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Abstract Embedded fiber Bragg grating (FBG) sensors
have been widely used for damage monitoring of fiber
composite structures for a few decades. However, many
remaining engineering challenges have delayed FBG
based in situ structural health monitoring (SHM) systems.
One of the major problem associated with FBG based
SHM system is the unavailability of reliable data
processing algorithms. The present work details a study
which has been undertaken for identification of delamina-
tion crack propagation in fiber reinforced polymer (FRP)
composite plate under uniaxial loading. The strain
measured by embedded FBG sensors closer to the crack
tip was used to qualitatively and quantitatively analyze
delamination damage propagation using recently proposed
elasto-plastic model. Strain energy release rate was
calculated and compared with the model prediction. The
study has concluded that the delamination crack propaga-
tion in a FRP composite can be monitored successfully
using an integral approach of FBG sensors measurements
and the predictions of proposed elasto-plastic model.

Keywords fiber Bragg grating (FBG) sensors, composite,
damage modelling, fracture energy

1 Introduction

Glass fiber reinforced polymer (GFRP) composites have
been widely used as structural components in various
branches of mechanical engineering, such as automotive
and aerospace, due to their excellent mechanical properties
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and superior strength to weight ratio. Due to increased use
of GFRP materials for manufacturing of structural
component, the damage evaluation of GFRP structures
has gradually became an urgent research area during recent
years. There are many remaining unresolved areas of
damage evaluation of composite materials. The separation
of two bonded plies —i.e., delamination damage is one of
the remaining unresolved critical failure modes of GFRP.
In particular, delamination in frequently use GFRP
material such as woven composite (WC) reinforced
polymers has harmful effects on structural integrity [1,2].
As such, in-depth understanding of delamination crack
mechanisms is essential to fill the gaps in fundamental
knowledge required for structural durability and damage
tolerance evaluation of this class of textile reinforced
materials [2]. Unfortunately, a limited research work have
been done to date on textile woven materials and their
delamination fracture toughness measurements [3].

The critical strain energy release rate (CSERR) or
critical delamination fracture energy (Gc¢) is the most used
parameter to predict the delamination behavior of the
laminated composite structures [4]. Shokrieh and Heidari-
Rarani [5] have studied the effect of laminae stacking
sequence on R-curve behavior of E-glass/epoxy laminated
composites. The result shows that stacking sequence has
no effect on the fiber bridging length in double cantilever
beam (DCB) specimen. Shokrieh et al. [6] have declared
that R-curves are almost remain constant in the size range
of 8.5 <ay/h <19 (ay—initial crack length, A-plate thick-
ness), i.e., it depends on the size and geometry of
specimen. Due to these findings, it has been declared that
R-curve may no longer be used as composite laminates
characterization. However, at this a normalized relation
G/Gc (at initiation and propagation of delamination
processes) can be used as a part of a material database to



Ayad KAKEI et al. FBG sensors for monitoring delamination damage propagation 61

predict the delamination crack growth behavior. Ghasem-
nejad et al. [7] have investigated the effect of delamination
crack growth of hybrid box structures on energy absorp-
tion. The critical fracture energy modes I and Il (Gyc and
Gpc) of delamination at the crack initiation are more
dominant than that of delamination propagation due to the
energy absorption mechanism. However, the analysis and
prediction of delamination initiation and propagation is too
complex [8,9], and therefore delamination damage pre-
dication needs a reliable technique to capture the
delamination damage before propagating.

Embedment of fiber Bragg grating (FBG) sensors in
composite structures appears to be a highly innovative and
promising method for detecting important process defects
at early stage and delamination damage propagation. The
reflected spectrum of a Bragg grating can provide an
important information concerning the solidification shrink-
age strains developed during the curing process [10,11]
and in-situ and in real-time monitoring of strain fields build
up during the fabrication procedure of structures such as
the fused deposition modelling (FDM) technology [12,13].
As stated above, these strains can induce inner strains
when accumulated in the structure can give rise to
delamination crack [14]. Detection and evaluation of
crack damage modes of laminated composite materials
using FBG sensor have been investigated by many
researchers. Yashiro et al. [15] have tried to link the
multiple damage states of the laminate directly to the
complicated reflection spectrum of the FBG sensor in a
numerical model to obtain detailed strain distributions
around the damaged region. The results show that the
proposed approach is suitable for predicting multiple
damage states in composite laminates. Sans et al. [16] have
used long FBG sensor to indicate the crack tip location in
carbon/epoxy unidirectional samples which were subjected
to mixed-mode bending. Long FBG sensors can obviously
detect crack tip inside the specimen. Okabe and Yashiro
[17] have used embedded FBG sensor in order to detect
damage in holed CFRP laminated under static and cyclic
loading. Kahandawa et al. [18,19] have used FBG sensors
to monitor and quantify the damage of glass fiber
reinforced composites. Those researches have shown that
the spectrum shape did not change during fatigue loading
but it did change during the static loading. Takeda et al.
[20] have investigated the quantitative detection of
delamination in CFRP cross-ply laminates under four-
point bending test loading using the small-diameter FBG
sensor. They have suggested that the intensity ratio in the
spectrum as an effective indictor for the prediction of the
delamination length. In an another study, Takeda et al. [21]
have applied small-diameter FBG sensors for monitoring
of delamination size in the CFRP laminates subjected to a
low-velocity impact. Their results have shown that the
small-diameter FGB sensors are successful for monitoring
and evaluation of the delamination in laminated compo-
sites. Kakei et al. [22] have presented an elasto-plastic

theory for evaluating Mode I delamination damage growth
in woven glass fiber/epoxy composites. The strain
measured by an embedded FBG sensor was used for
model prediction. The predictions were validated using
experimental observations. This study also have proved the
potential of FBG for monitoring delamination. Ling et al.
[23,24] have monitored mode II damage behavior of
beams manufactured with woven composite laminate and
having purposely created number of delaminations along
the beam’s axis, using embedded FBG sensors. The
delamination propagation were investigated using end
notch flexure (ENF) tests. The results have shown that in
delamination case, the reflection spectrum is fully
destroyed due to the interaction between the FBG and
the delamination at the applied load. Stutz et al. [25] used
an array of several short FBG sensors to measure local
strains close to the crack plane. The measured strain serves
to determine the tractions in the bridging zone in
monotonic and fatigue loads.

The aim of the present work is to use newly established
elasto-plastic model to evaluate delamination damage
behavior in 0/90 woven composite using the strain at the
crack tip that measured by an embedded FBG sensor.

2 Integrated approach of damage sensing
and modeling

In this study, embedded FBG sensor strain reading have
been incorporated with recently proposed [22] elasto-
plastic model. The analysis assumes that elastic behavior in
the orthotropic laminate and the plastic behavior of the
epoxy in laminate at the tip of delamination (matrix), as
shown in Fig. 1.
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Fig. 1 Schematic representation of composite beam (section b x
h) as two different materials, elastic orthotropic composite, and the
elastic epoxy layer of a negligible thickness. b is width of the
specimen; /4 is thickness of the specimen

Due to local bending at the crack front [26], plastic
deformation is assumed at the significantly thin inter-
laminar region (epoxy) near the crack tip at the distance
equal to X. The threshold delamination crack length a =
Xy, where Xy is distance to crack tip from left end of the
plate, as shown in Fig. 2.

The energy input have estimated £, and is considered
the energy balance for increment of the crack growth, Aa,
associated with a simultaneous increase in Av, the normal
distance of the extremity of the composite beam from the
initial plane [27]
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Fig. 2 Schematic representation of beam, the section near the crack front is in the elastoplastic
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As the applied load is normal to the shear plane, shear
force Q is equal to zero. Then the fracture energy is equal
to the energy absorbed by the displacement (v) of the
composite beam, Eq. (2) can be written as
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Let the region at tip of the delamination crack is plastic
and the effect of delamination crack region is elasto-plastic
as shown in Fig. 2. The region near the tip of delamination
crack can be assumed perfectly plastic and the material
status at the transforms to elasto-plastic. The total energy
expended per unit length of composite beam with crack
delamination, e,y is [22]
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where E is the young modulus of composite specimen, E,
is Young modulus of epoxy (matrix), &y, 1S the maximum
strain measured in the surface of composite specimen
using strain gauge, €y is the yield strain of epoxy measured
in the matrix of composite specimen using FBG sensor, e,
is elastic energy due to structural changes/ or dissipated
from delamination crack and egq is elastic stored energy per
unit length of composite beam (along direction x with a
perfect elastic condition). The main concern is about the
range a < x<x, as shown in Fig. 2, where the combined
elastic and plastic deformation exists due to delamination
crack at the interface. Integrating over the length range of
x, the total energy input, £, in the composite beam

xP
Eioal = Eo + f a €iotaldx. 4)
Let a moment develops in the section due to delamina-
tion crack which works as a hard point in the section, then
total moment on the section is given by [22]
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As a result, the relative displacement between crack
surfaces causes shear strain at the matrix (epoxy) in the
composite. The axial force produces a crack-tip sliding
displacement or only causes mode II delamination damage.
The crack-tip sliding displacement depends on the
thickness of the upper (%;) and lower (4,) arms. then it
can be assumed that the total input energy at the crack
plane system is equal to the difference between input
energy at upper and lower arms of the plate, then, Eq. (2)
can be written as
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3 Use of FBG sensor for damage prediction

®)

The principle of the FBG sensor is based on the
measurement of the changes in reflected signal, which is
the center wavelength of back-reflective light from a Bragg
grating. The spectral response of a uniform FBG in its free
state is a signal peak centered at the Bragg wavelength Ag
as defined by the Bragg condition [28].

Ag = 2neg\, (7

where ng is the effective refractive index for the guided
mode of interest and A is the constant nominal period of
the refractive index modulation. When a mechanical
deformation (strain) is subjected onto grating, it will
change the effective index of refraction as well as the
periodic spacing index. The Bragg wavelength shift caused
by the change of strain can be expressed in the form

AL
—B = 8P67
Ap

®)

where P, is the strain optic coefficient and it is calculated
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as 0.789.
To identify the delamination cracks in the specimens,
distortion index (DI) value is used. DI can be expressed as
D si

DI = —, ©
Dy,

where Dy; is the current distortion and Dy, is the distortion
at the original condition (no loading). Distortion (Dg) can
be expressed as

FWHM
-—
where F is the peak value of the FBG sensor reflection
spectra, and FWHM 1is the full-width at half-maximum
value of FBG spectra as shown in Fig. 3. Peak wavelength
ratio (PWR) of FBG sensor is another expression, is used to
evaluate delamination damage and it can be expressed as

F.
- an
Fio

D

(10)

PWR =

where Fj is the current peak wavelength and Fj, is the peak
wavelength at the original condition (no loading). These
phenomenon (DI and PWR) can be used to identify the
presence of delamination damage in the composite speci-
mens.

Sfix)

Fig. 3 Full-width at half-maximum (FWHM)

4 Experimentation

The material examined in the present work was a 15-layer
(0/90) AR 145 E-glass woven roving (398 g/m? weight and
0.5 mm thickness) fiber-reinforced epoxy resin matrix.
Kenetix R246TX epoxy resin is used as the matrix
material. The plain weave structure of the woven cloth
laminate consists of two mutually orthogonal directions
(warp and weft) with an approximate glass volume fraction
of 60%. An artificial delamination 50 mm x 40 mm in size
was made at a particular layer locations through the
thickness, by embedding Teflon paper (0.001 mm thick-
ness) during manufacture. An optical fibers with grating
length 5 mm and Bragg wavelength Az = (1548+0.3) nm
was embedded between the layers above the purposely
created delamination. The FBG was located approximately
(10£1) mm from the delamination crack tip. The sensor

location was carefully selected to keep the maximum
sensitivity of the sensor to receive changes at the damage
front. One large specimen was manufactured and then cut
into smaller rectangular 400 mm x 40 mm coupons. A few
uniaxial strain gauges (FLA-5-11-1L) were bonded in the
surface of specimens in different places to measure change
the strain on the surface. The strain gauges are numbered as
shown in Fig. 4. Strain gauge 1 was bonded at 10 mm from
the end of delamination (embedded FBG sensor is located
directly underneath), strain gauge 2 was bonded on the
delamination area, and strain gauge 3 was bonded at 55
mm from end of initial delamination.

Fig. 4 Strain gauge locations on the sample surface (FBG sensor
embedded between two layers and align with strain gauge 2
through the thickness)

All tests were conducted on MTS 810 100 kN uniaxial
testing machine fitted with hydraulic grips. The test
specimen was attached to MTS 810 machine with
approximately 50 mm of gripped at each end. The tensile
load was increased incrementally from 2 to 35 kN. Each
increase in the load was applied under displacement
control at a rate of 1.5 mm/min. The test setup is shown in
Fig. 5. During load application, the reflected spectra of the
FBG sensor were recorded using a micron optics
interrogator (sm-125) for post processing.

Fig. 5 Experimental setup

5 Results and discussion

With the increasing tensile load on the sample strain
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measured at strain gauges 1 and 3 had shown initial linear
response and transformed to nonlinear response as shown
in Fig. 6. Both strain gauges show the same strain at linear
region as anticipated. After 25 kN applied load, increase of
damage area may have occurred in the composite specimen
at the region between strain gauges 1 and 3 leadings to
sharp increase in the strain measured by strain gauges 1
and 3. Simultaneously, with the increased loads has caused
the nonlinear strain behavior in strain gauge 2. This
nonlinearity may be attributed to delamination underneath
the strain gauge 2 which caused extended de-bond between
layers. This observation has confirmed the extent of
delamination which caused the significant changes in the
strain measurements. As shown in Fig. 6, measured strain
from gauge 2 was lesser than measured strains by strain
gauges 1 and 3. This difference may be an indication of
local bending at the middle of the delamination area due to
hard point of delamination crack tip. The stress-strain
behavior transformed to nonlinear after 5 kN applied
loading.

The distortion of FBG spectrum occurs due to the effect
of non-uniform strain at the tip of delamination crack when
the delamination crack tip reaches FBG sensor region [28].
Figure 7 shows the changing and shifting of FBG
spectrums with the advancement of delamination cracks.
Initially the spectrum of FBG sensor shows the uniform
strain at the location of sensor. Significant changes in FBG
spectrum can be seen at 15 kN applied load, indicating the
reach of crack tip closer to FBG sensor. Finally the FBG
spectrums have shown a significant distortion when
applied load reach 20 kN mark. This distortion is due to

2018, 11(1): 60-68

non-uniform (plastic) strain field around the crack tip.

The changed reflectivity of the embedded FBG sensor
was simulated using FBG SiMul V1.0 software [29]. FBG
SiMul V1.0 was used as a tool to study the implementation
of FBG sensors solutions in any subjectively loaded
structure as shown in Fig. 8. This software is designed as
an interface program to calculate longitudinal strain at
FBG sensor region from ABAQUS software and then
calculate distortion in the FBG sensor spectrum.

In this case, the delamination damage was perfectly a
mode II delamination because there is no space for crack
opening. Critical delamination fracture energy G of WC/
epoxy is equal to 1.05 mJ [26]. Delamination damage keep
propagating when the delamination fracture energy (G) is
equal to critical delamination fracture energy (G¢) or the
delamination fracture energy (G/G¢) equal to 1. As shown
in the Fig. 9, delamination onset strains were measured by
embedded FBG sensor. If the ratio G/G¢ is greater than 1,
the crack status becomes unstable. As such, G/Gc-strain
curve shown in Fig. 9 is providing a significant index for
evaluating delamination damage stability for laminated
composite materials under uniform tensile loadings.

The distortion of FBG sensor spectrum with the applied
loads provides an index to detect delamination damage in
the laminated composite structures. Two parameters D/
and PWR (Egs. (9) and (11), respectively) were used to
evaluate delamination damage growth and elasto-plastic
region in the matrix with applied loads (Fig. 10). Both
parameters were equal to unity before 4 kN applied load.
Significant changes were noticed in both parameters during
the increase of loads from 4 to 15 kN. This behavior was

| ==« strain gauge 1 (Y direction) —— strain gauge

30000
27500
25000
22500
20000
17500
15000
12500
10000

7500

5000

strain, pe

-2500

eannent®?

L{(Y direction) === strain oauge 3 seess strain panoe 2
¥ direction) strain-gauge 3 strain-gauge -2

=5000 .

15

20

N

applied load P/KN

Fig. 6 Effect of delamination location on the strain gauges reading
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Fig. 7 Spectra of embedded FBG in WC/epoxy specimen under tensile loading (delamination test) with increasing applied loadings
(experimental result)
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Fig. 8 Spectra of embedded FBG in WC/epoxy specimen under tensile loading (delamination test) with increasing applied loads, using
FBG_SiMul V1.0 software
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Fig. 10 Detection of delamination crack onset and propagation for WC/epoxy under tensile loadings using both D/ and PWR parameters

(experimental results)

due to the initiation of elasto-plastic region at the
delamination crack tip during the propagation of the
crack. The index DI and PWR were remaining at unity
when the delamination crack tip is perfectly elastic. Once
the tip of delamination crack changes from elastic to
elasto-plastic region, the stress concentration at the crack
tip causes the distortion of FBG sensor as shown in Fig. 7.

The distortion in FBG spectrum from the onset of crack
confirms the elasto-plastic state in the epoxy (matrix) at the
crack tip. This significantly high strain possibly caused by
the crack which was propagating through the gratings
region of FBG sensor. The strain values became stables
again when the crack pass the FBG sensor. The changing
of FBG sensor spectrum has provided excellent prediction
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and evaluation of initiation and propagation of delamina-
tion damage but it could not calculate clearly the size of
delamination damage in the WC/epoxy specimens.

6 Conclusion

An embedded FBG sensor was used to measure strain
inside a WC (0/90); 5 test specimen under uniaxial loading.
The change in the FBG spectra was monitored and the
strain at FBG location was estimated from this response.
The distortion of FBG spectra was observed due to non-
uniform strain at the tip of delamination crack which was at
elasto-plastic state. The strain measured by FBG sensor
were used to calculate fracture energy by recently proposed
elasto-plastic model. Further, the indicators DI and PRW
were calculated to evaluate onset and stability of
delamination crack. The result showed that both para-
meters have provided accurate indications of delamination
damage, such as stability and instability of the crack. As
such FBG sensor has shown its potential for monitoring the
on-set and the propagation of delamination.
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