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Abstract: Two different models (2-zone and 3-zone) for describing the 
deformation and fracture behavior of tearing ligament was compared and 
discussed based on the experimental results made by Kim et al. The models are 
based on the Essential Work of Fracture approach for predicting the specific total 
work of fracture along the tear path across plastic zones. The experiment and 
analysis were based on 2-leg trousers tear specimen. The materials chosen in this 
work were PET (0.508 mm). The results showed that the accuracy of 3-zone 
model was higher than 2-zone model. It was found that this difference is because 
the 2-zone model did not consider the plastic deformation caused by loading prior 
to tearing. Also a finite element model was created to simulate the behavior 
around the crack tip.  
 
1 Introduction 
 
The Essential Work of Fracture (EWF) concept has gained increasing acceptance 
and popularity to characterize not only in in-plane (mode I) but also in out-of-
plane (mode III) fracture toughness of ductile polymer films. The basic concept of 
the EWF Theory is the separation of the total fracture energy of a pre-cracked 
specimen into the geometry dependent (non-essential work) and geometry 
independent (essential work) components [1, 2]. In polymer films packaging, out-
of-plane (mode III) tearing is the most common used mode, for e.g. opening. 
Wong et al [3] and Kim et al [4] proposed two different models in 2003 and 2004 
respectively for deformation and tearing behaviour of thin polymer sheets under 
mode III loading. Both of these two models are based on EWF approach for 
prediction of the overall tearing resistance.  
 
2 Theory 
 
As mentioned above two models are common in describing the behavior of 
ductile polymer sheets. The first model is the 2-zone model which was proposed, 
as mentioned above, by Wong et al [3] 2003. In the 2-zone model, the first zone is 
called zone A and is adjoining the initial crack tip, the outer plastic zone height 
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increases with crack length (or torn ligament l ). At the end of zone A, the height 
of the plastic zone has saturated, and the deformation has entered zone B. The 
height of the outer plastic zone remains constant with further increase of torn 
ligament length. The 2-zone model is shown in Fig. 1A. 
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Figure 1. 2-zone model [3] and 3-zone model [4] for mode III tearing tests. 
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The other model for mode III loading is 3-zone model [4]. The 3-zone model 
consists of initial, evolutionary and stabilized plastic zones for tearing resistance, 
see figure 1B.  
 
2.1. The 2-zone model 
 
The zones A and B of the 2-zone model are shown in figure 2. 

 
Figure 2. Plastic zone models consisting of zones A, B for tear specimens with 
sufficiently long ligaments 
 
In zone A, the height of the plastic zone (h) increases with crack length, i.e. h 
increases as the initial crack front moves along its path. The total fracture work in 
this zone is therefore given by: 
 

F E P e a p aW W W w l t w A= + = + t                                                   (1) 
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Aal  Represents the torn ligament in zone A, that is 0 al l< ≤ and is outer plastic 

zone area in zone A. Now by introducing; 

aA
'
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h
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α =   we get: 

 
' 2

AF Ae a Ap aW w l t w l tα= + ⇒    '
Af Ae Ap aw w w lα= +               (2) 

 
It can be seen from the Eq (2) that if the torn ligament length in the trousers 
specimen is less than , the specific essential fracture work  can be 
determined from the y-axis intercept of versus  plot. 
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In the zone B model the height of plastic zone has already saturated. We expect 
that of the essential work of fracture can be extracted from the total tearing work 
measurements. It should be identical to the essential work of fracture obtained in 
zone A. Thus, in zone B, the total tearing fracture work is： 
 

( )
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                     (3) 

 

Where  is the length of zone B ligament and Bl 2
s A

B
h l

s bA h l= +  is the area of the 

plastic zone in zone B, so we have: 
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Thus, if we can prepare 2-leg trousers with different constrained plastic zone 
height sh , the specific tearing work of can be obtained from a plot of 

against 

Bew
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b according to Eq. (4). 

 
2.1. The 3-zone model 
 
The next model is assumed to have three distinctive zones as shown in figure 3. 
The zones are defined as:  
 
Zone I, initial zone, is formed as loading increases prior to the crack propagation. 
 
Zone V, the crack starts to propagate and the plastic zone develop in a V-shape.  
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Zone S, where the plastic deformation is established and thus the height becomes 
constant. 

 
Figure 3. Plastic zone model consisting of zones I, V, S for tear specimens with 
sufficiently long ligaments [4] 
 
For the initial zone, zone I, in it’s the range 0 il Li< < , the total work of fracture 
for the specimen is given by: 
 

iF iE iP ie i ip iW W W w l t w A= + = + t                                             (5) 
 
Where the subscript ‘i’ means the zone I,  is the specific essential work of 
fracture,  is the specific non-essential work of fracture, t  is the thickness of 
the specimen and,  is the area of outer plastic deformation zone and is given as; 

iew

ipw

iA
21

2i i iA hl l= = and considers the fact that the profile of the initial plastic zone is 

inclined approximately 45 degrees to the tear path. This assumption appears 
reasonable from the polarized light microscopic images [4].  
 
Thus, 
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                                                  (6) 

 
And  is the specific total work of fracture.  In practice, it is difficult to use 
equation (6) to determine , because  is too small to be varied in testing 
specimens. 

ifw

iew il

For zone V,  0 , the total work of fracture  is: vl L< < vfW
 

( )vF vE vP ve i v vp vW W W w L l t w A= + = + +                                     (7) 
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Where, the subscript ‘v’ means the zone V. Here we suppose the taper angle of 
zone V isα , so the area  is obtained by: vA
 

2 2(2 2 2 ) 2
2

i v i v
v i i

L l L l 2
i v vA L L L l lα α+ +

= + = + +                    (8) 

 

Where the angle 2
2

s i

v

h L
L

α −
= . The parameters sh  and  can be directly measured 

from the specimens in the testing, and  can be evaluated from the plot of 
specific total work of fracture versus ligament length of specimens if it is difficult 
to be identified under the microscope. 

iL
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Then the total work of fracture in this case is: 
  

2 2( ) ( 2vF ve i v vp i i v vW w L l t w L L l lα= + + + + )t  
 
The specific total work of fracture becomes  
 

2 2( 2
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For the zone S, when 0 s sl L< < , the total work of fracture is:  
 

( )sF sE sP se i v s spW W W w L L l t w A= + = + + + st  
 
now 2 22s i i v v s sA L L L L hα= + + + l  
 
so that,  

2 22
( )

sF i i v
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+ + + +
v s sh l            (11) 

 
Since the total work of fracture is the total area under the load vs. displacement 
curve, see figure 4. It is obvious that both 3-zone and 2-zone model have the same 
result with the curves of specific total work of fracture versus ligament length. 
 
3 Comparison between 2-zone and 3-zone models 
 
In [4], a serial of experiments have been performed for different materials and 
their combinations. One of them: PET-0.5, has been be chosen in this study. The 
material is mono-layered PET(Eastapak® 9921) with a thickness of 0.508 mm, an 
E-modulus of 1.97 GPa and tensile strength of 58.7 MPa.                 
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As schematically indicated for a specimen with sufficiently long ligament in fig. 1 
(if the ligament length is not long enough, then only partial deformation occurs). 
Generally two different types of deformation appeared along the torn ligament 
after tearing. One is plastic deformation and the other did not cause any visible 
change in the surface texture of the specimens. Compared to the plastic zone, its 
deformation energy would be small. Therefore, it will not be included in the 
present model analysis. 
 
Figure 4 is the load-displacement figure that has been redrawn from the 
experiment done by Kim and Karger-Kocsis [4]. All specimens were cut from the 
sheets and their longitudinal direction was parallel with the extrusion directions to 
ensure that any effects of orientation are eliminated. 

 
Figure 4. Load versus displacement curves from trousers tear testing for the PET-
0.5 [4]. 
 
The total area under the tearing load-displacement curves, which represents the 
total fracture work, was used to evaluate the total specific fracture work for 
specimen. 
 
In figure 5 a comparison between the experimental results and the two models is 
made.  
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Figure 5. Specific total work of fracture as a function of ligament length.  
 
Both models are relative accurate when the ligament length is rather large. In 
smaller ligament lengths the 3 –zone model representation is better than the 2-
zone on. This is due to the consideration of the formation of the initial plastic 
zone, before the crack propagation, in the 3-zone model.  As a summary of the 
results one can establish that the relative error of evaluated results using 2-zone 
model was . By using the 3-zone model the relative error was 
considerably smaller  [5]. 

* 8.45%re ≈
* 4.37%re ≈

   
3 Finite Element Analyses 
 
Since the difference of the 2-zone’s and 3-zone’s model is around the crack tip 
before and after the crack initiation, a finite element calculation has been 
performed. The commercial program ABAQUS 6.7 [6] was used for the analysis. 
A model with 962 eight nodes shell elements with reduced integration was used. 
Near the crack tip, quadrilateral elements were applied. The material model, used 
in the simulation, was isotropic elastic-plastic material with linear strain 
hardening (σs = 58.7 MPa, E = 1 970 MPa, μ = 0.3). No crack propagation has 
been considered in the calculation. 
 
Figure 6 shows the plastic zone shape at the crack initiation. It can be seen clearly 
that the plastic zone not only stayed in front of the crack tip but also extended to 
the legs.  
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Plastic zone 

Figure 6. The plastic zone, prior to crack development, according to the FE-
analysis.  
 
 
5 Conclusions 
 
With the theory of essential work of fracture, a comparison of 2-zone’s and 3-
zone’s model has been made. The results show that by using 3-zone model, the 
specific total work of fracture along the ligament length are more close to the 
experimental values than the 2-zone model (with the relative error of 4.37% for 
3–zone model and 8.45%  for 2-zone model).  
 
Furthermore, finite element calculation shows that the plastic zone is not only in 
front of the crack tip, but also develops behind the crack tip. This factor is ignored 
in the existing 2-zone and 3-zone models, and should be taken into account in 
order to create a more accurate model.  
 
References 
 
[1] K. B. Broberg, Critical review of some theories in fracture mechanics, 
Int. J. Fract.Mech., 1968, 4, 11-19 
 
[2] Y.-W. Mai and B. Cotterell, On the essential work of ductile fracture in 
polymers, Int J Fract 32 (1986), 105–125  
 
[3] J. S.S. Wong, D. Ferrer-Balas, R. K.Y. Li, Y.-W. Mai, M. L. Maspoch, H.J. 
Sue HJ., On tearing of ductile polymer films using the essential work 

 
 
Sharon Kao-Walter,  Min Hu, Mats F. Walter, Armando Leon 
 



Conference proceeding: ICF12, June 12-17, 2009, Ottawa, Canada 

of fracture (EWF) method, Acta Materialia 51 (2003) 4929–4938 
 
[4] H. S. Kim, J. Karger-Kocsis, Tearing resistance of some co-polyester sheets, 
Acta Materialia 52(2004) 3123-3133 
 
[5] M. Hu, Study of Two Models for Tearing Resistance Assessment using 
Essential Work of Fracture Method,  Master Thesis, Department of Mechanical 
Engineering, Blekinge Institute of Technology, Sweden, 2008 
 
[6] ABAQUS User’s Manual. Version 6.7, Hibbit, Karlsson & Sorensen; 2007. 
 

  

 

 
 
Sharon Kao-Walter,  Min Hu, Mats F. Walter, Armando Leon 
 


	1 Introduction
	The Essential Work of Fracture (EWF) concept has gained increasing acceptance and popularity to characterize not only in in-plane (mode I) but also in out-of-plane (mode III) fracture toughness of ductile polymer films. The basic concept of the EWF Theory is the separation of the total fracture energy of a pre-cracked specimen into the geometry dependent (non-essential work) and geometry independent (essential work) components [1, 2]. In polymer films packaging, out-of-plane (mode III) tearing is the most common used mode, for e.g. opening. Wong et al [3] and Kim et al [4] proposed two different models in 2003 and 2004 respectively for deformation and tearing behaviour of thin polymer sheets under mode III loading. Both of these two models are based on EWF approach for prediction of the overall tearing resistance. 

	Title: A Comparison of 2-zone and 3-zone Models in Tearing based on Essential Work of Fracture
	Author: Sharon Kao-Walter, Min Hu, Mats Walter, Armando Leon
	Conference: 12th Int. Conference on Fracture
	Year: 2009
	Publisher: Natural resources Canada
	City: Ottawa


