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Abstract

Fibre Bragg Grating (FBG) optical sensors are nowadays widely employed for strain
measurement for structural health monitoring and in experimental mechanics. Compared
to other techniques, i.e. electrical strain gauges, FBG offer immunity to electromagnetic
interference and allow for long transmission lead lines. Moreover, thanks to multiplexing
interrogation, several sensors can be photo-imprinted into a single fibre core allowing for
strain evaluation at multiple locations simultaneously. They have high adaptability to
composite materials, particularly because it is possible to be embedded into laminates
without affecting their strength and stiftness. FBG strain measurements are based on the
detection of the wavelength shift of their peak reflected spectrum. However, subjected to
strain gradients, the spectral response of FBG sensors may be distorted and the sharp peak

may not be retained. In this work, the response of FBG sensors having different grating
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lengths and bonded to the surface of a carbon fibre reinforced twill woven laminate was
analyzed. The analysis combined transfer matrix (T-matrix) with digital image correlation
(DIC) methods. DIC technique was used to capture the non-uniform strain fields in the
woven composites and measured strains were employed in T-Matrix algorithm to simulate
FBG response. Using this approach, the effect of the length of the FBGs grating on the
strain measurement is assessed and results discussed. Moreover, it is shown that T-matrix
formulation combined with a non-contact strain field measurement technique, as DIC, is
an appropriate technique to simulate the behavior of FBGs bonded to composite materials

of complex microstructure.

Keywords: Carbon Fiber Reinforced Polymer, Twill Woven, Fiber Bragg Grating (FBG),

Digital Image Correlation (DIC), T-matrix.

1. Introduction

Strain-based methods belong to the wide class of structural health monitoring (SHM)
techniques that also includes, among others, ultrasonic guided waves [1-3], acoustic
emission (AE) [4,5] and dynamic modal data [6,7]. Strain-based methods are very
effective, because in general the presence of damage in a structure modifies the local strain
distribution under operational loads. Strain based techniques proved to be able to detect the
onset of damage, e.g. fatigue cracking, and its subsequent propagation. Both electrical
resistance strain gages [8—10] and optical sensors can be successfully used [11-13] to
measure local strain fields for monitoring purposes. Due to their intrinsic characteristics,

FBG strain monitoring is more suited to structural “hotspots” in large components rather



than wide-area monitoring, as single or a small number of sensors can be used. However,
the latter aspect can be overcome thanks to the multiplexing interrogation capability of
FBG optical interrogators, where several sensors [14] can be photo-imprinted on a single
fibre core (of length up to 10km) thus establishing a quasi-distributed array of sensors for
structural monitoring of wide areas [15,16]. The maximum number of gratings than can be
interrogated depend on the multiplexing method, ranging from 20 to 1000 on a single fibre
[17].

Hence, FBG sensors provide a potential solution for strain based SHM techniques in
composites structures as well as adhesively bonded joints. A FBG sensor has several
advantages over traditional electrical resistance strain gauges, such as immunity to
electromagnetic interference, possibility of long transmission lead lines, applicability in
flammable area and serial multiplexing [14,18]. Moreover, due to low weight and small
size, FBGs can be embedded in composite laminates with a negligible effect on their
mechanical properties [19-22]. FBG strain sensors have been used in order to detect
microscopic damages in composite laminates [23], for the investigation of delamination
detection in CFRP laminates[24] and for monitoring crack growth in composite joints [25,
26]. For adhesively bonded composite joints, it was shown that an array of FBG sensors
can efficiently capture the back face (BF) strain profile, which is a vital parameter for crack
detection [27, 28].

Although FBG sensors possess the aforementioned advantages over electrical resistance
strain gauges, their response is affected by strain gradient in a different way. In particular,
they do not possess the capability of averaging the strain over their gauge length. In facts,
when subjected to strain gradients [29] due to structural geometry, cracks, and/or biaxial

strain distributions (embedded FBGs) [29, 30], the reflected spectrum does not always
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produce the distinctive peaks which are necessary for accurate strain and/or temperature
evaluation [31, 32] and peak splitting, reduction of reflectivity and enlargement of the
bandwidth occur.

Kang et al.[33] investigated the signal stability and characteristic, in terms of reflectivity
and bandwidth, of FBG sensors under different strain gradients and grating lengths with
reference to a bending test of an acrylic cantilever beam. They proposed an optimum
working range of FBG lengths indicating which particular grating length, as a function of
the strain gradient, could be used without peak splitting. However, conclusions hold for an
isotropic material under a simplified loading condition (i.e. cantilever beam) and under a
simplified (i.e. linear) strain gradient. Therefore at least within the limits of the knowledge
of the authors of the present article, the assessment in non-homogeneous materials like in
woven fabric composites is still a challenge.

Huang et al. [31] developed Transfer Matrix (T-matrix) formalism to calculate the
influence of strain fields on the reflective spectra of Bragg gratings. Peters et al. [32] used
this technique for experimental verifications and modified it for high strain gradient
applications. The response of FBG sensors for non-homogeneous materials like woven
composites has not yet fully investigated using the T-matrix formalism.

In this work, the response of FBG sensors, having three different grating lengths, applied
to a twill woven composite under tensile load is analyzed experimentally and discussed
with focus on the non-uniform strain field. The relationship between the dimensions of the
repeating unit structure of the woven material and the length of the FBG grating is
considered, and Digital Image Correlation (DIC) technique is used to capture the

heterogeneous strain field.



Nowadays, DIC is a well-established technique to accurately measure the full field surface
strain distribution without the need of applying sensors to the surface of the part under
examination. Espinosa et al. [34] used DIC strain measurements to investigate damaged
composite structures subjected to tensile loading as well as compressive loading [26].
Several authors, like Nicoletto et al [35, 36] and Daggumati et al [29] used DIC technique
to capture the full field strain of twill and 5-harness satin weave composites, respectively,
under static tension for validation purposes of mesoscale FE analysis. Caminero et al. [37]
used DIC method to monitor composite laminates with an open hole configuration, and
also studied the performance of adhesively bonded patch repairs under tensile loading
conditions. The response of FBG sensors was validated by Schukar et al. [38] using DIC
and ESPI (Electronic Speckle Pattern Interferometry).

In this paper, a similar approach based on DIC was adopted for the validation of the
reflected spectra of FBGs under heterogeneous strain fields within a woven composite
system. A T-matrix algorithm was used to simulate the FBG response using as input the
strain field captured by 2D-DIC technique. Finally, experiments were carried out using
three different FBGs to compare the results with T-matrix simulations and to draw
conclusions about the influence of the length of FBG gratings upon the strain

measurements.

2.  Experimental

2.1  Experimental Setup
Experiments were performed employing two laminates made of four twill 2x2 woven plies

of low modulus carbon fibre (T300) and an epoxy matrix system as described in Fig. 1 (a);
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all the plies are oriented at 0° with reference to the longitudinal axis of the specimen. The
twill weave configuration created a square pattern of unit cells of 10x10 mm? as shown
in Fig.1 (b).

First, surface of the specimens was prepared for DIC measurements by white painting and
creating a speckle pattern by means of a black paint airbrush. Then, static tensile loads
were applied to both specimens, Fig. 2(a), up to a maximum force of 8 kN by means of a
servo-hydraulic system MTS Landmark™ Testing Solutions, USA, with a capacity of 100
kN. The load was increased in a stepwise manner, with a step of 100 N, to allow for
acquisition of images to be processed by DIC.

After the acquisition of these images, the speckled zones were cleaned and FBGs were
installed. Draw Tower Gratings (DTG®s) written in Low Bend Loss fiber having three gage
lengths of 10 mm, 4 mm and 1 mm, respectively, were bonded on the specimens. The opto-
mechanical properties of DTG®s are reported in Table 1 and 2. Particularly, the 10 mm and
4 mm FBGs are single grating strain sensors, whereas the 1 mm ones form an array of four
strain gratings arranged consecutively on a single mode fiber. The 10 mm and 4 mm FBGs
were surface bonded on specimen #1 and the 1 mm long ones on specimen #2 as reported
in Fig. 2 (b)-(c). The installation positions were accurately measured and recorded, to
define their respective positions and paths within the characteristic repeating unit of the
weave. This was done to allow for comparing the reflected spectra and strains measured
by FBGs with the ones obtained by T-matrix simulation based on the strain field captured
by DIC. Finally, the tensile tests were repeated, to acquire the spectra reflected by FBGs

and measure the strains.



2.2 Strain Field measurement

Digital image correlation (DIC) is an experimental mechanics technique for measuring
displacements at the surface of a structure undergoing motion or deformation. Based on
measured displacements, surface strains can then be determined (i.e. Green-Lagrangian
formulation). For this work, a 2D DIC method was applied for capturing the strain field in
the the woven composite strips. A digital single-lens reflex (DSLR) camera (CANON EOS
400D, Tokyo, Japan) with a 100 mm macro lens was used to capture reference (no load
applied) and current digital images under tensile load. A tripod was used to fix the camera
in such a position that the specimen surface remains parallel to the image sensor. A white
light source was used to illuminate the specimen and was not moved during load
application and image acquisition of the deformed specimen, to ensure that all images were
taken under the same constant lighting conditions.

The regions selected for the random speckle pattern were cleaned with Acetone and marked
by applying an adhesive tape at the end of both sides of the specimen. Then, white paint
was applied within the portion of the specimens cleaned before, allowed to dry and finally
a speckle was created by spraying black paint from an airbrush. The speckle pattern on
specimen #1 is illustrated in Figure 3(a). Images were captured with a resolution of 10
(3888x2592) Megapixel and the system was calibrated, obtaining a scale factor value equal
to 80 pixels/mm, i.e. 0.0125mm/pixel.

Then, acquired images were post-processed using Ncorr V1.2 [39], an open source 2D
digital image correlation program, to obtain the displacement field undergone and
subsequently evaluate the 2D strain field. Under the assumption that the gray level intensity
of a physical point does not change between the reference image and the deformed one

[39], the software creates a mesh of subsets across a Region of Interest (ROI) and finds a
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unique point for each subset correlating the images. The step size is the number of pixel
the software uses to track subsets, i.e. for a step size of 5 pixels, the software tracks the
subset area for every 5 pixels. Ncorr computes the strain field from the Green-Lagrangian
strain formulation [39]. However, since these values are typically noisy, Ncorr asks the
user to define a strain window. This algorithm, proposed in [40], uses a pointwise least
squares estimation, where, assuming a strain window small enough, the displacement field
can be approximated as a linear function of the x and y coordinates. Subset size was
selected equal to 30 (a 30x30 pixel window) with 15 pixels step size, whereas full field
strain measurements were evaluated using a strain window of 15 pixels radius. The latter
parameter was chosen as a trade-off between strain accuracy and smoothness. An example

of the longitudinal strain field, €,,, is shown in Figure 3(b) for an 8 kN load level; the

strain field reported refers to the red dashed box whose area is equal to 25.4x30 mm?. The
strain field is superimposed to the image of the sample in Figure 3(d).

Once the strain field was mapped, strain profiles, see Figure 3(e), were extracted along
paths coinciding exactly with lines along which the FBGs that were later installed, as
shown in Figure 3(c). It clearly appears that strains along the black dashed line of Figure
3(e) are not constant, with oscillations of 1000 um/m amplitude for an applied load of 8

kN.

2.3 FBG strain measurement
FBG sensors were conditioned using a Hottinger Baldwin Messtechnik GmbH (HBM)
DI410 dynamic optical interrogator. Raw spectra at different load levels were acquired,

and then they were post processed off-line according to a peak detection algorithm in order



to calculate strains. More precisely, the implemented algorithm firstly acts as a low-pass
filter with filter coefficients equal to the reciprocal of the span (moving average of 100pm),
then it finds the two closest bracketing points within 80% of maximum spectrum
amplitude, and finally, after differentiation, the peak wavelength is found as the zero-
crossing wavelength. This method is illustrated in Figure 4. Once the peak wavelength
corresponding to the different load levels was found, strains were determined according to

the well-known relationship
AL 2 T
== G(l—n?(pn"‘pnz;"‘pu?jj)) €22 = (1 — pe)€ (1)

where p;; are the photo-elastic coefficient (a typical value of p, = 0.22 was employed for
a silica fiber with a germanium doped core), A1 the peak wavelength shift from the baseline

wavelength (at zero strain) 4 and ¢;; the strains undergone within the fibre.

2.4  T-Matrix simulation

The numerical model used to simulate the reflected spectra of a FBG sensor subjected to
an arbitrary strain profile is based on the transfer matrix approximation (T-matrix) model
by Huang et al [41]. This approach, initially proposed by Yamada and Sakuda [42], is a
way of solving coupled-mode equations, in a computationally, more efficient way,
compared with direct numerical integration. It discretizes a single grating into a series of
smaller distinct ones with uniform coupling properties and describes each of them by its
own optical transfer matrix F;. Then, by combining all the F; matrices, the reflectivity

spectrum of FBG sensor can be obtained for a given strain profile. Therefore, once the
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strain profile is known by experimental/numerical methods, the reflected spectrum of FBG

sensor for that strain profile can be estimated by the T-matrix model.

The FBG is defined as a small periodical perturbation of the effective reflective index on,,

of the photosensitive optical fiber core and it can be described as [41]
- 2
Onerr(x) = ONggy {1 + vcos [A—:x + <p(x)]} (2)

where, 67, fis the “dc” index change spatially averaged over a grating period, v the fringe
visibility, A, the nominal grating period, ¢ (x) the grating chirp and x the axial direction

along the fibre length. The T-matrix for the n-th section can be obtained as [39]

cosh(yg Ax) — iisinh(yBAx) —i isinh(]/BAx)
Tn — YB YB R (3)
—iyisinh(yBAx) cosh(ygAx) + iyisinh(yBAx)
B B

1

2T — 1 z .
AD) + 2 8nery — 5 ¢(x) is the

where Ax is the length of each segment, 6 = 27mn,¢f G -

general “dc” self-coupling coefficient where ¢ (x) = % and Ap = 2mngzr A is the design

wavelength. yp = Vk? — 62 where k = %v&ne #7 18 the “ac” coupling coefficient.

Finally, the transfer matrix for the whole FBG sensor can be computed by the product of
all the n-th T-matrices and the reflection spectrum R can be found with the following

expression [39]
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As already pointed out, the grating is divided into N smaller sections having uniform

coupling properties. However the number of sections N cannot be arbitrarily large, and it
. . . . 2nepfL . ) . .
is constrained by the inequality N < % since several grating periods are required

within a section for complete coupling [42]. The input of T-matrix model is the strain
profile £(x), in this work measured by DIC, along the length of the grating of each FBG
sensor (x indicates the local coordinate axis parallel to the sensor, with origin in one of its
ends, whereas strains were extracted along the Y axis of the global reference system shown

in Figure 3). The grating period can be obtained from a modified effective one [43].

A(x) = [1+ (1 = ple(x) + (1 = pe)xe(x)] )

The aforementioned model was implemented in a Matlab R2016b script to obtain the
reflectivity spectrum of the Bragg grating used in this work. More precisely, the
implemented algorithm iterates through the wavelengths with a resolution of 1 pm. The
opto-mechanical characteristics of the FBG used for response-T-matrix are shown in Table
2. In this work, the number of sections over the grating length was chosen equal to 100. A
value of 100 is sufficient for accurate modelling [43] and we verified that increasing the
value of N beyond 100 does not significantly increase the accuracy, whereas computational

times are increased significantly.
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3. Results and discussion

In this section, we present, discuss and compare the spectra and the strain values, obtained:
e directly by processing the experimental spectrum recorded by the FBG
interrogator, using the peak detection algorithm (indicated by “FBG measured” in

the following text)

e Dby processing with T-matrix the strain values obtained by DIC measurements,
extracted along the paths coinciding with the position of the FBG gratings
(indicated by “T-matrix simulated” in the following text).

The reflected spectra and the corresponding strain values were obtained for all load levels
for the 10 mm, 4 mm and 1 mm FBGs. Then, FBG measured and T-matrix simulated strains
were compared with the average strain determined from DIC strain maps using a virtual
extensometer whose gauge length was equal to 10 mm, i.e. at least as great as the
characteristic repeating unit of the weave as suggested within the ASTM D3039 standard
[44]. Finally, the response of the FBG sensor was simulated by exploring a rectangular
portion of the strain field recorded by DIC. A virtual FBG sensor was positioned on a grid
of 13 mm x 13 mm, large enough to enclose one representative volume of the woven
material, and displaced with a step of 1 mm. Then, the strain values along the FBG length
were extracted from DIC data and processed by T-matrix to evaluate the strain value

measure by the virtual FBG at every position.
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3.1 FBG measured and T-matrix simulated results for the 10 mm FBG
sensor

For the 10 mm long FBGs, Figure 5 shows the superimposed FBG measured (black lines)
and the T-matrix simulated (blue lines) reflected spectra compared with the FBG measured
reflected spectra when no strain is applied (red lines), which is labelled as OkN in the
figures. The comparison between FBG measured and T matrix simulated spectra indicates
a fairly good agreement. Both the FBG measured and the T-matrix simulated response of
a 10 mm FBG sensor do not provide a single distinctive peak, as chirping and peak splitting
occur even at small loads and, hence, low strain values. As the input strain along a 10 mm
FBG length is highly non-uniform (Fig. 4 shows the typical band-like variation of strains
on the surface of the specimen), T-matrix analysis confirms that peak splitting is related to
this non-uniform strain profile along the length of the FBG.

T-matrix results agree well with FBG results also in terms of strain values. Comparison of
FBG measured strain values with the T matrix simulated strain values is reported in Figure
6, where also the DIC strain (virtual extensometer) values are reported. It is observed that,
at low load level, i.e. smaller strain gradient, FBG strain readings are comparable to the
DIC averaged values. However, both considerably differ from DIC ones.

As already pointed out, due to the presence of a strain gradient, chirping of grating
occurred, leading to peak splitting. This was observed in both FBG and T-matrix results.
Due to this chirping effect, no unique distinctive peak was produced by the reflected FBG
spectrum even at small load levels, and consequently strain evaluations were affected. The

peak of the reflected spectrum from FBG sensor is a fundamental feature for strain
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measurement and therefore, when there is no distinctive peak, the strain measurement may
become inaccurate and induce the peak detection algorithms to errors.

Moreover, the response depends on the position of the grating. The response of a virtual
10 mm FBG sensor was simulated by T-matrix simulation for varying positions of the
sensors, exploring a rectangular 13 mm x 13 mm portion of the strain field recorded by
DIC. Values of the longitudinal strain obtained by T-matrix simulation are reported in
Figure 7 as a function of the location of the centre of the virtual FBG sensor. It appears that
the measured strain values are not uniform across the explored area, thus confirming the
inability of the 10 mm long sensor to average strain. As reported in ASTM D3039
[44]:"when testing woven fabric laminates, gage selection should consider the use of an
active gage length that is at least as great as the characteristic repeating unit of the weave”.
However, contrary to electrical resistance strain gauges, where one would typically employ
a measuring grid large enough to average inhomogeneous strain fields, in this case, large

grating lengths are counterproductive.

3.2 FBG measured and T-matrix simulated results for the 4 mm FBG

sensor

Figure 8 shows the reflected spectra of the 4 mm FBG sensor superimposed to the T-matrix
simulated ones, the latter based on the non-uniform strain profile extracted along the same
segment from the DIC measured field. Also plotted is the FBG measured reflected spectra
when no strain is applied. We can observe that the experimental spectral response of the 4
mm FBG retains the main characteristic needed for a correct strain estimation, i.e. a single

peak, up to 7 kN. Small chirping effect is present, but not as dominant as in the case of the
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10 mm FBG, where the peak was split at low loads. Therefore, these observations
confirmed that, reducing the gauge length over a non-uniform strain path, peak splitting

can be avoided.

This is particularly true for experimental data, where a unique peak is preserved up to 7kN,
even though the spectrum shape is losing sharpness and peak splitting starts to appear at
the left and right sides of the spectrum. The latter behavior is particularly true for load
levels above SkN. Anyway, for the 4 mm FBG, peak splitting is not as dominant as for
10mm FBG and the detection of a unique peak is still possible. Conversely, the T-matrix
simulated spectra display earlier signs of chirping at lower loads, with peak splitting
appearing at 4 kN.

The comparison between FBG measured, T-matrix simulated and DIC strains (virtual
extensometer) is reported in Figure 9. FBG measured strain values agree well with DIC
strain values all over the investigated load range (0-8kN). Regarding T-matrix simulated
ones, with the exception of the 4 kN and the 8kN load levels, a fairly good agreement can
be found: results are randomly positioned around the “true” experimental values. It appears
that even if peak splitting occurred at 4kN, it did not always affect the T-matrix simulated
strain values.

In this case, the shorter FBG, less than one-half of the 10mm grating length, did not
experience considerable chirping as the 10 mm FBG. However, these results do not indicate
that a 4mm FBG is suitable for strain measurement over a 10x10mm? unit cell. In fact, it
must be pointed out that results were obtained by placing the grid in one specific position.
To check this, the same analysis of the response of a 4 mm virtual FBG sensor over a 13

mm x 13 mm area as the one previously performed with a 10 mm FBG was conducted. The
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results reported in Figure 10 show that with 4 mm FBG sensors strains are not averaged
and differences of the order of 1000 um/m appear. Conversely, local strains are captured
better, although the strain pattern is distorted with respect to the DIC one. Therefore, the 4
mm FBG appears to be neither suitable for local measurements, nor capable of measuring

an average value.

3.3 FBG measured and T-matrix simulated results for the 1 mm FBG

SENSOrs

Finally, the reflected spectrum of the four 1 mm FBG was measured experimentally and
simulated by the T-matrix method. The reflected spectra were simulated for the 4 different
positions within the repeating unit cell according to an array of 4 FBGs having 1 mm gage
length as the one experimentally employed.

Figure 11 shows the spectral responses, FBG measured and the T-matrix simulated.
Comparing the FBG measured and the T-matrix simulated raw spectra, it can be pointed
out an excellent agreement for all the four considered positions along the repeating unit of
the twill structure. It can be seen that, for all the positions, the reflected spectra of the 1
mm FBGs produce a distinctive peak and peak splitting phenomenon is absent up to 8 kN.
This makes this gage length suitable for capturing local stresses in presence of high strain
gradients as in twill woven composite studied herein. However, this feature denotes that
values are read over small regions, resulting in local strain values that may differ from
average ones, i.e. those evaluated by averaging the values measured by DIC.

In facts, as shown in Figure 12 (a)-(d), depending on their position within the twill weave

repeating unit structure, strain values sensed by the FBGs considerably differ from each
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other and in some cases from the DIC values (virtual extensometer). A 1 mm long FBG
seems to capture weel local strains at small scale length. This is clearly shown in Figure 13
by the results of the simulation of the response of a 1 mm FBG sensor displaced with a step
of I mm over a 13 mm x 13 mm area of the strain field recorded by DIC. It appears clearly
that the strains recorded by these FBGs are localized strains and the strain pattern is very
similar to the one captured by DIC. Therefore, it is concluded that, although not prone to
chirping, the 1 mm FBG provides strain values close to average ones only at specific
locations. However, as the length of the sensor is comparable to the uncertainty of the
position of the gratings along the fibre, this type of sensor is at risk of measuring values
that are much larger or lower than the average strain.

In theory, to compensate for this effect while capturing strain profiles, an array containing
a large number of 1mm grating length FBG sensors could be implemented by placing them
along the repeating cell and subsequently averaging measured strains. Average strain
values of the four 1 mm FBGs are presented in Figure 14. In this case, excellent agreement
between averaged strains measured by the array of four Imm FBGs and averaged DIC
measured ones is found. However, in practice it is very difficult to control the exact position
of such short sensors and one may face the risk of placing all sensors at locations resulting
in the least accurate measurements. Moreover, the price of an array of four or more sensors
may exceed that of solutions already existing for the surface application of FBG sensors to
areas with non-uniform strains, like woven composites, that are commercial available in
the form of FBG sensors applied to flexible patches to be bonded or (in the case of metallic

substrates) welded to the area of measurement.
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In order to understand if single sensor based solutions other than arrays or flexible patches
are possible for the material used in this work or, in general, for other woven composite
patterns, the method based on DIC and T-matrix applied herein was applied to investigate
the effect of the length of the grating, to explore other FBG lengths than 1 mm, 4 mm and
10 mm. In fact, the method proved to allow for simulating the reflected spectra of the
sensors studied in this work, with good agreement with the response of real FBGs.
Therefore, the T-matrix simulation was applied to other virtual sensors, aiming at
identifying by simulation a possible more suitable grating length, at least for the material
studied herein. The response of FBGs of 6 mm and 12 mm length was simulated over the
13 mm x 13 mm area previously selected for the simulation of the response of the 1,4 and
10 mm FBGs and results are presented in Figure 15. It appears clearly that both sensors are

unable to capture an average strain, as results fluctuate like in the previous cases.

4. Conclusions and further developments

The spectral response of FBG sensors having different gauge lengths, ranging from 1 to 10
mm applied to a twill 2x2 woven CFRP composite were studied in this work.
Based on the results presented in this paper, the following conclusions can be drawn:

e FBGs having smaller gage length, i.e. 1 millimeters, produce sharp peaks of
reflected spectra even when non-uniform strain fields occur within the unit cell,
allowing for accurately measuring local strains; however, strains measured by
1 mm FBG sensor are basically localized values and therefore differ from average

ones;
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result of the strain measurements with the 4mm FBG are in good agreement with
average ones; however, peak splitting occurred at higher loads only and the analysis
of the effect of the position of the grating within the repeating unit structure allowed
to conclude that they are not suitable for local measurements nor for averaging
strains along their length;

results of the strain measurement with the 10mm FBG are in poorer agreement with
average ones and chirping appears even for low applied loads; even if the FBG
length is larger than the dimension of the unit cell of the woven material,
measurements appear as less accurate

simulation of the behavior of all the FBGs by the T-matrix formalism based on DIC
measured strains yielded results in good agreement with experimental data;
therefore, the T-matrix formulation appears as a powerful technique to simulate and
predict the behavior of FBGs of different length in an inhomogeneous strain field
determined by the weave repeating unit structure of a woven composite;

a preliminary study was conducted using DIC combined with the T matrix method
to identify a possible more appropriate length and position of the sensors within the
repeating unit structure of the woven composite; the effect of the position within
the unit cell of the woven material was investigated by extracting strain values from
the map of values collected by DIC along different lines and processing them by T-
matrix . These virtual experiments did not allow for determining an optimal grating
length allowing for capturing an average strain, at least in the range of 1 mm to 12
mm FBG lengths. Therefore, at the moment the most suitable alternative to
averaging strain values recorded by numerous 1 mm FBGs appears to be to the use

of FBGs immersed into flexible patches that can homogenize the strains sensed by



the sensor. Nevertheless, results confirm the usefulness of the method, that could
be used to predict the response of FBGs before applying them to other composites

with a different microstructure.
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Table. 1: Main Properties of employed Draw Tower Fiber Bragg Gratings (DTG®s)

FBG Number | Nominal Wavelength [nm] Actual Wavelength [nm] Reflectivity [%]
length of

Gratings
Imm 4 [1530;1540;1550;1560] [1530.02;1539.85;1549.79;1559.72] | [0.3;0.3;0.3;0.3]]
4mm 1 1550 1549.91 10.4
10mm 1 1550 1549.93 40.6
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Table 2: Characteristics of FBG optical sensor used for simulation.

Simbol Value Description
Nefr 1.46 Refractive index of the fibre

v 1 Fringe visibility
De 0.22 Photoelastic cofficient
A 1550 (nm) Bragg wavelength

SNerr 55107 Variation of refractive index
N 100 Number of sections of the grating

length

L Variable (mm) Length of the Bragg grating
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Figure 1: (a) 4 ply twill woven composite specimen, (b) detail of twill woven
characteristic repeating unit structure with surface bonded 10, 4, 1 mm FBG locations (all

dimensions are in mm)
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Figure 2: Experimental setup: (a) specimen #2 under tensile load and HBM DI410 optical
interrogator (b) specimen #1 with two FBG sensors of 10mm and 4mm grating length

respectively (¢) specimen #2 with an array of four Imm FBGs.
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Figure 3: Digital Image Correlation: (a) speckle pattern on specimen #1, (b) longitudinal
DIC strain field map at 8kN, (c) image of the specimen under test with an array of four 1
mm FBGs, (d) strain field with superimposed image of the specimen under test, (¢)

longitudinal strain profile at different load levels along the black dotted extraction path.
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Figure 5: 10mm FBGs measured raw spectra and T-matrix simulated spectra for

increasing applied load, superimposed to the baseline with no strain applied (0 kN load).
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Figure 6: Comparison between experimental, simulated and averaged DIC measured strain
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Figure 7: T-matrix simulated response of FBGs of 10 mm length over a 13 mm x 13 mm
area of the DIC strain field

35



increasing applied load, superimposed to the baseline with no strain applied (0 kN load).
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Figure 8: 4mm FBG experimental raw spectra and T-matrix simulated spectra for
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for 4mm FBGs.
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Figure 10: T-matrix simulated response of FBGs of 4 mm length over a 13 mm x 13 mm
area of the DIC strain field
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Figure 11: Imm FBGs experimental raw spectra and T-matrix simulated spectra for

increasing applied load, superimposed to the baseline with no strain applied (0 kN load).
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staring from the left side of the schematized repeating unit structure.
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Figure 13: T-matrix simulated response of FBGs of 1 mm length over a 13 mm x 13 mm
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and DIC measurements.
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