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Conventional techniques for detecting macroscopic
damage in fiber-reinforced composites include ultra-
sonic C-scanning [1, 2], acoustic emission monitoring
[3, 4] and thermography [5]. However, these techniques
are not capable of imparting information on the fracture
sequence of the reinforcing fibers. Information of this
nature can be used to validate previous models on the
critical number of fibers required to initiate catastrophic
failure in fiber-reinforced composites [6, 7]. It can also
be used to study the effects of strain transfer from frac-
tured fibers to their immediate neighbors [8, 9]. A de-
tailed study on the conversion of E-glass fibers to act as
light guides was reported previously [10]. The wave-
guides were created by applying an appropriate
cladding or coating on the E-glass fiber bundle. A
perquisite here was that the refractive index of the core
(E-glass fibers) had to be higher than that of the cladding
in order to facilitate total internal reflection of the light
in the E-glass fibers. That study also demonstrated that
the macroscopic failure of the “mini-composite” could
be tracked by monitoring the transmitted light intensity
through the fibers as a function of the applied stress.
Consequently, the failure of the reinforcing fibers re-
sulted in an attenuation of the transmitted light inten-
sity. In this current study, a CCD-camera was used to
image the ends of the E-glass fiber bundle during ten-
sile testing. These images were then used to determine
the attenuation of the light intensity and also to obtain
information on the fiber fractures over the cross-section
of the bundle.

Custom-drawn E-glass fiber bundles were supplied
by PPG Industries and these consisted of approximately
2500 individual filaments with an average fiber diame-
ter of 12 µm. The gauge length of the tensile test speci-
men used was 50 mm and these were end-tabbed using
Scotch-Weld 9323 adhesive. In order to maintain the
light transmission characteristics of the uncoated fibers,
a low-refractive index epoxy-based OG135 resin (from
Promatech Ltd.) was applied to the fibers that were lo-
cated within the end-tab region. This was necessary
because the refractive index of the end-tab resin was
significantly higher than that of the E-glass fibers and
hence the conditions for total internal reflection cannot
be met. The overall length of the test specimen was
200 mm. A schematic illustration of the test specimen
and the associated experimental set-up is illustrated in
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Fig. 1. The specimens were tested in tension up to fail-
ure at a speed of 0.5 mm/min in an Instron 1195 testing
machine under ambient conditions. The applied load
was recorded as a function of the time.

With reference to Fig. 1, a 100-mW solid-state green
laser (Laser 2000) was used to illuminate one end of the
samples and the other end was imaged using a CCD-
camera coupled to a 35/210× zoom lens (supplied by
Cambridge Technology Systems). The light transmis-
sion characteristics through the E-glass fiber waveguide
was logged by means of a VHS recorder as a function
of the time. The light intensity or attenuation of the
bundles was evaluated by the difference in the grey
levels in the images. The selected bundle-end images
were then partitioned into 9 × 9 arrays to obtain a de-
tailed mapping of the cross-sections. The intensity of
the light transmitted through the fibers and the rela-
tive spatial distribution across the bundle sections were

Figure 1 Illustration of the test specimen and the associated experimen-
tal set-up.
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Figure 2 Tensile curve for E-glass fibers and their in-situ light transmis-
sion variation obtained using a photodiode.

Figure 3 Tensile curve for E-glass fibers and their in-situ light transmis-
sion variation obtained from the bundle-end images.

determined from the digital images as a function of
applied load.

Fig. 2 represents the load-time and normalized
transmitted light intensity-time traces for the E-glass
waveguide. Here the transmitted light intensity was
measured using a photodiode that replaced the CCD-
camera. In this experiment involving the uncoated
E-glass waveguide, the light transmission intensity de-
creased gradually up to about 30% of the maximum
applied load and further loading resulted in rapid at-
tenuation of the transmitted light. A similar trend was
observed when the end of the fiber bundle was imaged
and the intensity profile extracted from selected CCD
images. The corresponding transmitted light intensity
through the E-glass fibers for these images is presented
in Fig. 3. Fig. 4 then shows the image selection of a
fiber-bundle end during the tensile test. Here, the num-
bers on this graph correspond to an image in Fig. 4
that has the same number. The general light intensity
trend was also observable from the cross-section pic-
tures where the light intensity and the associated areas
were reduced. With reference to this test, the photodi-
ode technique gave a more precise light variation and
also a facility of use as far as the light intensity was con-

Figure 4 Selection of images of E-glass bundle ends (inverted colors).

cerned. The accuracy of the light attenuation obtained
from the images was dependent on the sensitivity of the
CCD-camera.

The originality and advantage of the imaging tech-
nique could be found in the mapping of the bundle
cross-sections. Figs 5 and 6 present 3-D graphs of
the sample cross-sections. The graphs were obtained
by partitioning the bundle end images into 9 × 9 ar-
rays, which formed the base of the graphs (x- and
y-axes). The z-axis can represent the values of either
the light intensity or attenuation in the different arrays.
Fig. 5 shows the intensity mapping of the bundle sec-
tion shown in the images of Fig. 4. From these 3D-
graphs, the intensity of the light passing through the
bare E-glass fibers was decreasing in amplitude and
in area with the increasing applied load. Before reach-
ing the maximum applied load, the light intensity was
mainly reduced in the centre of the bundle cross-section
as the area of maximum intensity values was reduced
without significant reduction of the base surface. This
phenomenon was the result of random fiber fracture oc-
curring predominantly in the bundle sections. However,
at loads higher than the ultimate load, shrinkage of the
transmitting surface resulted in rapid reduction of the
light intensity. This was due to predominant fiber frac-
ture at the bundle edge as well as in the cross-section.
As a general observation, the light intensity distribution
presented a conical shape during the test. This could be
explained by the loss of light by evanescence in the
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Figure 5 Light-intensity mapping of the E-glass bundle cross-sections shown in the digital images.

Figure 6 Light-attenuation mapping of the E-glass bundle sections shown in the digital images.
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air and in the epoxy-based OG135 resin and also by
the light being coupled into neighboring E-glass fibers
[11].

Another way of analyzing the bundle images is by
mapping the light attenuation across the bundle sec-
tions. This mapping of the images is exhibited in Fig. 6
where the z-axis corresponds to the light attenuation.
The light attenuation profile presented in these 3D-
graphs was determined by considering the attenuation
in the initial image (at t = 0) to be arbitrary constant to
1 dB. From the graph numbered 1, the light attenuation
decreased very slightly in the center of the bundle. This
could be the result of the straightening and arrangement
of the E-glass fibers at low load. On the other hand, the
higher the applied load, the higher the light attenua-
tion. The attenuation increased rapidly in the center
of the fiber bundles. This could imply that simultane-
ously to the shrinkage of the bundle diameter during the
test, a high number of fibers in the bundle center was
fractured.

It was successfully demonstrated that the cross-
sections of E-glass fiber bundles could be imaged using
a CCD-camera. From these images, useful information
such as light intensity or attenuation either in the whole
cross-section or at specific locations could be extracted.
The light intensity variation determined from the digital
images matched the variation obtained by a photodiode
that was in place of the CCD-camera. The mapping of
the bundle cross-section demonstrated that fiber frac-
ture occurred at the edge of the bundle as well as at
random in the bundle cross-section. In that case, the
area of high intensity and the surface of light transmis-
sion were reduced, whereas the area of high attenuation
was enlarged. By this technique of imaging the end of

E-glass fiber bundles, it would be possible to detect
fracture of each individual fiber in a specified area of
the bundle cross-section.
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