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Abstract

This paper presents the utility of embedded fibre Bragg grating (FBG) sensors for monitoring mode II fracture behaviour of glass
fibre-reinforced epoxy (GF/EP) composite beams bearing a mid-plane delamination. Stress concentration at the delamination tip of
the beam, induced during an end notched flexure (ENF) test, was monitored by means of the reflection spectrum obtained from the
FBG sensor whose centre was located at the tip of delamination. The Bragg wavelength shift, bandwidth and intensity in such a reflection
spectrum associated with a load–displacement graph were then used to characterize the fracture behaviour of the delaminated beam.
� 2006 Published by Elsevier Ltd.
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1. Introduction

Advanced composite materials have been widely utilized
in marine, aerospace and automotive sectors owing to their
superior properties such as comparably high strength-
to-weight ratio and excellence in corrosion resistance. Since
compressive strength of composite structures would be sig-
nificantly decreased because of appearance of delamination,
it is necessary to study the fracture behaviour of the defec-
tive composite structures such that the defect in the struc-
ture can be effectively monitored, so as to ensure the
structural integrity during their service life.

The need of a real-time structural health monitoring
(SHM) in the composite structures has motivated the
development of smart composite structures in the past
few years [1–3]. The smart composite structures generally
consist of some distributed surface bonded or embedded
sensors and actuators, and one or more microprocessors
that are able to analyze the responses from the sensors
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and use integrated control theory to command the actua-
tors to alter system response. In particular, fibre Bragg
grating (FBG) sensors have been increasingly adopted in
this area since their emergence, acting as an intrinsic smart
sensor for their attractive advantages such as lightweight,
small in size, good performance under harsh environmental
conditions, multiplexing ability and exemption from elec-
tromagnetic inference.

An extensive investigation on using embedded FBG sen-
sors for delamination monitoring in the composite struc-
tures has been reported [4–8]. In static loading cases, a
FBG sensor was employed to identify the presence of
delamination under a three-point bending test in virtue of
the change in the flexural strain [4]. Ling et al. [5] demon-
strated a delamination detection scheme for composite
structures in conjunction with a genetic algorithm by cali-
brating the shift in structural natural frequencies obtained
from FBG sensors. By analyzing a reflection spectrum
from the FBG sensors, Takeda et al. [6–8] have revealed
that the reflection spectrum from the FBG sensor is very
sensitive to the growth and the size of delamination under
four-point bending and cyclic loading tests, which can be
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qualitatively characterized by the change in the reflection
spectrum such as the Bragg wavelength shift, the band-
width, the intensity or the presence of multiple peaks.

Inspired by the lack of study focusing on the exploita-
tion of the embedded FBG sensors for monitoring the
mode II fracture behaviour of composite laminates, the
use of embedded FBG sensors for this propose in glass
fibre-reinforced epoxy (GF/EP) composite beams is intro-
duced in the present work. An end notched flexure
(ENF) test is applied for studying the fracture behaviour
of a composite beam containing a mid-plane delamination
on the basis of a reflection spectrum obtained from the
FBG sensors. By locating the FBG sensors at the tip of
delamination, the strain variation due to stress concentra-
tion at the delamination tip can be evaluated. Associated
with a load–displacement graph, the relationship between
the reflection spectrum and the fracture behaviour of the
beams is then established.

2. Principle of FBG sensor

Principle of a fibre Bragg grating (FBG) sensor for mon-
itoring the mode II facture behaviour of composite lami-
nates originates from stress concentration of the FBG
sensor at the delamination tip. The FBG sensor, fabricated
by UV irradiation of the fibre via a ‘‘phase mask tech-
nique’’, is a permanent periodic modulation in the index
of refraction along a given length of the optical fibre core
[9]. Fig. 1(a) and (b) show the refractive index variation
along the gauge length of a uniform FBG and its reflection
spectrum, respectively. Bragg wavelength (kB, wavelength
at maximum reflectivity) and bandwidth (�k, distance
between the two first minima) are two characteristic
parameters of the reflection spectrum. Both of them can
be adjusted by changing the parameters of the grating dur-
ing the writing process. According to the Bragg’s law, kB, is
given by

kB ¼ 2neffK ð1aÞ
and
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Fig. 1. (a) Refractive index variation along the gauge length of a uniform
where K is a grating period, L is the gauge length and neff is
an effective mode index of refraction.

When a uniform strain is applied along the grating, the
reflection spectrum shifts keeping its original narrow shape,
for the fact that the grating period and effective mode index
of refraction are also uniformly changed along the entire
gauge length. However, the shape of the reflection spec-
trum can be changed dramatically in an unpredictable
manner when the grating is subjected to a non-uniform
strain along the longitudinal direction. As the shape of
the reflection spectrum strongly depends on the applied
non-uniform strain [10], it is possible to monitor the whole
fracture process of the composite laminates by examining
the variation of reflection spectrum obtained from the
FBG sensor centralized at the delamination tip. The
change of the strain distribution along the grating can thus
be potentially used to surveil the process of the delamina-
tion growth in the composite laminates.

For a grating subjected to the non-uniform strain,
exx(x), along the grating direction (x-direction), can be
associated with the grating period as

KðxÞ ¼ K0ð1þ exxðxÞÞ ð2Þ
and Eq. (1a) becomes,

kBðxÞ ¼ 2neffðxÞKðxÞ ¼ 2neff 0K0ð1þ exxðxÞÞ ð3Þ
where K0 and neff 0 are an initial grating period and an ini-
tial average effective mode index of refraction at the strain-
free state. Eq. (3) implies that the Bragg wavelength varies
with the non-uniform strain resulted in a distortion of the
reflection spectrum.

3. Experimental study

Stress concentration around the tip of the delamination
in a GF/EP composite beam, can be characterized by the
FBG sensor under an ENF test. To this end, balanced type
woven glass fibre composite laminates with a stacking
sequence of [0�]10 were fabricated by a hand lay-up process.
To simulate a mid-plane delamination taken place in the
composite laminates, a thin Telfon film was inserted
between the 5th and 6th laminate layers during the fabrica-
tion process. Then, a rectangular ENF specimen with a
1 λ / λB

λ

FBG, (b) corresponding reflection spectrum from a uniform FBG.



Fig. 2. Schematic diagram of whole data acquisition system in the ENF
test.
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dimension of 160 mm · 25 mm · 2 mm was shaped from
the composite laminates. Single mode FBG sensors,
10 mm in length, 250 lm and 125 lm in coating and clad-
ding diameters, respectively, were embedded between the
Fig. 3. Reflection spectra obtained from em
top two layers of the samples. Two samples, an intact beam
and a delaminated specimen with a 5.5 cm edged delamina-
tion located at the mid-plane, were tested to evaluate the
effects of the delamination on a reflection spectrum from
the FBG sensor. It is important to note that the centre of
the FBG sensor was located at the tip of delamination in
order to capture the non-uniform strain distribution
around the delamination tip during the fracture process
of the specimen. For the intact sample, the FBG sensor
was positioned at the same location as the delaminated
one.

All the tests were conducted using a MTS static axial
loading test machine. The specimens were loaded under a
constant displacement rate of 1 mm/min, the strain varia-
tion was recorded by the FBG sensor in every extension
interval at 0.5 mm and a reflection spectrum from the
FBG sensor was simultaneously obtained using an optical
spectrum analyzer (OSA). Furthermore, the load–displace-
ment relationship was established by a build-in load cell of
the test machine with a maximal recordable load of 50 kN.
The tests were stopped when the beams were totally frac-
tured. A schematic diagram of a whole data acquisition
system in this experiment is sketched in Fig. 2.
bedded FBG sensor in the intact case.



H.-y. Ling et al. / Composite Structures 76 (2006) 88–93 91
4. Results and discussion

4.1. Reflection spectrum

4.1.1. Intact specimen

Reflection spectra from the FBG sensor for intact beam
with various bending loads are displayed in Fig. 3. The
reflection spectrum shifts to the left with its original sharp
narrow peak when an applied load is less than 80 N. By
increasing the applied load, a concomitant increase in the
Bragg wavelength shift and the bandwidth, as well as a
decrease in the intensity of the reflection spectrum are obvi-
ously observed. Such a phenomenon can be explained by
the bending effect within the gauge length of the FBG sen-
sor. Likewise by increasing the bending load, the strain gra-
dient along the grating is noticed to become higher, and
then, the bandwidth increased and contrarily the intensity
decreased. The Bragg wavelength shift is due to the average
strain along the grating [11]. However, such a sharp peak
starts to separate into multiple peaks while the applied load
reaches to 80 N.

The presence of the multiple peaks can be characterized
by defining the intensity ratio of the main and the addi-
tional peaks (i.e., RI = Is/Ip). In Fig. 3, it is observable that
RI increases with the load, and the additional peak
Fig. 4. Reflection spectra obtained from emb
becomes dominant just before the specimen fractured. Such
an increase for the additional peak is believed due to the
local strain concentration at a certain point of the grating.
More multiple peaks, apart from such two peaks, are
noticed as the applied load attains to its maximum, possi-
bly owing to the chirped effect of the grating suppressed
by the quadratic strain field in this case [12]. Right before
the fracture of the beam, a dominant peak is observed
among the multiple peaks because of the breakage of an
optical fibre.

4.1.2. Delaminated specimen

In the case of the beam with a mid-plane delamination,
reflection spectra from the FBG sensor are plotted in
Fig. 4. The Bragg wavelength is noticed to decrease with
the increasing compressive load at the beginning, similar
with the way for the intact case. However, the intensity
drops and rises in a fluctuating manner before the distor-
tion occurs in the reflection spectrum. As the intensity is
mainly dependent on the strain gradient along the grating,
the change in the intensity indicates the interruption of the
strain gradient owing to the existence of delamination.
Concerning the shape of peaks in the reflection spectrum,
a small additional peak shows up and arises at the left of
the main peak under an applied load of 50 N. Compared
edded FBG sensor in delaminated case.
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Fig. 5. Graph of applied load against the lateral displacement of the specimen in the (a) intact and (b) delaminated cases.
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with the additional peak observed in the intact case, such a
small peak is because of the stress concentration at the tip
of delamination instead of a high strain gradient.

In addition, no dominant peak is observed in the last
measurable reflection spectrum under 91 N. It is reasonable
to interpret that the grating experienced an even strain dis-
tribution rather than a localized stress concentration at
that moment. By considering the whole fracture process
of the specimen, the overall pattern of the reflection spectra
in this case looks similar with the one for the intact case
when the applied load is small. However, it is totally differ-
ent from the one in the intact case as the applied load is
higher, as seen in Figs. 3 and 4.

4.2. Load–displacement relation and fracture monitoring

The load–displacement relation for the intact and dela-
minated cases under the ENF test is graphed in Figs. 5(a)
and (b), with the similar trend. In the present study, Fml

and Fmf were defined as a maximum load for the validity
of the linear elastic mechanical behaviour and a fractured
load of the specimen, respectively, as highlighted in the fig-
ures. The macroscopic observation of the fractured ENF
specimens is photographically illustrated in Fig. 6.
Fig. 6. A photograph of fractured intact and delaminated beams.
4.2.1. Intact specimen

The split of the main peak in the reflection spectrum,
Fig. 3, can be explained by the load–displacement graph
of the intact case. Referring to Fig. 5(a), Fml is nearly
equivalent to 80 N. Exceeding the applied load of 80 N,
the stiffness of the beam varies with the increasing load
rather than a constant value because of its non-linear elas-
tic mechanical behaviour. Such a stiffness variation may
interrupt the strain distribution along the grating, and
hence accordingly cause the split of the main peak in the
reflection spectrum. As a result, the split of the main peak
is able to give an indication of the elastic limit of the com-
posite beam. As the reflection spectrum at 115 N is still
measurable in correspondence with Fmf of 115 N, it is evi-
dent that the FBG sensor still can give a response to the
fracture process of the specimen until the specimen was
totally fractured.

4.2.2. Delaminated specimen

Based on the load–displacement graph of the delami-
nated case, as plotted in Fig. 5(b), Fml and Fmf of the spec-
imen are 75 N and 96 N, respectively. The main peak
disappears suddenly after the applied load reaches 91 N
as indicated in Fig. 4. Disappearance of the main peak
may be attributed to the appearance of damage at the grat-
ing region of the optical fibre. Referring to the fractured
specimen observation under the delaminated case, as
depicted in Fig. 6, the final fractured position is at the tip
of the delamination instead of the mid-span of the beam.
Therefore, the fibre breakage may lead to the additional
stress concentration on the grating and eventually cause
the fracture of the optical fibre.

5. Conclusion

Utilization of the embedded FBG sensors for monitor-
ing mode II fracture behaviour of the GP/EP composite
beam with a mid-plane delamination was demonstrated.
In the ENF test, the FBG sensor showed its capability of
sensing the non-uniform strain distribution around the
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delamination tip. By virtue of the reflection spectrum from
the FBG sensor, the fracture process of the specimens was
characterized in terms of the Bragg wavelength shift, the
bandwidth and the intensity of the reflection spectrum. It
was concluded that the bandwidth of the reflection spec-
trum increase, while the corresponding intensity and the
Bragg wavelength decreases with the increase of compres-
sive load. Moreover, the presence of the additional peaks
was highly correlated with the load-displacement graph
captured from the ENF test.
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