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Abstract

Characteristics of microcrack initiation, multiplication and saturation in layered materials are discussed. A probabilistic-
analytical method, the ‘characteristic curve method (CCM)’ is developed to correlate the initial defects and the microcrack
evolution under static and cyclic loadings. The ‘equivalent applied loading’ and the ‘equivalent crack density’ concepts are
introduced to describe different microcrack multiplication features in different layered materials. Microcrack multiplication
processes in many layered materials with brittle matrices subjected to static and cyclic loadings can be easily predicted.
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1. Introduction

With the increasing applications of layered mate-
rials in engineering, for example, concrete pave-
ments in highways, advanced fiber-reinforced com-
posites in aerospace structures, the failure behaviors
of layered materials have received attention in nu-
merous scientific researches [1-5]. Unlike the tradi-
tional failure modes of isotropic homogeneous mate-
rials, the failure or damage mode in layered materials
is often in the microcrack form. These microcracks
are not self-similar; they are often progressive and
discontinuous. Although microcracks do not lead to
catastrophic failure, their presence often affects the
structural integrity and durability. Repairing the
cracking of highways, for example, could be very
costly {6]. The microcrack multiplication behavior in
layered materials is of practical importance.

The general continuum mechanics theory is em-
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ployed to study the microcrack growth problem. This
leads to the complex stress fields of the layered
material with a group of stochastic microcracks.
Generally, these microcracks interact with one an-
other [7], so the resulting stress solution is rather
complex. While the strain energy release rate expres-
sion may be derived and used as a governing param-
eter of crack multiplication. Some results show that
the critical strain energy release rate of the microc-
racking is not a material constant; it often varies
from one cracking state to another [5,8,9]. Therefore,
the prediction of this method is limited and the
probabilistic method should be introduced [10].

2. Characteristic curve for microcrack multiplica-
tion

Griffith pointed out that the material strength is
the result of the propagation of an inherent material
flaw [11]. Applying this concept in the microcrack
multiplication problem of composite laminates, the
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Fig. 1. Schematic diagram of a layered composite material with
microcracks.

‘effective flaw hypothesis’ was proposed [12]. The
defects in the brittle matrices can be simulated by a
distribution of the effective flaws. These flaws are
assumed to be perpendicular to the loading direction
and they may form microcracks under applied load-
ings as shown in Fig. 1. The size parameter of
microcracks is characterized by the microcrack den-
sity D. It is defined by the number of microcracks
existing over a unit length. Here, only the simplified
plane problem is investigated such that the microc-
rack extends completely through in the direction
normal in the plane. The length of the effective flaw
2a in a weak layer is assumed to be an unknown
distribution. These flaws act like actual cracks, which
implies that principles of the classical linear elastic
fracture mechanics (LEFM) may be used to describe
these flaws {12].

According to the LEFM principle, a relationship
prevail between the flaw length and the critical
applied loading when these flaws form microcracks.
For a layer with a group of flaws, the critical strain
energy release rate or the stress intensity factor is
chosen as the governing parameter for the formation
of the microcrack:

G,=Co’ma (1)

where C is a correction parameter. G, is the fracture
toughness and o, is the critical stress. Using these
results, the effective flaws and the microcrack den-
sity variation may be correlated qualitatively. The
first microcrack is assumed to stem from the most
severe initial flaw (defect). According to the flaw

distribution, the number of these severe flaws is
small (1%). Those flaws having the average lengths
are the majority. So, after the onset of the first
microcrack, these flaws may form microcracks and
the number of microcracks as well as the microcrack
multiplication rate increase rapidly. However, flaws
with the smaller length are few in the crackad layer.
Therefore, after the rapid multiplication stage, the
microcrack multiplication rate will decrease because
few flaws will form microcracks. Hence, a final
regular cracking state may be achieved. For example,
Fig. 2 shows the rule of multiplication of transverse
microcracks in highways [13]. In order to describe
the microcrack multiplication rate quantitatively, a
probabilistic-analytical method, the ‘characteristic
curve method (CCM)” will be proposed.

The lengths of effective flaws in a layer are
assumed to obey an unknown distribution. The maxi-
mum length and minimum length are, respectively,
ayax (corresponding to the microcrack initiation)
and ayy (flaws have formed microcracks reaching
the saturation state). A non-dimensional variable, the
equivalent crack length agg, is first introduced:

a— ayn
g = T _ (2)

Umax — ¢

For a layered material, the critical flaw length
corresponding to a critical loading level can be con-
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Fig. 2. Transverse microcrack multiplication in a highway during
two years.






