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Summary

The fiber dispersion performance in fiber-reinforced cementitious composites
is a crucial factor with respect to achieving desired mechanical performance. How-
ever, evaluation of the fiber dispersion performance in the composite PVA-ECC
(Polyvinyl alcohol-Engineered Cementitious Composite) is extremely challenging
because of the low contrast of PVA fibers with the cement-based matrix. In the
present work, an enhanced image processing technique including more detailed
classification of types of fibers and adaptation of a morphological reconstruction,
the fiber detection performance is enhanced. Test results using artificial and real
fiber images showed that a distribution coefficient o, referred to as the fiber dis-
persion coefficient was calculated reasonably and the fiber detection performance
was enhanced.

Introduction
Synthetic fibers have been used to improve the toughness of quasi-brittle cement-

based materials such as concrete and mortar[1]. Recently developed ultra-ductile
engineered cementitious composite (ECC) is an example of this approach[2-3].
ECC is a micromechanically designed cementitious composite that exhibits ex-
treme tensile strain capacity (typically more than 2%) while requiring only a mod-
erate amount of fibers (typically less than 2% in a volume fraction). Since the fibers
can bridge micro-cracks, the dispersion of fibers strongly influences the resulting
mechanical performance of the composite.

Transmission X-ray photography, which is generally applied to steel fiber-
reinforced composites, is the most popular method of evaluating the degree of fiber
dispersion, i.e., how steel fibers are homogeneously dispersed in the composite.
The evaluation of organic fiber dispersion, however, has seen little attention. The
key step in performing an evaluation of organic fiber dispersion is the fiber detec-
tion, since the contrast of organic fibers with cementitious materials is too low to
allow detection in the composite. To overcome this, a fluorescence technique has
been employed specifically to detect polyvinyl alcohol (PVA) fibers.

Torigoe et al.[4] suggested a new evaluation method for PVA fiber dispersion.
After capturing the fluorescence image with a Charged Couple Device (CCD) cam-
era through a microscope, the image is divided into small units of appropriate pixel
size. The degree of fiber dispersion is then calculated based on the deviation from
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the average number of fibers in a unit, which is obtained by a rigorous process of
directly counting the fibers point by point. In addition, the distribution coefficient,
which represents the degree of fiber dispersion, significantly depends on the size of
the unit.

In the present work, the authors describe a new image processing procedure
to eliminate both rigorous, manual fiber-counting processes and the undesirable
impact of the unit size on the distribution coefficient. In the development of the
suggested method, the fiber detection performance was enhanced by employing the
morphological reconstruction and watershed segmentation technique.

Evaluation of fiber dispersion
The first step for evaluation of fiber dispersion is preparation and treatment of
the specimen. PVA-ECC specimens were produced on the basis of micromechani-
cal principles[1] and then cured in water at 20+3 °C for 28 days. Specimens were
cut with a diamond saw to obtain samples for fiber dispersion evaluation. Each
sample, a rectangular block with a size of 13x36x20mm, was polished to create a
smooth surface of the exposed cross-section.

The second step is image acquisition. The polished surface was then pho-
tographed using image acquisition equipment, which was composed of a fluores-
cence microscope (Olympus, BX51), a CCD camera, and image processing soft-
ware. To obtain a digital image, the sample surface was first illuminated by a mer-
cury lamp, followed by capture of a fluorescent image using a CCD digital camera
through a GFP filter under 4 x magnification.

The third and final step are automatic detection of fibers in a cross-sectional
fluorescence image and mathematical treatment of the data obtained from the pre-
vious step. The degree of fiber dispersion is then quantitatively evaluated based on
the calculation of a distribution coefficient o, referred to as the fiber dispersion
coefficient, as expressed by equation (1) as follows[5].

ey

where n is the total number of fibers on the image, and x; denotes the number of
fibers in the i-th unit, which is a square portion allocated to the i-th fiber on the
assumption that the fiber dispersion is perfectly homogeneous. The fiber disper-
sion coefficient o is automatically calculated via the following algorithm (proto-
type algorithm): (1) Convert the RGB image to a grayscale image, (2) Convert the
grayscale image to a binary image based on a set threshold, (3) Divide the binary
image into units, i.e., equivalent squares, of which the total number equals the num-
ber of fibers (n), (4) Obtain the coordinate data for the centroid of each fiber image,
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and (5) Count the number of fibers (x;) located in each unit.

Image processing technique for enhancing fiber-detection performance

In order to obtain a more accurate dispersion coefficient, an additional process
was developed and inserted between step (2) and step (3) (described in the previous
section). The added process basically consists of two parts: one is for categorizing
fiber images into five types, and the other is for dividing aggregate fiber images into
individual fiber images. Fig. 2 shows the procedure of the enhanced detection algo-
rithm. The number of fibers detected by binarization technique[6] is compared with
that detected by watershed segmentation technique. If the number of fibers is same,
the fiber image is classified as Type 1w, otherwise, four types(Type 1, 2, 3 and 4) by
a classifier. Fig. 3 shows typical fiber image according to fiber image types. Type
1 represents single fiber images whose cross-sectional shape is roughly circular,
however, the number of fibers detected is more than two by watershed segmenta-
tion technique due to irregularity of brightness of image. Type 2 mainly correspond
to aggregate fibers incorrectly detected as a single fiber. Type 2 is detected correctly
by watershed segmentation technique. Type 3 represents the aggregate fiber images
lined up in succession and oriented at diverse angles to the surface plane, therefore
incorrectly detected as a single fiber. To detect correctly Type 3, watershed seg-
mentation technique is applied after morphological reconstruction of fiber image.
This process is for minimization of over-segmentation. Type 4 includes images of
single fibers oriented at roughly right angles to the surface plane.

To classify the fiber images, artificial neural network(ANN) is constructed.
Features which are used as input of classifier are extracted considering invariant
to image translation, scaling and rotation. Those are solidity(F;: the division of an
object’s area by that of the object’s convex hull), packing density(F;: the division
of an object’s area by that of the object’s circumscribed circle), unit perimeter(F,:
the division of an object’s perimeter by the object’s area), unit length(F;: the di-
vision of an object’s major length by the object’s area), relative length(#j,.: the
division of an object’s major length by average length of whole fiber images). The
structure of ANN is determined on the basis of 10-fold cross validation. One hid-
den layer is used. The hyperbolic tangent sigmoid function and linear function
are used as a transfer function on each neuron of hidden layer and output layer.
The Levenberg-Marquardt algorithm with weight decay[7] is adopted as a learn-
ing algorithm in order to prevent over-fitting. The optimum network architecture
is accordingly found to be 5-3-4 (number of neurons in input layer, 5; number of
neurons in hidden layer, 3; and number of neurons in output layer, 4); i.e., this
architecture yielded the maximum accuracy on the test sets. The accuracy of ANN
on the basis of jack knife validation is 94.9%.
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Figure 2: Flow chart of enhanced algo-
rithm Figure 3: Typical fiber image

Test result and discussion

Fig. 4 shows artificial fiber images and the oy. values calculated by the sug-
gested algorithm. This demonstrates correct calculations, showing oy values of
1.0 and 0.041 for the images with perfect dispersion (Fig. 4(a)) and with severely
biased dispersion (Fig. 4(b)). Fig. 5 shows the fluorescence image tested in order
to assess the detection performance of the enhanced algorithm. Fig. 5 displays the
detection test results, where the white point located on the grayscale image (fiber)
indicates the center of the detected fiber image. A, B, and C fiber images in Fig.
5, which were classified as Type 2 fibers, were more successfully detected using
the enhanced algorithm relative to the results of the proto-type algorithm (Fig. 6).
Detection results of C, D, and E fiber image (Type 3) in Fig. 6 are also indicative of
significantly improved fiber-detection performance minimizing over-segmentation
of the enhanced algorithm. All results in Fig. 6(c) indicate that the enhanced algo-
rithm yields significantly improved fiber-detection performance.

Table 1 compares o values calculated by the proto-type algorithm and the
enhanced algorithm. As shown in Table 1, the enhanced algorithm provides lower
o values, i.e. increased by 9.36%, compared to the proto-type algorithm. This
is most likely due to correct segmentation of the fibers from the aggregate fiber
images, where the fibers are located close enough to decrease the average oy for
the same sample. On the other hand, the enhanced algorithm minimizing over-
segmentation provides higher ot values, i.e. decreased by 2.39%, compared to
the enhanced algorithm without considering over-segmentation. This is most likely
due to correct segmentation of the fibers from Type 3 fiber images.

Table 1: o values calculated by proto-type and enhanced algorithms

Proto-type algorithm | Enhanced algorithm | Enhanced algorithm
(over-segmentation)
oy | 0.3836 0.3396 0.3477
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Figure 4: Artificial fiber images to
test
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Figure 5: Test image

Figure 6: Test results (the white point indi-
cates each fiber)

Conclusion
This paper proposes a new procedure to evaluate PVA fiber dispersion in a ce-

mentitious composite. A series of experimental and analytical investigations was
carried out to verify the validity of this procedure. The following conclusions can
be drawn from the current results: (1) This procedure is essentially composed of
four tasks: Task 1, preparation and treatment of the specimen; Task 2, acquisition
of a fluorescence image; Task 3, automatic detection of fibers in a binary image
originally converted from the fluorescence image; and Task 4, mathematical treat-
ment of the data obtained from the previous step. In the third step, Task 3, a fiber
categorizing technique and morphological reconstruction of fiber images and wa-
tershed segmentation technique were employed to enhance the fiber-detection ac-
curacy; (2) The fiber images detected by the proto-type algorithm were classified
into five types. In this study, to classify the fiber images, an ANN was constructed.
Five-type categorization was carried out to enhance fiber-detection by deliberately
selecting incorrectly detected fiber images (Type 2 and Type 3) separately from cor-
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rectly detected images (Type 1 and Type 4) by the proto-type algorithm. For this
process, features which are used as inputs of a classifier are extracted. In addition,
to correctly detect aggregate fiber images (Type 2 and Type 3), the watershed al-
gorithm and morphological reconstruction were used. Based on an experiment, the
fiber-detection performance was found to be improved by the enhanced algorithm.
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