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Fibrous composite materials such as GFRP (glass fiber-reinforced plastics) and CFRP (carbon
fiber-reinforced plastics) have effectively been applied for the high demand in industrial use, because their
advantages are light weight, high strength and corrosion resistance. However, the disposal problem after use of
these materials has also surfaced as a serious environmental problem. As a means to solve this problem, many
researchers have tried to use plant-based natural fibers instead of artificial fibers, However, a problem of using
natural fiber is fiber waviness that affects the mechanical properties. Fiber waviness is the fluctuation in fiber
orientation, inherent in sliver morphology of plant-based natural fibers. Therefore, the fiber orientation in a
produced composite lamina is not perfectly unidirectional. The purpose of this study is thus to clarify the relation
between fiber waviness and the composite’s tensile strengths by identifying the degree of fiber waviness (Chapter
1).

In Chapter 2, the composite laminates were first produced using flax sliver and biodegradable
thermoplastic resin, and next the fiber orientation angles were measured at fine segments on the both surfaces of the
composite laminate, Then, two spatial autocorrelation analyses, Local Moran’s / and Local Geary’s ¢, were carried
out for quantification of the fiber waviness. In other words, these two analyses were used to express the degree of
disorder in fiber orientation, Using an image analysis software, we calculated various area ratios by changing the
range of Local Moran®s / and Local Geary’s ¢. The results showed that Local Moran’s / was correlated well with
tensile strength of the composite laminate specimens when appropriate threshold levels are selected. On the other
hand, Local Geary’s ¢ is not well correlated with tensile strength, Normally, finite element analysis is a well-known
method for finding mechanical behavior of composite materials, such as stress and strain distributions. On the other
hand, this study using the spatial autocorrelation analysis has less number of equations and does not take a long
time for developing the program code. Thus, we conclude that the method proposed in this study is an effective tool
of predicting roughly the tensile strength of natural-fiber-sliver-based composite laminates (Chapter 2).



In Chapter 3, stress distributions in the composite laminate were numerically analyzed by a
three-dimensional finite element analysis (3D-FEA) based on the orthotropic theory, in which measured fiber
orientation angles were substituted for the finite elements. Results showed that &, distribution was much larger than
o; and o, because the specimen was reinforced along the loading axis (y-axis). Regarding shear stresses, 7, was
much higher than the others. Shear stress ,, slightly occurred in the specimen, while , components were
negligibly small. For these results, the maximum stress criterion was applied, in which the on-axis stresses,
01,03, 03, Ty, Tez,and 735, (Where, 1 and 3 are the transverse direction of the fiber-axis, and 2 is the fiber-axis.)
were divided by the failure stresses, respectively. As a result, the normalized maximum stress was found in 7y,. It
means that the damage or failure will occur in 7,,. The fiber-axial stress, o, also occupied a relatively large stress
area, Thus, two-dimensional Tsai-Hill criterion was selected as a failure criterion of the composite laminate
(Chapter 3).

Two-dimensional Tsai-Hill (TH) criterion was applied to predict risky damage areas in the composite
laminate, based on the stress analysis results by 3D-FEA. This criterion can predict the degree of damage caused by
interaction between fiber orientations. On the other hand, TH distribution without 3D-FEA was also estimated by
giving an applied stress to each element, to which only a measured fiber orientation angle was respectively
assigned. To differentiate the two kinds of Tsai-Hill criterion distribution, the subtraction of the latter value from
the former was taken for each clement. In the negative subtraction (angle-based TH dominant), risky Tsai-Hill
distributions were estimated, in case there was an area consisting of a cluster of inclined fibers in the composite
laminate. In the positive subtraction (FEA-based TH dominant), on the other hand, risky Tsai-Hill distributions
appear with dispersion and small-scale level. From the comparison with the specimens’ fracture paths, the fracture
initiation was estimated to occur from the cluster, but not from FEA-based TH dominant area. Finally, we
concluded that, the fracture was not initiated from the cluster, but it was caused by fibers breakage on the
counterpart in the laminate because of tensile stress enhancement induced by the cluster of inclined fibers (Chapter
4),

In Chapter §, the above contents were summarized, and future subjects were describes.
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