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On the in-plane tear test

HEIKKI KETTUNEN AND KAARLO NISKANEN

HE TEAR TEST MEASURES THE

energy dissipated when a

crack is forced to propagate

through a paper specimen.
The theory of forced crack propaga-
tion suggests that the tearing work
should be larger than, or at least
equal to, the critical fracture energy
of paper.The critical fracture energy
is often called the “fracture tough-
ness” of paper (Z) and is the amount
of energy necessary to overcome the
paper’s resistance to tearing. As a
measure of fracture toughness, the
simple in-plane tear test is attractive
because its relationship to crack
propagation is easy to comprehend.
However, the test may overestimate
tearing work.

One of the first studies on the in-
plane tear test was published by
Unger in 1960 (2).In 1967, Van den
Akker and colleagues published a
paper that made the method com-
monly known (3). Experimentally,
the in-plane tearing work depends
on the test geometry. Van den Akker
and coworkers tested machine-made
papers at tearing angles from 3° to
19°. They concluded that a 12° tear-
ing angle in combination with a 50-
mm span length is best for most
paper grades. The short span length
minimized the energy dissipation
outside the fracture process zone,
and the 12° angle corresponded to a
broad minimum in the tearing work.
In the wake of Van den Akker’s work,
the 12° tearing angle has become a
de facto standard in the tear test.
Since then, other experiments have
been reported (1, 4-7).

In our study, we wanted to find
out why the in-plane tearing work

varies with tearing angle. Is there a
tearing geometry for which the tear-
ing work measured is equal to the
critical fracture energy as measured
by some other method? If the equal-
ity cannot be achieved by the proper
choice of test geometry, then the dif-
ference between the two should pro-
vide useful information about micro-
scopic fracture processes. Such infor-
mation is particularly interesting
because the tear test allows stable
crack propagation and gives long
crack paths for microscopic analysis
.

These factors motivated our
study of the in-plane tear test. How-
ever,we do not advocate the tear test
as the most valid test for measuring
the fracture toughness.

BACKGROUND ON THE TEAR TEST
Figure 1 shows the principle of the
in-plane tear measurement.The spec-
imen is clamped so that the jaws
form an angle of 2a before the
shorter edge of the specimen is
pulled tight. The longer edge is slack,
and it bends out of the test plane by
an amount that depends on the tear-
ing angle and the dimensions of the
specimen.

When the external displacement
increases, the paper breaks first at
the notch tip. After this initial phase
in which the force increases, the
crack grows through the specimen
(from left to right in Fig. 1) as the dis-
placement increases. During this sec-
ond phase, the external load is car-
ried by a narrow section, or “neck,”
between the crack tip and the slack
area.The overall crack propagation is
stable. External displacement con-
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ABSTRACT

In the in-plane tear test, one forces a
crack through a long ligament of
paper.The tearing energy per unit of
crack length varies with the tearing
angle.We show that in brittle papers
the tearing energy increases with
roughness and branching in the frac-
ture line. In tough papers, additional
energy is expended as a result of
plastic elongation, or “damage,” out-
side the fracture process zone. If
these aberrations are avoidable with
a suitable tearing angle, the corre-
sponding “true” or minimum tearing
work characterizes a microscopic
process in which the paper breaks
completely. In the samples we stud-
ied, tearing energy was 20% larger
than the critical fracture energy mea-
sured with the J-integral method. We
claim that neither the macroscopic
geometry nor the dynamics of the
tear test can explain this difference.
Its origin must lie in the microscopic
fracture process that is different
between the in-plane tear test and
the J-integral method.

Application:

Exploring inconsistencies in tear test
methods may lead to better means
for measuring strength properties.

trols the position of the crack tip.
This phase continues until the slack
end of the specimen begins to get
tight. Finally, in the third phase, the
force decreases to zero as the load-
carrying neck gradually narrows and
vanishes.

Figure 2 shows the curves for
measured force vs. displacement for
total tearing angles of 2°,5° and 15°.
These examples reflect the three
phases of the tearing process.The lig-
ament was 80 mm long, and tearing
was in the machine direction.

Kirenlampi et al. gave a simple
trapezoidal model for the force-dis-
placement behavior (7). In his dis-
sertation, Kirenlampi analyzed the
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I. Geometry of the in-plane tear measurement.

behavior in more detail using a numerical linear elastic
model (9).In the appendix, we give a detailed analytical
solution. All of the models suggest that during stable
crack propagation the tearing force F is inversely pro-
portional to tan a, where qa is the tearing angle (of a sin-
gle side, from the horizontal).

The area under the force-displacement curve is the
tearing work W.Work W divided by the ligament length
L gives the tearing work per unit crack length, dW/dL.
Equation 1 describes the relationship between dW/dL
and tearing force and tearing angle:

dWdL = 2F tana 1)

Thus the tearing work per unit crack length should
be independent of the tearing angle a.1In fact, our model
analysis suggests that the fracture process zone is micro-
scopic for practically all total tearing angles of 2a = 2°.
Therefore, the macroscopic test geometry should not
affect the fracture process zone or the energy dissipated
in the zone. In contradiction to the theoretical predic-
tions however, the tearing angle usually has a clear effect
on the measured tearing work. One task, then, is to
explain the reasons for the dependence on the size of
the angle, which is inconsistent with the model predic-
tions.

There are two ways to measure and derive the tear-
ing work per unit crack length. One can measure the
average tearing force, excluding the initial and final
phases, and multiply the result by 2 tan a. Alternatively,
one can also use different tearing angles and then deter-
mine the slope of dF/d(2 tan a)', which is equal to
dW/dL.The two methods give the same result, provided
that geometric effects are absent. One can choose any
angle and obtain the same result as that from tests in
which various angles are used.
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2. Force—displacement curves of magazine paper at tearing
angles of 2°, 5°, and 15°.

EXPERIMENTAL PROCEDURES

Mechanical testing
We used an ordinary tensile testing machine (L&W TCT-
5) equipped with linear guides to prevent the specimen
from twisting, shearing, and rotating in the in-plane test.
For most of the measurements, the span length at the
shorter edge of the specimen was 45 mm, and the spec-
imen width was 105 mm. The width included a 25-mm
initial cut in the middle of the shorter edge, so the liga-
ment length (and thus the crack length) was 80 mm.The
displacement rate was 10 mm/min.

Tearing angles ranged from 0° to 20°, with accuracy
of £0.5°. Tearing angles larger than 20° were not possible
because they led to large force fluctuations and thus to
erratic crack growth, especially with stiff paper grades.
We also varied the ligament length over a range from 20
mm to 80 mm in a separate set of tests.

We measured five parallel specimens in each case.
Particularly at small angles 2a < 2°), force fluctuations
made it difficult to determine the range over which the
average force should be calculated. Some variability in
the force values at small tearing angles also arises from
the uncertainty in setting the value of a.The ranges for
the standard deviations of the average tearing forces
reported are 10-20% for 2a < 5° and 5-10% for large
angles.

We followed SCAN-P 67:93 for tensile strength mea-
surements and SCAN-P 77:95 for J-integral measure-
ments. The standard laboratory conditions, 50% relative
humidity and 23°C, prevailed in all the mechanical tests.

Detection of damage
We impregnated samples with silicone to make visible
the fracture process zone characterized by bond rup-
tures, which are termed “damage” here. In impregnation,
the silicone (General Electrics RTV 615) fills almost all of



the voids in paper. The paper
becomes translucent as the silicone
removes light-scattering surfaces.
This change enhances the optical
contrast of any free surface that may
be created when the paper specimen
is elongated.The same technique has
been used in formation-scale studies
(10, 11, demonstrating how bond
ruptures dominate the creation of
new surface areas in impregnated
paper.

We recorded the damage created
in the tear tests with an ordinary
desktop scanner. The images were
scanned against a black background,
and areas of damage are light gray or
white. Undamaged areas are darker
gray, with the density of the shade
depending on paper grammage.

Sample material
We used five machine-made papers,
as listed in Table I, testing them in
both the machine and cross-machine
directions. Please notice that the
columns are designated “MD” where
the paper is loaded in the machine
direction and the crack propagates
in the cross-machine direction. Con-
versely, for the values in the “CD”
columns, the paper is loaded in the
cross direction, but the crack propa-
gates in the machine direction.

To characterize the load-elonga-
tion behavior of the papers, we give
the ordinary and “elastic” breaking
strains in Table I.The elastic breaking
strain is equal to the tensile strength
divided by the elastic modulus. In lin-
early elastic papers, the two breaking
strains are close to each other. In
plastically yielding papers, however,
the elastic breaking strain is clearly
smaller than the ordinary breaking
strain. The first behavior is typical in
the machine direction, and the latter
is typical in the cross-machine direc-
tion.

EXPERIMENTAL RESULTS
Crack path and damage
Figure 3 illustrates damage created
in crack propagation through a par-
ticularly brittle specimen, which is a

Grammage,

Breaking strain, %

Elastic strain, %

g/m?
Magazine* 65
Newsprint 45
LWC 65 1.1 2.1
Pergament 40
Kraft 70

*Supercalendered.

MD CcD MD CcD
0.96 1.9 0.65 0.69
0.92 2.1 0.69 0.95

0.64 0.62
1.63 9.7 091 I.11
2.3 54 1.0l 1.06

I. List of the paper grades and the ordinary and elastic breaking strain

Magazine, tear in MD

Kraft, tear in CD

3. Crack path, running from left to right, and damage in silicone-treated specimens:

magazine paper in the machine direction (left) and kraft paper in the cross-machine

direction (right). (Tearing angles of 2a = 2°, 10°, and 20° from top to bottom, respec-

tively).

magazine paper that was loaded in
the machine direction, and a particu-
larly tough specimen, a kraft paper
loaded in the cross-machine direc-
tion. Here, toughness is judged from
the ordinary and elastic breaking
strain values in Table I.

The other papers listed in Table I
showed patterns similar to the
behavior exhibited in these two
cases, one brittle and one ductile, or
strong against the action of being
pulled. Brittle specimens were the
lightweight coated (LWC) and perga-
ment in the machine direction and
the newsprint and magazine paper
in both directions. Ductile speci-
mens were the kraft in the machine
and cross-machine directions and
the LWC and pergament in the cross
direction.

The brittle magazine paper has a
rough fracture line and somewhat
unstable, intermittent crack propaga-
tion at small tearing angles. At 20 =
10°, the fracture line is smoother, and
crack propagation is more stable. At
still larger angles, the fracture line is
rough again, and it has side branches.
The branches extend 1-3 mm off the
main crack. The branches are proba-
bly caused by the “blunt” shape of the
in-plane stress field and possibly by
constraints imposed by the out-of-
plane buckling of the specimen. Out-
of-plane buckling may also contrib-
ute directly to the measured energy
consumption.

Crack propagation in the ductile
kraft paper is different. The fracture
line is smooth at all tearing angles
and has no branches. When the tear-
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4. Average tearing force against the inverse tangent of tearing angle (2 tan ), for the magazine paper, newsprint, pergament, and

kraft paper.The lines show linear least-squares fits for each case, forced through the origin.

ing angle is small, damage extends far
from the fracture line, as can be seen
in Fig. 3. Irreversible, plastic elonga-
tion has taken place in the damage
areas, with related energy dissipa-
tion. Test geometry determines the
shape of the damage area in kraft
paper at small tearing angles. At large
tearing angles,no damage occurs out-
side the fracture line.

In both papers, the width of the
actual fracture line, seen as bright
white in Fig. 3, is largely independent
of tearing angle. It does not decrease
with increasing a as macroscopic
models predict. In our discussion in
the appendix, we present the argu-
ment that the microscopic network

structure should determine the frac-
ture line width at 2a = 2°. This pre-
diction is consistent with the exam-
ples in Fig. 3.

In summary, the effect that tear-
ing angle has on tearing work for
brittle papers probably arises from
the shape of the fracture line. Rough-
ness and branching both increase the
“true” microscopic length of the frac-
ture line. In tough papers, energy is
consumed in damage outside the
fracture line but only when the tear-
ing angle is small. The fracture line
itself is smooth at all tearing angles
and should not cause any variation in
tearing work.

Tearing work Tearing work J-integral
by the integral by the slope fracture
method, J/m method, J/m energy, J/m

MD Ccb MD Ccb MD CcD
Magazine 0.29 0.21 0.22 0.22 0.18 0.15
Newsprint 0.40 0.26 0.27 0.23 0.27 0.16
LwcC 0.39 0.36 0.35 0.34 0.26 0.31
Pergament 0.30 0.32 0.32 0.53 0.20 1.41
Kraft 1.07 1.07 1.05 1.06 1.22 1.06

I1. Values for tearing work per unit crack length and for J-integral fracture

energy in the machine and cross-machine directions for all papers
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Tearing work
Figure 4 shows examples of the aver-
age tearing force F against (2 tan ).
Remember that models predict a lin-
ear relationship that goes through
the origin. Many of the experimental
results are consistent with this pre-
diction. However, the brittle papers
(magazine and newsprint in the
machine direction) deviate from the
linear trend close to the origin, when
Qtan a)! < 6,0r when 2a = 10°.The
ductile specimens (pergament in the
cross direction and kraft paper in
both directions) in turn deviate from
the trend at small angles, 2a < 4°, or
2 tana)! > 15. In both cases, the
measured tearing force is larger than
expected.

These deviations probably arise
from crack branching in brittle spec-
imens and from plastic damage in
ductile specimens. In the first case,
the crack tip propagates further than
the specimen length would suggest.
In the second case, the load-carrying
neck is wider than it is for elastic
papers.

The straight lines in Fig. 4 show
the evaluation of tearing work per
unit crack length using the slope of F
against (2 tan a)™'. For ductile speci-
mens, the point of largest (2 tan o)™
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5. Integrated tearing work per ligament length dW/dL against tearing angle 2a for magazine paper, newsprint, LWC, pergament, and

kraft paper.

(and smallest Q) is excluded from the
fit. The result is, by construction,
independent of a, but as the figure
shows, the accuracy is not good.

The corresponding results of the
integral method are shown in Fig. 5.
In this case, the tearing work per unit
crack length is obtained from the
area under the load-displacement
curve divided by the ligament length
L. In the brittle papers, the tearing
work has at least a weak minimum at
some value of a. In the ductile
papers, there is practically no mini-
mum.

The variation of tearing work
with o agrees with the conclusions
drawn from Fig. 3 above. The rough-
ness and branching of the fracture
line and the plastic damage outside
the fracture line are the probable
causes for the variation. For each
paper, the smallest value of tearing
work is the best estimate.

The two values for tearing work,
one from the slope of F as plotted
against (2 tan a)' and the other from
the integral of the load-displacement
curve, are compared in Table II. They
are quite close to each other in most
cases. This outcome is not a trivial
result. One method uses a range of
tearing angles, and the other uses
only the angle that corresponds to
the minimum tearing work.When dif-
ferences exist, the integral method

gives the higher value.The largest dif-
ferences are for newsprint in the
machine direction and for pergament
in the cross direction.The poor fit in
Fig. 4 is probably the cause for the
differences.

Table II also gives the J-integral
fracture energies. These energies are
generally smaller, but otherwise they
correlate well with the in-plane tear
results. The same correlation that
exists between tearing work and J-
integral applies also to the wvalues
reported by Kirenlampi et al. (1),
who studied handsheets made of dif-
ferent kraft pulps.

On average, all of these results
give a J-integral that is 20% smaller
than the tearing work per unit of
crack length. Only the pergament in
the cross direction and kraft paper in
the machine direction have clearly
larger values for J-integral than for
tearing work. They both have large
plastic elongation in the tensile test,
as Table I shows. We believe that the
stress-strain curve of these papers
does not show agreement with the
Ramberg-Osgood model used in the
J-integral measurement.

Effect of ligament length
Measured fracture energies often
depend on specimen dimensions. We
tested the effect of ligament length in
the in-plane tear test using the maga-
zine paper loaded in the machine
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6.Tearing work per unit of crack length
against ligament length at tearing angles
2a = 0°, 5°, and 10° in the magazine
paper loaded in the machine direction.
(Linear regression equations are also
shown.)

direction. Figure 6 shows the results
for three tearing angles.The behavior
is qualitatively similar to that seen,
for example, in the essential work of
fracture method (EWF) (12).

From Fig. 6, we can infer that, at
least in brittle papers, the measured
tearing work depends on ligament
length at small angles but not at large
angles. Therefore the results in Figs. 4
and 5 at 20 angles of 0° and 2° could
have been different, had we consid-
ered a ligament length different from
the 80 mm used. Interestingly, extrap-
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olation to zero ligament length gives
the same value for tearing work (to
within +10%) at the three tearing
angles.

DISCUSSION

One of our purposes was to explain
why tearing angle affects the in-plane
tearing work. We conclude that in
brittle papers the effect arises from
the shape of the fracture line. At a
values that are too small or too large,
the fracture line is rough. At large val-
ues of 0, side branches also appear.As
a result, the true microscopic frac-
ture path is longer than the ligament
length of the specimen. In ductile
papers, the fracture line is smooth at
all a, but instead plastic damage is
created outside the fracture line if o
is too small. All these factors lead to
an overestimation of the critical frac-
ture energy in the tear test. They
should also contribute to the overes-
timation observed in tests conducted
by the EWF method (13).

The integral under the load-dis-
placement curve gives the physically
most sensible value for the tearing
work per unit crack length, provided
that one can vary the tearing angle so
as to obtain the minimum value of
tearing work. In the samples we mea-
sured, this minimum value is, on the
average, 20% higher than the critical
fracture energy given by the J-inte-
gral method. Otherwise, the J-integral
and in-plane tear values correlate
quite well.

There are many factors that may
explain the difference between J-
integral and in-plane tear. For exam-
ple, the macroscopic test geometry,
particularly the out-of-plane deforma-
tions and nonzero tearing angle, may
contribute even to the minimum
value of in-plane tearing work. The
credibility of this argument suffers
from our finding, as explained in the
appendix, that the fracture process
zone is microscopic in size at all but
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the smallest tearing angles. Thus the
macroscopic test geometry should
not affect the microscopic fracture
process in the case of minimum
energy dissipation.

The experimental damage obser-
vations illustrated in Fig. 3 corrobo-
rate this prediction. The width of the
actual fracture process zone (the
bright zone next to the fracture line)
does not appear to vary with the
tearing angle. A more detailed analy-
sis is under way to provide quantita-
tive estimates of the size of the frac-
ture process zone.

In principle, it is also possible
that some of the elastic energy stored
in the specimen converts directly to
heat and does not promote crack
propagation. This possibility would
explain why tearing work per unit
crack length is larger than the critical
fracture energy. However, this mecha-
nism should reveal itself as a sudden
unstable acceleration of the crack at
the end of the tear test. We observed
no evidence of such an acceleration
in the tear test nor in the crack paths
in Fig. 3. Furthermore, our theoretical
analysis explains why the load-dis-
placement curve has a different
shape in the initial and final phases.
We do not think that the loss of elas-
tic recoil energy is important in the
in-plane tear test.

In summary, we find it plausible
that differences between the critical
fracture energy and total fracture
energy arise from microscopic mech-
anisms. For example, when the entire
fiber length is pulled out from the
fracture line in the tear test, more
energy may dissipate than in the
measurement of critical fracture
energy.This test measures the critical
fracture energy at the onset of crack
propagation when fibers across the
crack tip may still be partially
bonded. Microscopic roughness of
the fracture line is another factor that
may affect the tearing work more
than the critical fracture energy.T}
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APPENDIX: MECHANICAL

ANALYSIS OF TEAR TEST
We analyzed the quasistatic, uniaxial, and in-plane strain
distribution in the in-plane tear test using the coordinate
system defined in Fig. Al.The initial span length is 2H,
and the ligament length is L.The lateral coordinate x mea-
sures the distance from the initial crack tip location.The
mean strain &(x) corresponding to a given displacement
of the two jaws, 2 AH, is

AH - xtana
s(x) = — (Ala)
H + xtana
for x tan a < AH and
ex) = (Alb)

otherwise.

We assume here that the specimen can buckle out of
the plane, thereby relieving any compressive strain € < 0.
Equation Al gives the mean strain value for a given x
because of the implicit assumption that £(x) is indepen-
dent of H.

Assuming that the stress-strain relationship is linear,
the external load F is equal to the integral of local strain
multiplied by the elastic modulus E (Young’s modulus by
stretching):

(A2)

F :J:Es(x) dx

In the beginning, in the first phase of the test, the
maximum value of £(x) is less than the critical strain £ of
fracture. In that case F = F| is given by

F

(A3)

1

tana %H +AH) InH+_H AHD

This equation applies when AH < € H and AH < L

Displaced jaw position

H
Strained specimen ¢ Slack specimen
(00) L

Al. Coordinate system for calculating the stress distribution in
the top half of a tear specimen. In the test, the top edge moves
up. Origin x = H = 0 is at the initial crack tip.The part of speci-
men to the left of the tip is not shown.

tan a.The latter condition ensures that the far end x = L
of the specimen is not strained. Equation A3 gives an
essentially parabolic force-displacement curve, shown in
Fig. A2 1t differs from the linear trend assumed by Kiren-
lampi and coauthors (7).

The second phase in the force- displacement curve
begins when the breaking limit £ is exceeded and the
crack begins to propagate.As long as the far edge of the
specimen is slack, € H < AH < I tan a, we obtain F = F,;

E(H+AH) U O
= E(H+ar) (1+£ }-—Se O (Ad)
tana 1+e 0

In this phase, force increases slightly with the displace-
ment. This increase occurs because the lateral length of
the strained “neck” has increased.

Finally, the far edge of the specimen begins to tighten
when AH > L tan a. Force F = F, in the third phase is

E E Ltana +H)(1+¢e )E
= (H +AH)InE( )( C)D
tana H H+AH =

AH -¢ (H+Ltana)-L tara %
1+e,

(AE

This relationship corresponds again to parabolic behav-
ior, though upside down compared to F,.

The area under the force-displacement curve gives
the total tearing work W A straightforward calculation
shows that

W =

total

F,0OAH, ., =

total

2F, O tana (A6)

According to Eq.A4, F, is inversely proportional to tan Q.
Thus, W should be independent of the tearing angle a.
Thus, 2F, - tan a should be equal to tearing work per unit
crack length. Another way to estimate tearing work is to

20( 10°

! \\\

0 4 8 12 16
ELONGATION, mm

FORCE, arbitrary units

A2.Tearing force vs. displacement of the jaws for a few tearing
angles according to Eqs. A3-AS.
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use measurements at different @ and determine the slope
of F, against tan™' by linear regression. We compare the
two values in the experiments.

Equation A6 was derived under the assumption that
the paper behaves linearly in regard to elastic
stress-strain. However, one can easily see that nonlinear-
ity would change only the first and third phases of the
force-displacement curves in Fig.A2 from parabolic to S-
shaped. The second phase would be almost unaffected,
and therefore Eq.A6 should still be valid.

Nonlinear stress concentration at the crack tip would
also alter the derivation. In reality, the local stress
increases rapidly towards the crack tip.This increase can
have two important effects. First, in principle, it can inval-
idate Eq.AG. However, we can reject this possibility as fol-
lows. First, we rewrite Eq. A2 using an effective span
length H (x) instead of H,where H . is implicitly defined
by

AH - xtana
F = EI—

. dx (A7)

eff

We can then adjust H_(x) so that we obtain the correct
stress field along the mid-plane of the specimen. The
result tearing force F, in Phase 2 will still be inversely
proportional to tan Q.

The second consequence of the stress concentration
is the localization of the fracture process in a zone that is
smaller than fiber length. In that case, the fracture
process zone is microscopic and is not controlled by the
stresses in the macroscopic continuum. Since the size of
the fracture process zone decreases with increasing tear-
ing angle, there must be a minimum value a_ such that
the continuum picture is invalid for a = a.To estimate
the threshold value of a, we use a simple model for the
stress concentration at the crack tip:

TEARING ANGLE,’

A3.The critical displacement AH_and the size of the fracture
zone L_decrease with increasing tearing angle a.
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H - xtana

H+AH
e(x,h) = A3
( H + xtana

L-L h+L (H+AH)

where L _is the lateral length of the strained “neck” and h
is the longitudinal coordinate from the crack tip.In other
words, L_is a measure of the size of the fracture process
zone. We calculate the normalization constant A by inte-
grating the strain in the longitudinal direction according
to Eq.A9:

H+AH

Ie(x,h) dh = AH- xtana

0

(A9)

Integrating x gives

e(x,h) = (AH- xtana) [

(L-L) 0,0 ‘
(L-L h+ L (H+aH) Dﬁltﬁ (A10.

At the onset of crack propagation, £(0,0) = €. The
corresponding displacement AH_follows by solving Eq.
A1l iteratively:

L tana

Ltana —AH = ¢ (H+AH) In (A11)

Figure A3 illustrates how the calculated critical dis-
placement AH_ and fracture zone size I_decrease with
increasing a. In the case shown, the fracture process
zone becomes microscopically small already at 2 a_ = 2°.
(The ligament length was 80 mm, the span length was 40
mm, and the critical strain £ was 3%.)

In summary, we find that the macroscopic contin-
uum model is relevant only for very small tearing angles.
In all other cases, microscopic network mechanics gov-
ern the fracture process. If out-of-plane deformations and
energy dissipation outside the actual fracture process
zone can be ignored, then the in-plane tear energy per
unit crack length should be independent of the macro-
scopic test geometry. The true crack length, determined
at the microscopic scale, may be larger than the ligament
length of the macroscopic specimen.This condition will
affect the work measured in a macroscopic tear test.



