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The aim of this work is to evaluate the effect of different specimen dimension and crack 
length on the mechanical properties of HDPE (High Density Polyethylene) which is often 
used in the packaging industry. In the experimental part, two main specimens are 
chosen. One is dog-bone shaped tensile specimen for finding the tensile material 
properties. The other one is modified shear specimen for studying the shear damage. A 
corresponding numerical simulation is done by applying a commercial Finite Element 
Analysis (FEA) program ABAQUS. In addition, the microscopic analysis was performed to 
observe the fracture surface of specimen after the test with scanning electron 
microscope (SEM). A series of experiments and simulation were processed and results 
show that fracture initiation and propagation behavior in the shear specimen is sensitive 
to the size of the pre-crack (notch) and shear strain at failure.  

Introduction: 
 

HDPE is one of the most used materials in packaging industries for manufacturing of 
bottle, jar, screw caps and tamper evident attachments. It is recyclable and repetitive 
use reduces usage of fresh resin and expensive colorants. For a rapid yet reliable 
package development process, knowledge of detailed and accurate material property is 
crucial as described in [1]. Investigation for any material property can start from its 
tensile elastic, plastic, failure and fracture response which is most widely addressed by 
many authors and are mostly found by tensile test of standard dogbone or rectangular 
specimen, with or without pre crack. On the other side, few works can be found in 
testing for determination HDPE’s shear continuum and fracture property where Iosipescu 
and V Notched rail tests are most commonly used shear test procedures. In Iosipescu, a 
notched specimen (Fig. 1(a)) is loaded asymmetrically at four co-planer points to bend it 
and pure shear state is achieved along the imaginary narrow strip joining the notches [2, 
3, 4]. Notched rail test is more suitable for larger specimen going through large 
deformation shown in Fig. 1(b). This paper addressed to use a modified shear test 
specimen developed by author in [1] to find the shear continuum and fracture 
properties. Similar shape of shear specimen was proposed by Leslie Banks-Sills and M. 
Arcan [5] and modified by many authors including F. Gao et al [6]. Further modification 
on the geometry was done based on intensive trial and error on different shape 



parameters by numerical analysis. The shape that has highest shear to tensile stress 
ratio was chosen. Later experimental results supported the decision. However, change in 
the specimen geometry will have different effect on the effectiveness of test result. 
Some material properties can also make the use of this specimen unworthy.  The focus 
of this paper is to find effect of notch length, specimen thickness and a material property 
i.e. shear strain at fracture on effective shear property determination. Above or below 
some threshold values of the aforementioned parameters the mix of tensile and shear 
failure can be observed and will be discussed in this work. A trend of mode shift (from 
pure shear to mix of tensile and shear) during experiment on modified shear test 
specimen as a function of notch size, thickness and shear strain at fracture will be 
presented.  

                                   

Figure 1: Experimental setup of (a) Iosipescu shear test and (b) V-Notched rail shear test [2,3] 

Physical experimentation 
 

The geometry of the modified shear specimen in this study is shown in Fig. 2 (right) and 
more details in Fig 3 (a) and (b). The specimen was cut by high precision water jet from 
a flat sheet of HDPE. The notches were made by hand with the help of sharp cutting tool. 
The effective test specimen that can be imagined as cross section containing the notches 
[4] is referred to as Zone of Interest (ZOI) in later discussions. Thickness of the 
specimen is 1 mm and notches are with an angle of 30 degree.   
 

 

Figure 2: Tensile (left) and Shear (right) Specimen geometry 



 

 
 

Figure 3: Shear test specimen geometry. (a) Whole specimen b) Effective test specimen 

The geometry of the dog bone specimen used in tensile test has an effective length of 
22.72 mm, width of 6 mm and thickness of 1 mm according to ASTM E8 standard for flat 
test specimen. MTS universal testing machine with hydraulic grip was used to uniaxial 
load both type of the specimens. The specimen was vertically oriented and two ends 
were fixed to the grip. The upper grip was lifted up at a speed of 10mm/min to induce 
tension while the bottom grip was at rest.  

 

For shear specimen, the test started with a pure shear loading in the ZOI but failure 
depended on notch length. When there was no notch or the notch was very small 
compared to the width ‘w’, initial shear loading (Mode II) shifted to a tensile loading 
(Mode I) and the specimen failed at overall large strain. With the increase of notch 
length this shift of mode started to reduce till a value of ‘a/w’ when pure mode II loading 
and failure can be claimed. The Key observation during experiment was to find this 
threshold value of ‘a/w’. A series of experimentations were performed with varying notch 
length ‘a’ with fixed width ‘w’. Examples of deformation and mode of failure of ZOI can 
be found in Fig. 4 and Fig. 5. 
 

 

 

 

 

 

 

 

Figure 4: Deformation at different applied displacement in an ongoing tensile test of shear specimen 
without notch 



 

 

 

Scanning Electronic microscopic Study 
 

Microscopic observation of the fracture surface of post test specimen was performed to 
get an insight of the crack surface of HDPE material. For convenience of observation, 
sample with suitable cross-sectional area were cut off and painted by gold that provides 
better electrical conductivity. It can be observed from Fig.6 that for specimens with 
fractured surface of 1 mm notch, the fracture features observed are very similar to those 
seen in cracks.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Deformation at different applied displacement in an ongoing tensile test of shear specimen 
with 0.5 mm notch 

Figure 6: Magnified shear fracture surface of specimen with a) No crack, b) 0.2mm crack c) 0.5mm 
crack d) 1 mm crack. Whole fracture surface is represented in each Scanning electron microscopic 

graph above. 



 

The fracture has a brittle aspect, and the zones correspond to the mirror zone, which is a 
zone where thin planar crazes form a flat smooth fracture origin associated to slow crack 
growth. As mentioned above, the specimens with fractured surface of 0.2 mm notch also 
have two clearly different behaviors. The fracture surfaces observed in both cases 
reveals the reason for such differences: the specimens with a flat origin forming the so 
called mirror zone; the specimens with whitish marks revealing widespread non-linear 
processes. In these cases, the zone of material subjected to stresses above the yield 
stress is much larger and, then, non-linear processes affect a wider area. Thus, the 
change in the load bearing capacity is caused by a wider development of non-linear 
fracture mechanisms. 
 

In Fig. 6a), where specimen has no initial crack. The stresses are concentrated in the 
middle and an initial shear dominated mode II fracture surface is observed as indicated 
in Fig.6a). Now the material after initial yielding makes a neck and starts deforming 
plastically in mode I to a larger strain before rupture as indicated experimentally in Fig. 
9 and microscopically in Fig.6a) with no crack. For specimen with 0.2mm initial crack, 
the stresses get concentrated to the edges, resulting in a shear fracture as shown in 
Fig.6b). The stresses get highly localized, resulting a pure shear fracture with a brittle 
and mirror like surface for specimen with an initial crack lengths of 0.5mm and 1mm as 
shown in Fig.6c) & Fig.6d. The roughness of the fracture surfaces indicate highly 
localized stresses leading to crack propagation at very small strains creating so-called 
mirror like surfaces. The small strain yielding of specimen with a=1mm crack is due to 
highly concentrated stresses in a short ligament length leading to earlier rupture. 

Finite element model 
 

The shear specimen with the exact geometry and dimension was constructed in 
commercial finite element analysis software Abaqus 6.13 [7]. The Material parameters 
were used from previous related publications [1, 8]. However, for finding the effect of 
thickness on the effectiveness (mode shift) of modified shear specimen, thickness was 
varied in steps. A key material property during shear failure i.e shear strain at failure 
was also changed within a range of interest. Abaqus explicit was used for analysis that 
provides higher stability of solution. The element used was C3D8R 8 node brick. Much 
dense meshing was applied to the zone of interest after mesh optimization as in Fig. 7. 
Bottom nodes of the specimen were fixed and the upper ones were pulled up ward to 
mimic the displacement control experimental procedure. In the post processing of the 



test result, visual deformation and mode change was observed as well as relevant 
forces; stress and area under force-displacement curve were calculated. 

 

Figure 7: Optimized FEM mesh. a) Dogbone specimen b) Shear specimen 

The study of mode shift affect of shear specimen thickness and shear strain at failure. 
Shear strain at failure is not an elementary property of material and can be defined as 
the amount of equivalent plastic strain in the material at the time of failure. But the 
authors thought it of an important factor that can indicate ductility.   

Results and Discussion             
 

The experimental results for different ‘a/w’ were first compared with numerical ones. Fig. 
8 (left) shows shear stress for 1mm notched specimen at the onset of fracture. It 
showed pure shear loading in terms of ratio of shear stress over tensile stress as well as 
visually. Fig. 8 (right) is a loaded specimen with no notch and reading of tensile stress in 
the associated legend. Higher tensile stress in observed and it gives visual indication of 
tensile nature during failure. 

 

Figure 8: Observation of mode shift in FEM. To left 1 mm notch, to right without notch  

The notch length has moderate effect on mode change; generally a larger notch will 
induce greater shear stress than tensile stress during at the onset of failure. 

Table 1 presents the trend of effect of notch length on mode shift in the normalized term 
of ‘a/w’. The threshold ‘a/w’ was found to be 0.25 both experimentally and numerically 
when thickness was 1 mm. For simulation shear strain at failure was considered 0.75. 



 

Figure 9: Force vs Displacement response for different notch length 

The experimental result in terms of force and displacement provides insight about mode 
shift. The double peak in the red line plot for no crack is an indication of major mode 
shift form shear to tensile. The required energy for failure is equivalent to the area under 
the curve. As the notch size increases, Fig. 9 shows rapid decrease in energy particularly 
for HDPE. 

Shear strain at failure value of the material has the most intense effect on mode shift 
during failure. The limiting value is shear strain 0.75 at failure if the thickness is 1mm 
and notch length a=1 mm as given in Table 1. The mode of failure has been defined by 
roughly comparing the tensile (σ22) and shear stress (σ12) in front of the crack tip. 

Table 1: Failure behavior at different shear strain at failure values (Fixed Thickness T=1 and a/W=0.25) 

Shear strain at 
Failure 

0.5 0.75 1 1.15 1.3 1.5 

Mode of failure II II I+II I+II I+II I+II 

σ22 3.3 5 21 30 41 63 
σ12 11.2 15 23 20 19 24 

 

Table 2: Failure behavior at notch length (Fixed shear strain at failure=0.75  and Thickness T=1) 

Notch length a/w 0.125 0.187 0.25 0.312 0.375 
Mode of failure I+II I+II II II II 

σ22 10 6.2 5 3.8 3.6 
σ12 15 14 15 12.2 12.01 

 

Table 3: Failure behavior at different specimen thickness values (Fixed shear strain at failure=0.75 and a/W=0.25) 

Thickness 0.5 0.75 1 1.5 2 
Mode of failure I+II I+II II I+II I+II 

σ22 9 7.2 5 9 10.5 
σ12 14 14 15 14.8 14.6 
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From Table 2, it can be found that the crack length has the significant influence to the 
fracture mode which confirmed the experiment results. The effect of thickness on the 
mode shift is difficult to determine. However a lower thickness is more likely to resist 
mode shift more than a thicker one. This trend is evident in the values of Table 3. 

The macroscopic behavior is caused by the fracture micro-mechanisms occurring in the 
material. The defects behave as cracks and nonlinear fracture processes extend. The 
whole fracture process consists from quasi-brittle ones to those with more non-linear 
processes, which showed brittle behavior and ductile behavior in the specimens with 0.5 
and 1 mm notch length. This also an indication that modified shear specimen will be 
good for finding shear fracture properties of brittle and quasi brittle material with low 
ductility.  

From the microscopic study it is evident that HDPE is quasi brittle in shear failure and it 
also showed effectiveness of this specimen. But, FEM simulation result indicated that if 
the shear strain at failure is large (non brittle) it undergoes large deformation before 
failure. An important criterion for is excessive strain before failure is key to changing the 
loading mode form II to I. These concludes that modified shear specimen will be good 
for finding Youngs modulus, poisons ratio and low plasticity data of the material but has 
limitation for shear fracture properties determination. The limiting values of strain at 
failure is 0.75, ‘a/w’ is 0.25. Thickness effect on mode shift is negligible. However lower 
thickness is more likely to resist mode shift more than a thicker one. 
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