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Abstract

Cyclic loading during service may induce sub-surface defects in polymeric composite materials. These insidious defects may grow and
eventually lead to catastrophic failures. The current work aims at exploring the possibility of using embedded fiber Bragg grating to mon-
itor damage evolution. Fatigue damage evolution in Graphite/Epoxy coupons having a [�45/90/+45/0]2s lay-up sequence with a central
circular hole subjected to cyclic loading is evaluated. This study suggested that the embedded fiber bragg gratings have good potentials to
detect the appearance of damage. It is hoped that this methodology can be further developed as an online condition monitoring tech-
nique for safety-critical structures, thereby improving the safety and reliability of composite structures.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymeric composite materials have better specific stiff-
ness/strength, corrosion resistance, and most importantly,
their directional properties may be tailor made. They are
however prone to develop internal damage caused by tool
drop, bird-strike, hail-storm and cyclic loading. Fatigue
failure in composites is primarily due to one or more of
the following: delamination, debonding, matrix cracking
and fiber breakage [1].

Recently, there are general interests in the development
of smart sensors integrated into structures to ensure contin-
uous structural integrity monitoring [2–4]. A fiber bragg
grating (FBG) is one of such element that finds increasing
applications as a sensor in aerospace, structural, medical
and chemical applications for vibration, temperature,
strain, impact and general structural health monitoring
[5–12]. These sensors are light, have small size, good sensi-
tivity, good long-term stability, corrosion resistance and
are immune to magnetic and electromagnetic interferences.
Their small sizes and compatibility with common poly-
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meric materials make them easily embeddable inside a
structure without inducing significant weakening of the
material. Several reports [13–17] have shown that on-line
monitoring of the emergence and development of these
defects is one of the key technologies for smart materials,
thus permitting us to improve the safety and reliability of
built-up composite structures.

This paper examines the responses of embedded FBG
sensors in composites under cyclic loading.

2. Experimental procedures

The FBGs were fabricated in a Ge–B co-doped single
mode fiber by side writing using a phase mask with a per-
iod of 1.05 lm. The sensing length of the FBGs were
10 mm. The reflectivity of the resulting FBG was about
99%, and the peak wavelengths were from 1540 to
1550 nm. The FWHM (full width half maximum) of the
FBGs was about 0.175 nm. Up to four FBGs with different
reflected wavelengths were connected up in the same train
to facilitate data logging. Reflected spectra from the FBGs
were measured by an Anritsu optical spectrum analyzer
(MS9710C OSA). Measurements were made when the
specimen was free and again under a 10 kN load after
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Fig. 1. Specimen stiffness variation with loading cycles.
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completed a certain amount of load cycling. The onset of
fatigue damage was assessed through the changes in wave-
form shape and shift in wavelength for individual fiber
grating sensors as well as through the secondary peaks in
the optical spectrum waveform.

Fatigue tests were carried out on a 16 layer quasi-isotro-
pic T300/3501 carbon fiber epoxy laminate specimen with a
lay-up of [�45/90/45/0]2s. The test coupons were 30 mm
wide and 2 mm thick, with a 6.3 mm diameter center hole.
The fiber sensors were placed in between the central 0� lam-
inae along the axial loading direction during prepreg lay-
up. The first sensor (designated FBG1) was embedded
�1.5 mm from the hole tip. Subsequent sensors were
located at an interval of 1.5 mm. A strain gage was also
stuck on the surface of the composite specimen just besides
the central hole for specimen stiffness monitoring. The
specimen was cyclically loaded by an MTS servo-hydraulic
test system between 1.5 and 15 kN at a frequency of 4 Hz.

3. Basic properties of fiber bragg grating sensors

When a broadband light is coupled into an optical fiber
with a uniform Bragg grating, a single peak with wave-
length k satisfying the following relation will be reflected
while the other wavelengths will be allowed through:

k ¼ 2neK ð1Þ
where ne is the effective refractive index and K is the period-
icity of the grating. If the uniformity of the grating period
is perturbed, the single peak reflected spectrum will become
broadened or chirped. When either or both of the ne and K
change, the center wavelength of the reflected spectrum
shifts. K will be changed if the FBG is subjected to a defor-
mation. Such deformation may be caused by mechanical or
thermal strains. ne will be affected by variation in tempera-
ture and the three-dimensional stress state acting on the fi-
ber. In general, the reflected wavelength will shift by �1 pm
under a strain of 1 le or a temperature change of 0.1 �C. If
temperature variation is negligible, then the change in the
spectrum basically reflects a change in the stress/strain
status on the FBG. A preliminary cyclic test on the current
specimens showed that a maximum steady state tem-
perature rise of 5 �C will occur at the tip of the hole when
loaded at 10 Hz when the specimen is enclosed in a
foam chamber. Temperature change is negligible 5 min
after cyclic loading was stopped when test was carried
out in ambient laboratory condition. Hence, all spectrum
measurements were made at least five minutes after cyclic
loading stopped.

4. Results and discussion

Fig. 1 shows the development in laminate stiffness versus
cycle as monitored by a strain gage stuck next to the edge
of the hole. From 0 to 10,000 cycles, the laminate stiffness
showed a slight and gradual increase. It started to show a
slight drop between the 10,000 and 20,000 cycles. At
60,000 cycles, significant departure from linearity and drop
in stiffness was recorded. The stiffness continued to drop
until the test was interrupted at 100,000 cycles. The non-
linearity in the load-deformation traces is associated with
matrix cracking, which is evident in the following figures.
The specimen was sectioned according to the schematic
cutting plan shown in Fig. 2 and examined under an optical
microscope.

Fig. 2a–d shows the sectional views of the laminate pro-
gressively further away from the hole edge as indicated in
the schematic cutting plan. These sections are in the vicin-
ity of the embedded fiber gratings FBG1 through FBG4.
Matrix cracking occurred extensively in Fig. 2a which is
the nearest to the edge of the hole. Some of these cracks
have been confined in the 90� laminae (denoted by M in
the figure) while some have extended into the neighboring
±45� laminae (denoted by T). In the latter cases, delamina-
tion (D) often occurred connecting the matrix cracks in dif-
ferent laminae. At 3 mm from the hole edge, matrix
cracking can also been seen (Fig. 2b) but is not so extensive
and are mostly confined to the 90� laminae. Matrix crack-
ing occurs more sparingly as we go further from the hole
(see Fig. 2c and d). Fig. 2e shows a broader view of the sec-
tion on the same plane as Fig. 2a. Matrix cracking is
mainly seen in the stress concentration region near the
hole. Fig. 2f shows the section through the hole in a direc-
tion perpendicular to the loading direction. Damage is not
evident when viewing in this direction. Cross sectional
views of the specimen show that FBGs merged well with
the surrounding graphite fibers without inducing a defec-
tive matrix-rich region around them. Crack densities at dif-
ferent locations are estimated from these micrographs and
are shown in Fig. 3.

Fig. 4 compares the ultrasonic C-scan images at 0,
10,000, 60,000 and 100,000 cycles. The irregularities on
the left half of the C-scan image are due to strain gage
and its accessories. The FBGs were embedded on the
right half. Since the matrix cracks are lying in planes in
the same direction as the ultrasonic wave propagation,



Fig. 2. Optical micrographs on the sectional view of the fatigued specimen.
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they will not be detected by the C-scan. However, the
occurrence of delamination at the later stage of matrix
crack development will be picked up by the C-scan.
Fig. 4b shows that at 10,000 cycles, the damage zone
has reached the FBG1 position. By 60,000 and 100,000
cycles, the damage zone is approaching FBG2. This



Fig. 2 (continued )
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Fig. 3. Crack density distribution in the vicinity of the embedded FBGs.
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suggests that preliminary matrix cracking probably exists
at the FBG2 position but it has not yet developed into the
delamination stage.

Comparison of the FBG spectra just before embedding
and after curing and hole drilling in the composite laminate
shows that a tensile residual strain occurred in FBG1 and
FBG3 locations while FBG2 was under a compressive
residual strain. FBG4 was probably broken during the cur-
ing process as no signal was obtained thereafter. Fig. 5
shows the spectra under load free and 10 kN tension con-
ditions after fatiguing for different number of cycles up to
100,000 cycles. Under the load free condition (Fig. 5a–c),
the peaks of FBG1 through FBG3 more or less maintained
their overall shapes while the centre wavelengths have
shifted and the intensities changed as loading cycle
increased. Fig. 6 shows the amount of wavelength shifts
in the three FBGs under the load free condition. A rapid
increase in wavelengths occurs initially before 5000 cycles.
Wavelength shifts reached a peak at about 30,000 cycles.
Thereafter, they started to decrease gradually. Also shown
in Fig. 6 is the result corresponding to FBG1 obtained
from another specimen. It suggests the wavelength shift
behavior is quite reproducible. This shift towards longer
wavelengths may be accompanied by a dynamic creep of
the laminate as it was tested under a tension–tension
cycling under load control. Strain monitoring during ten-
sion–tension cyclic loading in other work [18] also showed
an initial sharp rise in strain followed by a more gradual
increase. Since all three FBGs shows the same behavior
in wavelength shift, the abrupt change in the rates of
increase in wavelength shift at 5000 cycles is probably
not related to internal damages which should vary in extent
at different positions.

Under a 10 kN load, the spectrum of the three FBGs
behaved quite differently (see Fig. 5d–f). For FBG1, signif-
icant chirping occurred even before the cyclic loading, pre-
sumably due to the strain gradient along the FBG induced
by the hole. As fatigue cycling increased, the lower and
upper limits of the chirped spectrum shifted by different
extent and sometimes to different directions. Fig. 7 shows
the incremental shifts in these limits with respect to the
wavelength before cyclic loading. Before 10,000 cycles,
the limits both shift in the positive direction. This probably
reflects the same tensile plastic deformation that led to ini-
tial abrupt wavelength shift under zero load mentioned
above for Fig. 6. Beyond 10,000 cycles, the upper limit con-
tinues to shift in a more gentle manner towards the positive



Fig. 4. C-scan patterns under different loading cycles.
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direction while the lower limit to the negative direction.
This phenomenon probably reflected the occurrence of fati-
gue damage that involved occasional matrix cracking and
localized delamination. Under the applied load, localized
strain on the FBG ahead of the damages will be intensified,
leading to an upper spectrum limit shift to the right. On the
other hand, matrix strain in the vicinity of the cracked
region will be released, leading to a lower strain than the
crack-free condition and a shift of the lower spectrum limit
to the left will occur. Such a differential shift on the upper
and lower limits leads to an increase in the width of the
chirped spectrum.

The chirping was also observed in FBG2. However, due
to unknown reason, the reflectance quality of FBG2
degraded to only slightly above the baseline noise level
under load. This makes further analyses difficult.

For FBG3, a well-defined peak with similar intensity
occurred throughout the loading history, suggesting that
matrix cracking has not developed yet. The center wave-
length of the peak has shifted to the right as loading cycle
increased (see Fig. 7). The amount of shift was larger in the
beginning but the increase in shift slowed down beyond
20,000 cycles. It is thought that this pattern of shift is the
same as that described above for Fig. 6.

Besides wavelength shift, the FBG spectra shown in
Fig. 5 under 10 kN loading revealed a change in intensities
as well. Fig. 8 compares the change in intensity referring to
virgin state for the three FBGs after different loading
cycles. For FBG1, a sharp drop in intensity occurred
between 10,000 and 20,000 cycles. This period corresponds
to the start of differential shift in the upper and lower limits
of the chirped spectrum (Fig. 7) and may have something
to do with appearance of matrix cracking. Thereafter, it
increased gradually. For FBG2, gradual increase occurred
until 60,000 cycles, after which intensity started to drop. In
the vicinity of FBG2, microscopic sectioning only revealed
occasional matrix cracking. C-scan examination (Fig. 4)
also indicated delamination has not yet spread to this loca-
tion. The intensity drop may therefore be associated with
the appearance matrix cracking as well as the perturbation
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Fig. 5. FBG Spectra after different loading cycles under (a–c) zero load and (d–f) 10 kN.
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Fig. 8. Intensity changes of the FBG spectra versus loading cycles.
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of the residual stress field due to intensification of damage
near the hole tip. For FBG3, the intensity was increasing
with loading cycles. Incidentally, C-scan results showed
the damage zone was still far away from FBG3. More tests
are needed to confirm that abrupt intensity drop is related
to the development of matrix cracking.

In the current work, the FBGs were embedded between
two 0� laminae and so were not exposed to direct contact
with matrix cracks and delamination. It is postulated more
information may be gained if the FBGs are embedded
between 0� and 90� laminae or between 0� and 45� laminae.

5. Conclusions

The reflected spectrum of an embedded FBG sensor will
shift and deform when fatigue damage occurs. The associ-
ated broadening of the peak and the sharp drop in light
intensity seems to be associated with the onset of matrix
cracking and localized delamination. The shift in the wave-
length reflects the change in the internal strain around the
FBG but no particular association with fatigue damage is
observed.
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