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Abstract

This study intends to assess how embedded sensors can change the mechanical properties of a
sandwich composite material with cork agglomerate core and fibreglass and epoxy resin skins. The
behaviour of the material was analysed during tensile, flexural and creep tests, in three different
situations: without sensors, with surface sensors and with embedded sensors. The sensors tested
were strain gages and fiber Bragg grating. The manufacturing process used to produce the composite
specimens was the hand lay-up process, which proved to allow good measurements from the embedded
sensors. Collected data analysis showed that embedded sensors affected the flexural resistance and
failure modes. In the creep test, the specimens were sensible to the highest temperature, and all the
data collected by the sensors translated this difference. The stiffness analysis did not allow to draw
conclusions due to the small number of specimens, but the fact that some specimens with embedded
sensor showed no significant changes in stiffness, compared with specimens without sensors and surface
sensors, reinforces the need to continue with studies in this area that can allow to validate and
generalize results. This study followed the objectives proposed, increasing knowledge regarding this
subject. The conclusions open a way to future studies that can test a larger number of specimens,
develop numerical simulations to compare results and perform other tests that can allow characterizing
the effects of embedded sensors in the behaviour of this materials.
Keywords: Embedded sensors, Strain Gage, Fiber Bragg Grating, Structural Health Monitoring,
Sandwich composite

1. Introduction
Many industries, such as the aerospace industry,
would not have achieved their high performance if
composite materials had not been used [6]. Among
the various types of composites, sandwich compos-
ites are widely used in various applications such as
satellites, aircraft and energy systems [15]. The
sandwich composite typically consists of two ex-
ternal skins, separated by a thicker inner core. In
these structures, the flexural rigidity and strength
are substantially increased compared to a laminate
composite [9].

There are several types of cores used in sandwich
composites. Since cork is a material that has high
shear strength, low specific weight, high damage
tolerance to impact loads, resistant to friction and
both good thermal and acoustic insulation capacity,
it is a good candidate for the core [3].

Despite having advantages over other types of
composites, sandwich structures have complex fail-
ure modes, which may cause a significant decrease
in the mechanical properties of the material. Con-
sequently, it is essential to continuously moni-

tor these structures to ensure their structural in-
tegrity [15] [2].

The process of implementing a strategy for detec-
tion and characterization of damage for engineering
structures is known as Structural Health Monitor-
ing (SHM). This process monitors a structure over
time, using a series of sensors [7].

The layered configuration of a composite makes
it difficult to predict their structural behavior using
only surface sensors, since they cannot effectively
monitor the internal damage. In order to solve this
problem, the embedded sensors appear as the best
alternative, reaching areas that are difficult to reach
from the outside. The sensors embedded can, how-
ever, interfere with the material properties [7].

In order to conclude about the influence of em-
bedded sensors on the mechanical properties of
a sandwich composite with cork agglomerate core
and fiberglass and epoxy skins, with a view to its
application in future engineering projects, an ex-
ploratory study was carried out in which the ten-
sile, flexural and creep behaviour of this material
was analyzed in three different situations: without
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sensors, with surface and with embedded sensors.
The sensors used were strain gages and fiber Bragg
grating [13] [8].

2. Background
2.1. Cork Agglomerate
The properties of primary interest for the core
materials are: low density, high shear modulus,
high shear strength, high stiffness perpendicular to
the faces, and good thermal and acoustic insula-
tion characteristics. Cork agglomerates have shown
some remarkable properties when used as a core
of sandwich composites, namely high damage tol-
erance caused by impact loads, good thermal and
acoustic insulation capacity, as mentioned above,
and excellent damping characteristics for the sup-
pression of vibrations [3].

2.2. Visual Image Correlation (VIC)
The VIC system is based on the analysis of consec-
utive images, obtained before and after deforma-
tion of an object, through a correlation algorithm.
The initial image is divided into several blocks or
subsets that are searched in the next image. Each
block corresponds to a set of pixels and the algo-
rithm allows to determine its new position, looking
for the values of intensities of these pixels, and cal-
culates the motion that the block performed from
one configuration to another, allowing to calculate
displacements and strains [14].

To use the VIC system, the surface of the mate-
rial needs to be conveniently prepared by applying
a speckled pattern. This pattern can be created by
painting the sample with a white spray and then
placing spots with a black colour spray, each with
a similar diameter. The pattern cannot be repeti-
tive, otherwise there might be more than one match
for a specific block, which causes a phenomenon of
de-correlation [16] [14].

2.3. Strain Gages
The strain gage is a resistive sensor used to mea-
sure strains. The relationship between the applied
strain ε (ε = ∆L/L0) and the relative change of the
resistance of the strain gage is proportional and can
be described by the following equation:

∆R

R
= GF × ε (1)

where GF, known as the gage factor, is a character-
istic of the strain gage and can be obtained experi-
mentally [5] [4].

The relative changes of resistence in the strain
gage are very small, usually around 103 Ω/Ω.
Therefore, the sensor must be integrated in a system
that allows this changes of resistence to be measured
with great accuracy. This system generally consists
of a Wheatstone bridge circuit [4].

2.4. Fiber Bragg Grating (FBG)

A FBG is a periodic and permanent modification
of the core refractive index value of an optical fiber
along its longitudinal direction. When the FBG is
illuminated by a broadband light source, the pe-
riodic grating acts as a filter, reflecting a portion
of the initial spectrum. The total intensity of the
wave is determined by the overlap of all the individ-
ual reflected components, presenting a maximum of
amplitude when these are in phase. This maximum
amplitude value is called the Bragg wavelength, λB ,
and is given by the Bragg condition:

λB = 2nefΛ (2)

where nef is the effective refractive index of the
fiber core and Λ is the grating period [11].

3. Implementation
3.1. Materials

The material produced and tested consisted of a
sandwich composite with cork agglomerate core and
fiberglass and epoxy resin skins. The cork agglom-
erate used was the NL20, provided by ACC R©, with
a thickness of 10 mm. The glass fiber used was the
205 g/mm2 fiber and the resin was the Resoltech
1050 Infusion Epoxy with the hardener 1059S, both
provided by Castro Composites R©.

The composite was produced using the hand lay-
up method.

3.2. Sensors and Acquisition Systems

The strain gages selected were the 1-LY16-6/350
(HBM R©). For the acquisition system, it was used
the NI cDAQ-9178 equipment with the Wheatstone
bridge interface module NI-9237, both produced by
National Instruments R©. The NI cDAQ-9178 com-
municates with a computer running LabVIEW soft-
ware.

The fiber Bragg grating sensors used were
the K-FS62 - Miniature Polyimide Strain
Sensor(HBM R©). The data acquisition system con-
sisted of the interrogator sm125-200 (uMicron R©).
The ENLIGHT software is responsible for the user
interface.

3.3. Testing machine and validation systems

The test machine used was the Instron R© 5566 with
a load cell of 500 N for flexural tests and 10 kN
for tensile tests. This machine was linked to the
Bluehill’s software.

To compare/validate the results, it was used
the digital image correlation system by Correlated
Solutions R© VIC-2D, consisting of VIC-Snap and
VIC-2D, and the clip gage. The clip gage used was
the 2630-106 with a gauge length of 25 mm and a
measuring range from +12.5 to −2.5 mm.
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3.4. Tensile tests
For the tensile test configuration, it was followed
the method described by Ramos [12], which consists
of using metallic sheets at each end of the speci-
men and creating a hole in the centre. Each hole
is crossed by a pin and then attached to the moor-
ings of the machine. To glue the metallic sheets it
was used the same epoxy resin as in the compos-
ite production and the Akepox 2030 resin. None
of them worked, because all of the sheets unstuck
from the specimen. However, it was possible to get
a notion on the location of the elastic zone, allowing
the continuation of the tests with the sensors.

Table 1: Tensile test prototypes.
Batch Specimen Sensor position
TA TA1 No sensor

TA2 No sensor
TB TB1 No sensor

TB2 No sensor
TC TC1 No sensor

TC2 No sensor
TC3 No sensor
TC4 No sensor
TC5 No sensor
TC6 No sensor
TC7 No sensor

TD TD1 No sensor
TD2 No sensor
TD3 No sensor
TD/SG1/S 1 Surface
TD/SG2/E 1 Embedded
TD/FBG1/E 1 Embeded

TE TE1 No sensor
TE2 No sensor
TE3 No sensor
TE/SG1/S 1 Surface
TE/SG2/E 1 Embedded

The specimen’s geometry was chosen based on
the values used by Ramos [12]: width of 20 mm,
length of 200 mm and total thickness of 10 mm.
Regarding the speed of the cross of the machine,
the value of 3 mm/min was selected.

Table 1 shows the prototypes that were produced
and tested. All instrumented specimens have a
quarter bridge configuration. The calculated pa-
rameters are described next.

3.4.1 Poisson’s ratio calculation

The Poisson’s ratio value was calculated according
to the standard E 132 - 04 Standard Test Method
for Poisson’s Ratio at Room Temperature. The
standard proposes the use of strain gages for this
calculation, however, the same approach was fol-
lowed using the VIC-2D software instead of the

sensors. Two perpendicular lines were drawn in
the center of the specimen, in the VIC-2D analy-
sis, each with a length of 20 mm, using the Inspect
Extensometer command. This command allows the
obtention of engineering strains.

Following the standard, two graphs were drawn:
the longitudinal strain (εL) vs load (P ) and
transversal strain (εT ) vs load (P ). Using a lin-
ear regression, the slopes of the two lines were cal-
culated and by applying equation 3, the Poisson’s
ratio for each specimen was obtained.

µ =
dεT /P

dεL/P
(3)

3.4.2 Young’s modulus

For Young’s modulus (E) calculations, the standard
E 111-97 Standard Test Method for Young’s Modu-
lus, Tangent Modulus, and Chord Modulus was fol-
lowed.

The range of load values chosen for these calcu-
lations was from 150N to 500N, which guarantees
that the material stays within the elastic regime.
The instrument used to compare the values of E,
obtained from the surface sensors, was the clip gage.
For the embedded sensors, it was used the VIC-2D
for comparison.

3.4.3 Area analysis

In this analysis, the TD and TE batches were used,
painted with the pattern required for the VIC-2D
analysis. The mean Young’s modulus correspond-
ing to three different areas were obtained using the
VIC-2D Inspect Rectangle command. This com-
mand allows the obtention of the Lagrange strains.
Three areas were chosen (Figure 1): area of the sen-
sor (A1), area above the sensor (A2) and a global
area (A3).

One of the objectives of this analysis is to verify
if the VIC system is sensitive to the presence of the
strain gage, that is, if the influence of the incorpora-
tion of the sensor in the stiffness is detected, when
compared with specimens without sensors.

Figure 1: Area analysis.
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3.5. Flexural tests

In flexural tests, two versions of the standard ASTM
C393: C393/00 Standard Test Method for Flexural
Properties of Sandwich Constructions and C393 /
C393M Standard Test Method for Core Shear Prop-
erties of Sandwich Constructions by Beam Flexure
were followed. The four-point bending and three-
point loading configuration was chosen. Regarding
the speed of the cross of the machine, the value of
6 mm/min was selected, as suggested by the stan-
dards.

By following the constraints imposed by
C393/C393M for a four-point configuration, the
following dimensions were chosen for the speci-
mens: 50 mm width, 10 mm core thickness, 11
mm total thickness and a distance between the
lower supports of 270 mm.

The following table shows the prototypes that
were produced and tested.

Table 2: Flexural test prototypes.
Batch Specimen Sensor

Position
Bridge Con-
figuration

FA FA1 No sensor -
FA2 No sensor -
FA3 No sensor -

FB FB1 No sensor -
FB2 No sensor -
FB3 No sensor -
FB/SG1/S Surface Half
FB/SG2/S Surface Half

FC FC1 No sensor -
FC2 No sensor -
FC/SG1/S Surface Quarter
FC/SG2/S Surface Half
FC/SG3/S Surface Full
FC/SG1/E Embedded Quarter
FC/SG2/E Embedded Half
FC/SG3/E Embedded Full

FD FD/FBG1/E Embedded Quarter
FD/SG1/E Embedded Quarter

The calculated parameters are described in the
following section.

3.5.1 Maximum failure load

To be able to carry out repeatability tests on the in-
strumented specimens, up to a maximum load value
within the region of the elastic regime, destructive
flexural tests were carried out using batches FA and
FB in order to obtain this parameter.

3.5.2 Calculation of neutral axis and flexu-
ral Young’s Modulus

Mujika et al [10] describes a method for determining
the neutral axis position (

√
λ). Firstly, the speci-

men is placed on the test machine in a four-point
bending configuration with the strain gage on the
compressive side. The load-strain curve is recorded.
Then, the same specimen is put on the test machine
with the strain gage on the tensile side and the load
vs strain curve is obtained. Considering mT as the
slope of the load vs strain curve on the tensile side
and mC as the slope of the load vs strain curve
on the compressive side, the position of the neutral
axis is calculated, using the following equation:

mT

mC
=
P/εT
P/ε

=
hC
hT

=
√
λ. (4)

The above equation also shows the position of the
neutral axis, expressed in terms of the ratio between
the thickness of the test specimen in compression
(hC) and the thickness of the specimen in tensile
(hT ).

Having the value of
√
λ, the flexural Young’s

modulus, EF , can be calculated using the follow-
ing equation:

EF =
4

(1 + λ)2
3mTL

8bh2
(1 +

√
λ) (5)

where L is the distance between the points at which
the specimen is supported during the test, b the
width of the specimen and h its thickness.

Each test ended when the load reached approxi-
mately 40 % of the maximum load obtained in sec-
tion 3.5.1, ensuring that the specimen remained in
the elastic region.

For the embedded sensors, it was not possible to
directly apply the previous equation to obtain the
value of EF , since it was deduced considering the
strain measurement at the surface of the specimen.
To correct this situation, knowing the strain value
at the interface, ε2, read by the sensor, the expected
strain value at the surface ε1 can be calculated con-
sidering that the specimen is in pure bending [1]:

ε1 =
hC

hT − tF
ε2. (6)

3.5.3 Effect on resistance

After the repeatability tests, flexural tests were per-
formed on the FC batch specimens but this time
until failure, in order to conclude how the intro-
duction of surface and embedded strain gages could
influence the strength of the specimen.
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3.6. Creep tests
There are no creep tests standards for sandwich
composites. As such, the temperature values were
based on the standard ASTM D2990-01: Standard
Test Methods for Tensile, Compressive, and Flexu-
ral Creep and Creep Rupture of Plastics. The creep
tests were performed using the flexural test configu-
ration and specimens dimensions, with distributed
loads of 12N.

Each test was performed in the Memmert incuba-
tor, during five hours. All specimens were tested at
two temperatures: 23◦C and 70◦C. Table 3 shows
the prototypes that were produced. All strain gages
are in a quarter bridge configuration.

Table 3: Creep test prototypes.
Batch Specimen Sensor Posi-

tion
C1 C1/FBG1 1 Embedded

C1/SG1 1 Embedded
C2 C2/SG1 1 Embedded

C2/SG2 1 Embedded
C3 C3/SG1 1 Embedded

The calculated parameters are described next.

3.6.1 Measure of ∆LFinal

After each creep test, the value of ∆LFinal (Figure
2) was measured for each specimen using a millime-
tre sheet. The objective was to verify the influence
of a high temperature and the distributed load on
the behaviour of the specimen with the embedded
sensor.

Figure 2: ∆LFinal value.

3.6.2 Creep test graphs

After each creep test, the curve strain-time was ob-
tained, in order to understand the behaviour of the
sensor with the increase in temperature and the dif-
ferences observed between the two types of sensors.

4. Results
4.1. Tensile tests
Table 4 shows the values of the Poisson’s ratio cal-
culated, the mean value (ν) and the standard devia-
tion (SD). There were small variations between the
ν values of specimens of the same batch and speci-
mens of different batches. This variability observed
in specimens from the same batch may be due to:

cork agglomerate’s heterogeneity; variation of resin
distribution along the specimen as a consequence
of the hand lay-up process; the lower pressure and
temperature action on the specimens positioned in
the peripheral zone of the press.

Table 4: Values of Poisson’s ratio (ν) for each spec-
imen, mean value (ν) and standard deviation (SD).

Batch Specimen ν ν SD
TA TA1 0,18

TA2 0,19 0,18 0,01
TB TB1 0,18

TB2 0,15 0,17 0,02
TC TC1 0,17

TC2 0,18
TC3 0,18
TC4 0,18
TC5 0,18
TC6 0,19
TC7 0,16 0,18 0,01

TD TD1 0,18
TD2 0,18
TD3 0,16 0,17 0,01

TE TE1 0,18 - -
0,18 0,01

The variability between specimens of different
batches is, in addition to the causes mentioned
above, due to the fact that they were produced
at different time intervals. This means they were
placed in the press and in the furnace at different
times, and while maintaining the pressure of 1 bar
and the temperature of 60◦C, it was not possible to
ensure the absence of fluctuations in these parame-
ters, which occur at different manufacturing times.

These variations may also be associated with in-
accuracies in the VIC system: difference sizes be-
tween black spots, with some of them too small,
which may have caused aliasing, even though a low-
pass filter was used; inadequate placement of light,
reducing the detail of the points in the image; the
fact that the light is too hot and can change the re-
fractive index of the air in the optical path, which
can also lead to uncertainties in the final results
obtained; an incorrect alignment using the Inspect
Extensometer command.

Figure 3 (see last page) shows the tensile test
results regarding the Young’s Modulus (E) calcu-
lation. The tension-strain curves are presented for
the specimens without sensors, with surface sensors
and embedded sensors of the batches TD and TE.
In the specimens without sensors, the values of the
strains were obtained using only the VIC system. In
the specimens with surface strain gages, the values
were obtained using the sensor and clip gage and,
in the specimens with embedded sensors, using the
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sensor and the VIC system.

For each tensile-strain curve obtained, the value
of E was calculated using a linear regression model.
This model can be applied since all graphs showed
a linear relation and the Pearson correlation coeffi-
cients (R2) were close to 1.

Considering all specimens without sensors of the
batches TD and TE, it can be seen that regarding
TD, the average value of E of the three tests is
856, 5 MPa, with a standard deviation of 19.7. For
the batch TE, only the results of two specimens are
presented, since the third specimen had its metallic
sheets unstuck at the beginning of the test. The
TE2 test specimen has a lower load range since the
metallic sheets unstuck before the specimen reached
a load of 500 N .

Comparing the specimens without sensors of the
two batches, it is possible to verify that the two
values of E of the batch TE are superior to the three
values of E of the batch TD, according to the data
obtained using VIC, which suggests that the batch
TE is the most rigid. The differences in stiffness
between the two batches and within each batch may
have occurred due to the causes associated with the
variability between specimens and possible errors
associated with the use of VIC, mentioned before.

Table 5 shows the relative errors defined as the
ratio between the difference of the values of E ob-
tained with the sensor and the systems VIC/clip
gage, and the value of E obtained with the sensors.

Table 5: Relative errors.
Specimen System Error

Test 1
Error
Test 2

Error
Test 3

TD/SG1/S C.G. 21 % - -
TD/SG1/E VIC 1 % 2 % 3 %
TD/FGB/E VIC 10 % 20 % -
TE/SG1/S C.G. 32 % 27 % 23 %
TE/SG1/E VIC 2 % 1 % 1 %

Considering the specimens with surface strain
gages of both batches, it can be seen that in the
specimen TD/SG1/S, only one test was performed,
since the metallic sheets unstuck in that test with
a load of 451 N . The relative errors between the
values of E obtained with the strain gage and the
clip gage were 21 % for the TD/SG1/S sample and
around 28 % for the TE/SG1/S. This variation may
have been caused by incorrect placement of the clip
gage on the specimen, low accuracy of the clip gage
to be used in a specimen with a small thickness or
poor calibration of the instrument.

Considering the specimens with embedded strain
gages in both batches, one of the conclusions can
be derived from the embedded sensors reading the
strain values, which means that the method used

for their incorporation worked. The curves corre-
sponding to the 2◦ and 3◦ tests have an offset of
0.0004 (mm/mm), along the x-axis, to help in the
visualization.

The fiber Bragg grating sensor embedded in the
specimen TD/FBG1/E failed during the third test.
In the first two tests, it was possible to register val-
ues up to 300 N . This problem may be associated
with a manufacturing defect in the Bragg sensor it-
self or an error introduced during its incorporation.

Considering the embedded strain gages of both
batches, it is observed that the value of E obtained
using VIC is close to the one given by these sensors.
Table 5 quantifies this small difference, with an av-
erage relative error of 2% for TD/SG1/E and 1% for
TE/SG1/E. The fact that the differences between
the strain values read on the surface (VIC-2D) and
the values read at the interface (strain gages) is
small, suggests that the embedded process was well
executed, which means that the incorporation of the
strain gage in the interface did not interfere in the
adhesion between the fiber and the cork agglomer-
ate.

With respect to the comparison between speci-
mens without sensor and specimens with embed-
ded sensors, there was an increase in stiffness with
the incorporation of the embedded strain gage in
the batch TD, while in TE the value of the TE1
specimen was close to the values of the three tests
of the specimen TG/SG1/E. This discrepancy be-
tween the batches does not allow a conclusion about
the effect of embedded sensors in the stiffness prop-
erties of the material.

4.1.1 Area analysis

It was verified that there was an increase of the
percentual difference between the areas with the in-
corporation of the sensors. It is also observed that
there is mainly an increase in the stiffness in the
sensor region (A3) compared to the global region
(A1) and the region above the sensor (A2). This
difference in the behaviour between instrumented
and non-instrumented specimens, demonstrated by
VIC, shows that the material is affected in some
way, although not very significantly, by the pres-
ence of the sensor. In addition, it is possible to
conclude that the VIC system, despite reading sur-
face strains, is sensitive to the presence of embedded
sensors and that, as such, it can be used as a useful
tool in the study of embedded sensors in materials.

4.2. Flexural tests

4.2.1 Calculation of neutral axis and flexu-
ral Young’s Modulus

Table 6 shows the values of the position of the neu-
tral axis for each repeatibility test (

√
λ1,
√
λ2,
√
λ3)
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of specimens with surface sensors and the mean

value (
√
λ).

Table 6: Values of
√
λ obtained for each repeatibil-

ity test of specimens FB and FC and mean value

(
√
λ).

Specimen
√
λ1

√
λ2

√
λ3

√
λ

FB/SG1/S 1,0 1,0 1,0 1,0
FB/SG2/S 0,99 0,99 0.99 0,99
FC/SG1/S 0,97 0,98 0.98 0,97
FC/SG2/S 0,95 0,95 0.95 0,95
FC/SG3/S 1,0 1,0 1,0 1,0

0,98

The mean value obtained suggests that the neu-
tral axis of the material, although quite close to the
center, results in average in a greater section of the
specimen that is in the tensile side (hC = 0.98hT ).

Table 7 shows the values of EF calculated using
the equations presented by Mujika et al. [10], for
the three repeatability tests of batches FB, FC and
FD.

Table 7: Values of EF and mean value EF for spec-
imens FB, FC and FD.

Specimen EF1
EF2

EF3
EF

FB/SG1/S 1710,7 1717,0 1713,1 1713,6
FB/SG2/S 1639,5 1638,2 1638,0 1638,6
FC/SG1/S 1921,5 1923,9 1920,5 1922,0
FC/SG2/S 2223,5 2214,2 2221,9 2219,9
FC/SG3/S 1908,7 1908,0 1908,5 1908,4
FC/SG1/E 1859,5 1856,5 1886,0 1867,3
FC/SG2/E 1996,2 1978,1 2002,9 1992,4
FC/SG3/E 2189,9 2197,6 2199,5 2195,7
FD/FBG1/E 2659,3 2655,7 2653,4 2656,1
FD/SG1/E 2746,5 2764,9 2772,2 2761,2

Table 8: Percentage difference (DP) between spec-
imens FB, FC and FD.

Specimen 1 Specimen 2 PD (%)
FB/SG1/S FB/SG2/S 4
FC/SG1/S FB/SG2/S 13
FC/SG1/S FC/SG3/S 1
FC/SG2/S FC/SG3/E 14
FC/SG1/E FC/SG2/E 6
FC/SG1/E FC/SG3/E 15
FC/SG2/E FC/SG3/E 9
FC/SG1/S FC/SG1/E 3
FC/SG2/S FC/SG2/E 10
FC/SG3/S FC/SG3/E 13
FD/FBG1/E FD/SG1/E 4

Observing the percentage difference between the

values of EF , shown in table 8, is verified that there
is variability between the specimens of the same
batch and of different batches. The possible cause
of these variabilities are described in section 4.1.

For the FC batch, regarding the specimens with
surface sensors, it is possible to observe that the
FC/SG2/S specimen has a higher percentage differ-
ence, in comparison with the specimens FC/SG1/S
and FC/SG3/S. This difference might be associated
with the fact that, because it is a half bridge config-
uration, the transverse sensor was not exactly per-
pendicular to the longitudinal sensor, affecting the
measurement of the strains.

Regarding the percentage differences calculated
between specimens of the FC batch with surface
and embedded sensors, both with the same bridge
configuration, it is verified that there is a greater de-
viation in half-bridge (FC/SG2/S and FC/SG2/E)
and full bridge (FC/SG3/S and FC/SG3/E) con-
figurations. Between the quarter-bridge configura-
tions (FC/SG1/S and FC/SG1/E), the difference
is lower, which indicates that the incorporation of
the embedded strain gage and the strain gage on
the surface had the same influence on the material
stiffness.

In the FD batch, the percentage difference be-
tween the values of EF of the specimen with the
embedded strain gage and the specimen with the
embedded fiber Bragg grating sensor is small. In
this sample of two specimens, the incorporation of
the two sensors had the same influence on the stiff-
ness of the material.

All specimens with embedded sensors were not
damaged during the tests and allowed to read the
strain values, which means that the method chosen
for their incorporation proved to be efficient. Re-
garding the fiber Bragg sensor, there was no error
in the data provided by the sensors as it occurred
in the tensile tests.

4.2.2 Effect on resistance

Table 9: Values of maximum tension (σmax), mean
value and standard deviation (SD).
Specimen Config. σmax

(MPa)
σmax

(MPa)
SD

FC1 No Sensor 7,5
FC2 No Sensor 8,3 7,9 0,4
FC/SG1/S Surface 8.0
FC/SG2/S Surface 7.7
FC/SG3/S Surface 8.2 8,0 0,4
FC/SG1/E Embedded 6.2
FC/SG2/E Embedded 5.3
FC/SG3/E Embedded 4.8 5,5 0,6
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Table 9 shows the maximum stress value (σmax)
obtained in the destructive tests of the specimens
of the batch FC. In this analysis, the specimens
were divided into three groups - without sensors,
with surface sensors and embedded sensors - and
the mean and standard deviation for each of them
was calculated.

By analysing table 9, we verify that the value of
the maximum stress of specimens without sensors
(FC1 and FC2) was close to the value of specimens
with surface sensors. The specimens with embed-
ded sensors had a lower value of maximum stress,
in comparison with the others. Also, there was a
decrease in the strength with the increase of the
number of strain gages embedded in the specimen.

Regarding the embedded sensores, the failure oc-
cured near the soldering of the sensores. The incor-
poration of the sensor, the weld and the wires may
have introduce deffects in the adhesion between the
core and the skins, weakening it, thus altering the
strength properties of the composite material.

4.3. Creep tests
The creep tests were performed with the sensor in
the tensile side, since the determination of the rep-
resentative value of the position of the neutral line
in the flexural tests allowed to realize that there is
a greater section of the specimen that is at tensile,
which means that this corresponds to the face that
reads the largest strain values.

Table 10 shows the ∆LF values, measured after
each creep test.

Table 10: Values of ∆LF .
Batch Specimen N◦ Test T

(◦C)
∆LF

(mm)
C1 C1/FBG1 Test 1 70 3

C1/SG1 Test 1 70 3
Test 2 70 0
Test 3 23 1

C2 C2/SG1 Test 1 23 0
Test 2 70 28

C2/SG2 Test 1 70 6
C3 C3/SG1 Test 1 23 0.5

Test 2 70 1.5

In the tests performed at 23◦C, the value of ∆LF

recorded was lower, compared to the tests at 70◦C,
which presented a higher ∆LF value. Although the
exiguity of the sample does not allow to make con-
clusions, it was found that the material was sensi-
tive to a higher temperature.

The specimens of the batch C1, with embedded
fiber Bragg grating sensor (C1/FBG1) and embed-
ded strain gage (C1/SG1), recorded the same final
∆LF after the first test at 70◦C, which means that,
for this sample, the influence of the incorporation

of the two types of sensors was similar in the de-
formability of the material. In the case of the spec-
imen C1 /FBG1, it was possible to perform only
one test. The attempt to perform a second test
with this same sensor failed, due to the lack of sig-
nal. Although the fiber Bragg grating sensors used
had a maximum operating temperature of 80◦C and
in this test a temperature of 70◦C was used, the
specimen was subjected to a test for 5 hours with a
distributed load which may have caused damage to
the sensor.

The two specimens of the batch C2 (C2/SG1 and
C2/SG2) were more deformed than the others, after
the tests at 70◦C. This occurence may be associated
with some deformation during the method of pro-
ducing the agglomerate itself or during the manual
process of hand lay-up.

Figure 4 presents the creep curves of all tests.
The starting point of the graph corresponds to
the moment after the placement of the distributed
loads.

Figure 4: Creep curves.

By analyzing the creep curves, it was verified that
the sample with Bragg sensor (C1/FBG1) presented
higher values of strain during the test. This was the
only sample in which a dummy was not associated
for thermal compensation, so it is acceptable that
the temperature variations occurred explain the fi-
nal strain values.

Regarding the two specimens of the batch C2 that
had a higher deformation, in the case of test speci-
men C2/SG1 - Test 2 at 70◦C, it was obtained an
anomalous curve with reduction of the strain be-
tween the second and the fifth hours, which corre-
sponded to an erroneous sensor reading. In the case
of specimen C2 / SG2 - Test 1, the deformation did
not translate into any anomaly of the graph, possi-
bly associated with the fact that the value of ∆LF

was much lower, which means that the sensor did
not have an adequate reading of the state of the
specimen.

5. Conclusions

In flexural tests, collected data analysis showed that
embedded sensors affected the resistance and failure
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modes. In creep tests, the specimens were sensible
to the highest temperature and all the data pro-
vided by the embedded sensors translated this dif-
ference. The stiffness analysis did not allow to draw
conclusions due to the small number of specimens,
but the fact that some specimens with embedded
sensor showed no significant changes in stiffness,
compared with specimens without sensors and sur-
face sensors, reinforces the need to continue with
studies in this area that allow to generalize the re-
sults.
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Figure 3: Results of tensile tests.
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