). Two extensom

stuck to the right of the FBG: J2 on the lower face and J3 on the top face. On the latter, an FBG 
(FBG4) is stuck parallel to the J3 gauge and another FBG (FBG5) perpendicularly. With the 
exception of the FBG5 all the sensors are laid out so as to measure a deformation along the 
principal axis of the specimen. 
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4.2. Comparison of metrologies on the top face in the reinforcement zone  
For this test, the cameras shoot the top part of the specimen. On this face, a strain gauge (J3) and 
two FBG's (FBG4 and FBG5) are stuck. The field measurement on the zone where the sensors 
are o not observe 

     

 laid out allows checking the homogeneity of the deformations (cf. 9a). We d
any particular incidence of the gluing of the optical fibres on the measured strains.We can then 
carry out a direct comparison of the measurement provided by all three metrologies (cf. figure 
9b).  
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Figure 9. a) Longitudinal strain displacement field ε11 on the top face of the ITS measured at load of 8 kN; b) 
Ga  FBG and DIC strain evolution ε11 et ε2 n the top face of the ITS in the reinforced zone 

liability 
f measurement being shown, we can evaluate the Poisson's ratio by using the information of 

comparing the evolution of internal strain measurements (FBG) with those 
arried out on the side face of the specimen, at the same height by Digital Images Correlation 

(DI ure 

uge, 2 measured o
 
We observe a very satisfactory accordance (less than 2% of variation) between the longitudinal 
measurements taken by the J3 gauge and the Bragg grating FBG4 (cf. figure 9b). The re
o
FBG4 (longitudinal direction) and FBG5 (transverse direction): ν12 = 0,236. Field measurements 
are dispersed, letting appear differences with the other sensors of approximately 10 % in the 
longitudinal direction and nearly 25% in the transverse direction. Field measurements present a 
systematic error which can be explained by the low level of strain measured and by a limited 
resolution of 10-4.  
 

4.3. Comparison of measurements taken in the thickness of the reinforcement zone  
It is a question of 
c

C). The longitudinal strain field ε11 measured on the side face by DIC is presented in fig
10a. The figure 10b shows the evolution of FBG strain measurements and field measurements at 
various stages of the loading. An excellent agreement is observed in the case of the FBG1. The 
results relating to the FBG22 are less significant. However the difference between measurements 
does not exceed 10%. 
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Figure 10. a) Longitudinal strain field ε11 measured on the side of the reinforced zone at a load of 8 kN; b) FBG and 
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4.4. Measurements taken in the thickness of the drop off zone 
The objective of this test is to validate internal metrology in a more singular area from the point 

n this area, an FBG is placed in the core of theof view of its geom  material , and a gauge is 
stuc ure 11a shows the strain 

etry. I
k on the lower face, below the FBG (cf. figure 8). The fig

distribution ε11 measured by DIC on the side of the specimen. These values are compared with 
the FBG and gauge measurements. A great similarity is observed, in spite of the relative 
complexity of the area in which these measurements are taken (cf. figure 11b). 
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Figure 11. a) Field of longitudinal strains ε11 measured on the side face at a load of 8 kN; 
b) Gauge, FBG and DIC strain ution ε  on the drop off zone. 

5. TEST/CALCULA
5.1. Numerical modelling 

The ITS is modelled with SAMCEF software. For the test/calculation comparison, the 3 point 
ement on the nodes so as to the value is equal to 

the e time of the tests. 

off and the boundary conditions. The various 
alues measured or calculated in the cross-section (FBG, gauges, DIC, numerical model) are 

confronted for a given displacement (27,5 mm) by considering a Timoshenko kinematics. A 

 evol 11

 
 

TION COMPARISON 

bending test is modelled by imposing a displac
 displacement measured at th

 
5.2. Comparative results 

The section considered is rather far from the drop 
v

graphic construction is proposed to compare the values: a line connecting the calculated 
deformations is traced in figure 12. It allows estimating the distribution of the internal strains. 
The general tendency is that expected. Experimental internal and surface measurements are in 
accordance with the numerical simulation even though some variations are noticed 
(approximately 5%).  
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Figure 12. Comparison of measurements (FBG, gauges, DIC, model) taken in a cross-section concerning a 3 point 
bending test 
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5.3. Process parameters 
T  
of rigid culations and tests. This may be due to the variability of 

nd polymerization of the elementary specimen, 

alls which have a function to slow 

 

 
Figure 13 rossed plies (0°,90°) of T700/M21 (zoom on right)

 
e have shown above the existence of longitudinal residual strains in a UD carbon/epoxy part 

afte gher 

 technological specimen instrumented with internal fibre Bragg gratings and integrating several 
ing developped. A test to characterize the autoclave cure cycle using 

Nodule

he simulation shows a satisfactory correlation with experimental results. However, a difference
ity appears between cal

ameters directly related topar  the manufacturing process. Among them are parameters such as 
ply thickness, inter-ply nature or residual strains. 
 
The observation of an elementary specimen sample with a BEM (cf. figure 18) shows the 
thickness variability of the plies. After laying up a
we measure a 2.21 mm total thickness. If we carry out a simulation according to the data of 
supplier HEXCEL Composites (ply thickness = 0.26mm), we find a 2.08 mm total theoretical 
thickness that is to say a 0.13 mm difference with the measured value. This difference can thus 
have a real influence on the rigidity of the specimen (since it exploits the moment of inertia 
and/or the fiber content ratio). Therefore, the plies are not distributed uniformly. 0° plies have a 
thickness higher than the one given by the supplier and the tendency is reversed with the 
90°plies. The values lie between 0.243 mm and 0.314 mm.  
 
By BEM observation, it is also possible to see the presence of nodules in the inter plies rich in 
resin (cf. figure 13).  The nodules are thermoplastic microb
down the crack propagations and to improve the impact behavior. Their concrete influence on 
the elastic behavior of the structure is not identified yet. A thorough study of these interfaces is 
in progress. The objective of this work is to define a model adapted to this entity.  
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. BEM observations at the interface of two c

W
r curing in an autoclave. We may suppose that the level of residual strain is much hi

when the stacking sequence is more complex like in the technological specimen. The initial state 
of the material is strongly dependent on the process parameters. It is thus necessary to consider 
them when designing a composite structure. 
 
5. CONCLUSIONS 
A
design singularities is be
embedded fibre Bragg gratings is carried out. The complexity of such experiment is shown and 
some solutions are proposed. The longitudinal cure strain in a UD 0° carbon/epoxy part is 
estimated. In a further development, we will analyze, thanks to the FBG's, the cure residual 
strains in a more complex stacking sequence of the same carbon/epoxy. We will also try to 
quantify and to define the distribution of the residual strains in the cure part by placing FBG's at 
different levels of the thickness and estimate the influence of the mould or the type of realising 
agent. 
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The technological specimen was subjected to a multi-instrumented three point bending test. 
Three kinds of metrologies are used, conventional strain gauges, displacement fields and Bragg 

. However, a difference of rigidity 
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grating measurements. Strain measurements obtained on the surface were compared and showed 
similar responses. Moreover, embedded measures (FBG) were validated in both zone of 
singularities by the surface metrologies (gauges and DIC).  

The technological specimen and the three point bending test are modelized. The simulation 
shows a satisfactory accordance with experimental results
appears between calculations and tests. This may be due to the variability of parameters such as 
ply thickness, inter-ply nature or residual strains. We will continue to analyze these parameters 
and others in order to obtain a more representative model of the macroscopic behaviour of the 
specimen. 
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