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a b s t r a c t

In nonlinear fracture mechanics testing of thin-sheet short-fiber composites, special problems occur
that do not appear in other engineering materials, such as steels. The most important problem is the
formation of a long process zone, where fiber pull-out, realignment and breakage occur, making an opti-
cal crack length measurement impossible. This impedes the determination of a reproducible value of the
fracture toughness and the construction of a crack growth resistance curve. Two new approaches are
presented to overcome this problem. In the first one, a procedure is presented to determine experimen-
tally the cohesive zone relation on deeply-notched double-edge notch tension specimens. The cohesive
zone relation enables us, together with the mechanical properties, to simulate numerically a fracture
mechanics test on an arbitrary geometry and to determine a crack growth resistance curve. In the second
approach, the displacements and strains around the process zone are measured during in situ experi-
ments under an optical microscope using digital image analysis. With this local deformation analysis,
a critical local strain is determined where the load bearing capacity of the material decreases to zero.
The knowledge of this critical strain is used to find the location of the crack tip and to determine a crack
growth resistance curve. The application of the two approaches is demonstrated on commercial printing
paper as model material. It is shown that reproducible fracture toughness parameters can be determined
with both procedures.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Standardized fracture mechanics experiments are available in
order to determine the fracture toughness for various classes of
materials and composites. Such experiments are conducted by
loading a pre-cracked specimen while observing the extension of
the crack. The fracture initiation toughness is determined at the
onset of crack growth; in cases where the fracture toughness varies
during crack growth, it is useful to determine the crack growth
resistance as a function of the crack extension.

For some materials the measurement of the fracture toughness
properties is still difficult, especially for thin sheet fiber compos-
ites that exhibit a nonlinear stress–strain behavior. The main
problem in these materials is the measurement of the crack
extension. A nonlinear region appears around the crack tip (plas-
tic zone, see Fig. 1a) so that the onset of crack extension cannot
be deduced from the nonlinearity of the load–displacement

record. Inside the plastic zone, a process zone of length lpz ap-
pears close to the crack tip where the micromechanical processes
of crack growth occur, such as the fracture of the matrix material,
fiber pull-out and -fracture (Fig. 1b). The behavior of the material
within the process zone can be described by the cohesive zone
model, i.e. a characteristic curve where the local stress perpendic-
ular to the crack plane is plotted against the local separation d of
the crack flanks, Fig. 1c. Different proposals exist in literature
how to define the current position of the crack tip in the process
zone (which determines the current crack length) [1]. Let us as-
sume, we define the crack tip at the position just behind the last
unbroken fiber, where d = d� in Fig. 1c. This seems physically
appropriate, since no force is transmitted between the upper
and lower crack flank behind this position.

A problem now appears, if the process zone becomes very long
during the fracture mechanics experiment. Depending on the spec-
imen geometry, the process zone might even extend through the
whole unbroken ligament. Paper is an example of a fiber composite
where this problem appears. Fig. 2a shows a pre-cracked tensile
specimen made of blackened paper where the process zone has ex-
tended over three quarters of the initial ligament and the load has
dropped to 50% of the maximum load. Nevertheless, even at the
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initial crack tip region, the fibers have not yet fractured (or are not
pulled out completely from the matrix), see Fig. 2b. This means
that, according to our definition of the crack tip, the current crack
length still equals the initial crack length a0 and crack growth has
not yet been initiated.

This suggests that the position of the crack tip in the process
zone should be defined in a different way, but all other definitions
are somewhat arbitrary. It is clear that a correct measurement of
the fracture initiation toughness or the crack growth resistance is
only possible if the current crack length is determined correctly.

In the current paper, two different procedures are proposed to
overcome this problem and to get reproducible fracture toughness
properties of such materials. The first approach is based on the cohe-
sive zone model and, especially, a procedure to experimentally
determine the shape of the traction–separation-relation depicted
in Fig. 1c. In the second approach, local deformation analysis is used
to directly determine the position of the crack tip from the displace-
ment- and strain fields around the crack. The functioning of the two
procedures is demonstrated on commercial printing paper. The two
approaches are compared and possibilities and limitations are
discussed.

The following section presents a short review about fracture
mechanics testing of paper.

2. Fracture mechanics testing of paper

The strength of paper is important in many technical applica-
tions, especially for the paper industry. As paper fracture is often
initiated at pre-existing flaws, e.g. edge cracks introduced by han-
dling, a fracture mechanical characterization is required to predict
the behavior [2].

First works on the subject used linear elastic fracture mechanics
to determine a critical energy release rate [2]. This is problematic
as most types of paper show pronounced nonlinear behavior in
tensile tests [2–4]. More recent works on the topic applied the

essential work of fracture (EWF) method [5] and the J-integral
criterion [4,6,7] to the analysis of paper fracture.

Aim of the EWF concept [5,8] is to determine the essential work
of fracture, i.e. the energy needed to create a unit area of fracture
surface, using double edge notch tension (DENT) specimens. The
key assumption of the concept is that a circular plastic zone forms
between the crack tips of a DENT specimen in plane stress condi-
tions, on the contrary to the process zone that extends linearly
from crack tip to crack tip [8]. As the plastic work and the EWF
scale differently with the ligament lengths, the testing of speci-
mens with similar dimensions but different ligament length, al-
lows the determination of the EWF.

The J-integral is a loading parameter of a crack that can be ap-
plied in the regimes of nonlinear and linear elastic fracture
mechanics [9]. The values of J are calculated from the area below
the load–displacement record. The J-values are plotted versus the
crack extension Da and at a precisely defined point the fracture ini-
tiation toughness is determined, denoted as the critical J-integral Jc

or Ji [10–12]. The slope of the J–Da-curve is a measure of the crack
growth resistance [13]. As discussed above, the problem is the
measurement of crack extension in paper. In metallic alloys, indi-
rect methods are often applied to measure crack extension, espe-
cially the potential drop technique [14], but this method is not
applicable to paper or other insulating materials, e.g. most poly-
mers. Also the unloading compliance technique [14] does not work
well in thin fiber composites.

In [7] double edge notch tension (DENT) specimens are tested
and a critical J-integral Jc is calculated using the single [15] and
multiple [16] specimen methods. In the test method proposed in
[6], middle cracked tension specimens are used to determine Jc.
In both methods Jc is taken as the J-value at the maximum load,
although it is unclear if crack growth really initiates at this point
or not. The disadvantage of this procedure is that the maximum
load depends on specimen type (SENT, DENT, etc.), geometry (a0/

Fig. 1. Schematics of the location of the process and plastic zone around the crack
tip (a), of the process zone in a fiber composite (b), and of a cohesive zone relation
(c).

Fig. 2. (a) Specimen surface of the blackened paper specimen showing the initial
crack of length a0 and the process zone of length lpz and (b) detailed view of the
process zone near the initial crack tip.
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