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An experimental study is performed to investigate the tensile failure and fracture behavior of polymer foam containing
discontinuities. PVC corecell foam, series A800 and A1200 is used for the investigation. Unnotched dog-bone specimen and
specimens with center hole and edge cracks are tested under uniaxial tensile loading. Series of experiments are conducted at different
defect size to width ratios, and the effect of the defect size on the net-section tensile strength of the foam is investigated. A fracture
study is also conducted, and the effect of density and loading rate on the fracture behavior of foam is investigated. A minimal
notch-strengthening effect is observed in specimens with center hole, and a notch-weakening effect is observed in specimen with
edge notches. Furthermore, the fracture toughness increases with the increase in the foam density and decreases with the increase
in loading rate.

1. Introduction
Polymer foams are widely used in lightweight structures,
such as core material for sandwich structures, due to their
superior blast mitigation and impact resisting behavior.
Currently, sandwich structures are among the lightweight
structures widely used in aerospace, navy, and other related
industries. Polymer foams have shown promising results as
a core material for sandwich structures due to their high
energy absorption capabilities, especially in the case of impact
loading [1, 2]. There are well documented studies on the
compressive properties and energy absorbing behavior of
these materials [3]. It is shown that the structural response
of a polymer foam strongly depends on the foam density,
cell microstructure, and solid polymer properties [3]. Recent
developments in the manufacturing processes of polymer
foams contribute to the expansion of these materials in
structural applications. Some of the applications involve
cutout and holes. It is well understood that, in the case of a
structure with a fully dense material, the presence of cracks,
notches, and holes results in a stress concentration that leads
to fracture.

To understand these phenomena, the fracture behavior of
polymers has been studied by different researcher including
the early work of McIntyre and Anderton [4] and others
[5–7]. McIntyre and Anderton [4] investigated the fracture
toughness of a rigid polyurethane foam over a range of
densities and found that the fracture toughness increases
with density. The fatigue crack growth in the polyurethane
foam has been investigated by Noble and Lilley [8]. The
fracture process occurring in rigid, closed-cell polyurethane
foam has been investigated by Cotgreave and Shortall [9],
and the morphology and fracture behavior of polyurethane
foams reinforced by short chopped fibers have been investigated by Cotgreave and Shortall [10]. The effect of different
parameters such as matrix composition [11], microstructure
and morphology [12], density [13, 14], strain rate [14], and
inclusions [15] on the mechanical behavior of foams have
been also investigated. Recently, Marsavina et al. [16] present
a comparison between static and dynamic fracture toughness
of a polymer and found that the dynamic fracture toughness
is higher than the quasi-static fracture toughness. On the
contrary, very recently Rizov [17] showed that the dynamic
fracture toughness of rigid foam is between 22.4% and 32%,
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Figure 1: Schematic drawing and geometry of the tensile specimens for A800 and A1200 foam, (a) dog-bone specimen without a defect (DB),
(b) with a center hole (CH), and (c) with an edge crack (EC).

lower than the static value. As discussed above, though the
density has a direct correlation with the facture toughness,
a detailed investigation is required to clearly understand the
effect of strain rate on the fracture properties of polymer
foams.
There are also reports in the literature dealing with the
effect of defects such as central cracks, edge notches, and
holes on the tensile strength of both the polymer and the
metal foams [18–22]. Most of the studies prevailed that for
the defects smaller than the cell size of the foam, the tensile
strength is not affected by the defects. On the other hand,
there is inconsistent report on the effect of defects on the
net-section tensile strength of foams, for defects larger than
the foam cell size. Some of the studies indicated that the netsection strength of foams with defects larger than the foam
cell size is higher than the virgin specimen, resulting in a
notch-strengthening effect [18, 19, 22]. Some other studies
reported that the net-section strength of a specimen with
defects is lower than the virgin specimen, indicating a notchweakening effect [20–22], and the rest of the studies indicated
that the net-section strength is insensitive to the defects [21].
In this paper, the failure and fracture property of PVC
foam with discontinuities is investigated. The effect of defects
size and geometry on the tensile failure properties of PVC
foam is discussed. Furthermore, the fracture properties as a
function of density and loading rate are also presented.

Table 1: Selected mechanical properties of A800 and A1200 Corecell
foam (http://www.gurit.com).
Material
A800
A1200

Nominal density
(kg/m3 )

Shear modulus
(MPa)

Shear
elongation (%)

150
176

47
60

50
47

in the present study obtained from the manufacturer’s data
source (http://www.gurit.com) are listed in Table 1.
For the tensile experiment, three different specimen
geometries, dog-bone specimen without a defect (DB), with
an edge crack (EC), and with a center hole (CH), as shown in
Figure 1, are machined from a 25 mm thick foam plate. The
gage lengths are 134 mm, the effective widths are 18 mm, and
the thicknesses are 6 mm.
For the fracture experiment, single edge notched bend
(SENB) specimens, as shown in Figure 2, are prepared from
A800 and A1200 foam sheets according to ASTM E3999. Two
different size samples are used in the fracture experiment. The
span length for sample Type 1 is 184 mm, the width is 𝑊 =
50.8 mm, the thickness is 𝐵 = 25.4 mm, and the initial crack
length is 𝑎 = 20.32 mm. The crack is first machined with 1 mm
thick blade, and later the artificial crack is extended with a
razor blade. For the dynamic fracture experiment, a smaller
specimen (sample type 2) with a dimension of 1/3.6th of the
quasi-static specimen is used.

2. Material and Specimen Geometry
The foam material used in the present study is Corecell A
series styrene foam, manufactured by Gurit SP Technologies.
These materials are widely used for marine sandwich composite due to their large shear elongation behavior. Selective
material properties for A800 and A1200 Corecell foam used

3. Experimental Procedure
3.1. Tensile Experiment. For the tensile experiment, a table
top Instron machine is used in a displacement control mode
at a speed of 1 mm/min, and the load is recorded directly by
the load cell. To measure the strain fields around the gage
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Figure 2: Schematic drawing and geometry of a single notched
three-point bending specimen.

length, a 2D digital image correlation (DIC) technique is
used. First, the specimens are painted with a very thin layer
of white paint, and then a black paint is arbitrarily speckled
on the top of the white paint, which gives a random black and
white contrast pattern. Digital images of the sample, during
deformation, at several deformation steps are taken using a
high speed CCD camera at a resolution of 2048 × 2048 pixels.
First, the displacement and the strain field around the gage
length are calculated from the acquired image using Vic2D commercial software, and later, the strains around the
required field are extracted.
The tensile load measured directly through the load cell is
used to calculate the tensile stress, and the average of strains
along the gage section obtained from the DIC is used to
calculate the corresponding average strain. The net-section
strength, in the case of the specimens with notches and a
circular hole, is defined as the maximum tensile load divided
by the ligament area in the section with the defect. It is worth
to mention that for each type of specimen a minimum of three
experiments are conduced to check repeatability.
3.2. Three-Point Bending. The stress intensity factor 𝐾𝐼
is obtained experimentally using a single edge notched
specimen in three point-bending experiments. An Instron
machine is used in a displacement control mode at a cross
head speed of 1 mm/min, and the loading data is recorded
directly by the load cell. Digital images of the sample at several
deformation steps are taken using a high speed CCD camera.
A 2D DIC technique is used to obtain the displacement and
strain fields. Figure 3 shows a typical speckle pattern of a
three-point bend specimen near the crack tip.
The stress intensity factor 𝐾𝐼 is calculated using three
different techniques: (1) from a critical load in the loaddisplacement curve using the linear elastic fracture mechanics theory, (2) the stress intensity factor formulation using
a single strain data point with a three-parameter solution
described by Dally and Sanford [23], and (3) an overdeterministic approach proposed by Berger and Dally [24]. The
detailed analysis of the above techniques can be obtained in
the literature [23, 24], and only a brief description is presented
below.
3.2.1. Load Displacement. The stress intensity factor 𝐾𝐼 can
be calculated from the critical load in the load-displacement

Figure 3: Typical speckle pattern near the crack tip region of the
SENB specimen.

curve and shape function using the linear elastic fracture
mechanics relation given by (1)–(2) [25].
𝐾𝐼 = 𝜎√𝜋𝑎𝑓 (

𝑎
),
𝑊

3 𝑝𝑆
𝜎=
,
2 𝐵𝑊2

(1)

where 𝑝 is the critical load, a is the crack length, 𝐵 is the
specimen thickness, 𝑊 is the specimen width, 𝑆 is the span,
and 𝑓(𝑎/𝑊) is the geometric shape factor and can be given as
𝐹(

𝑎
𝑎
𝑎 2
) = 1.090 − 1.735 ( ) + 8.20( )
𝑊
𝑊
𝑊
𝑎 3
𝑎 4
− 14.18( ) + 14.57( ) .
𝑊
𝑊

(2)

3.2.2. Single Point Three-Parameter Solution. The second
approach is a method first proposed by Dally and Sanford
[23] where they use a strain gage to determine the mode I
stress intensity factor. In this method, a single or two-strain
gages will be placed on a region where the strain fields can
be described by a three- or four-parameter solution. For a
three-parameter solution, only a single strain gage is required
positioned near to the crack tip and oriented at a specific
direction. The orientation angle 𝛼 of the strain gage is a
function of the materials Poisson’s ratio (]) and can be given
as,
cos (2𝛼) = −

(1 − ])
.
(1 + ])

(3)

The location of the strain gage from the crack tip direction can
be represented by the radius, 𝑟, and the angle, 𝜃, as shown in
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Figure 4. This angle is unique and related to 𝛼 as shown by
(4):
𝜃
tan ( ) = cot (2𝛼) .
2

Y

(4)

𝛼

The stress intensity factor can be given as

r

𝐾𝐼 = 𝐸√2𝜋𝑟𝜀𝑟𝑟
× ( cos

𝜃

𝜃
𝜃
3𝜃
[1 + sin sin
2
2
2

−] (1 − sin

O

X

(5)

−1
𝜃
3𝜃
sin )]) ,
2
2

where 𝐸 and ] are the Young’s modulus and Poison’s ratio
of the material and 𝜀𝑟𝑟 is the strain at 𝑟 and 𝜃 in the radial
direction.
This technique is easy and involves only a single strain
gage measurement. However, it suffers from two main drawbacks. First, the accuracy is highly sensitive to the orientation
of the strain gage. A small deviation of the strain gage changes
the result a lot. Second, as only the first three terms are used,
the strain gage has to be placed near to the crack tip to avoid
the effect of the higher order terms. On the other hand the
mounting the strain gages too close to the crack tip will be
affected by the plastic zone, and hence a prior knowledge of
the plastic zone is essential.
To minimize the error associated with the strain gage
positioning, a digital image correlation technique is used.
DIC enables taking a series of strain points, and hence
knowledge of the plastic zone prior to the experiment is
not required. First, the full strain field around the crack
tip is measured, and then strain data at different radii are
considered and used to calculate the stress intensity factor.
Digital images of the sample at several deformation steps
are taken using a CCD camera. In these fracture tests, the
foam specimen undergoes only small amount of deformation
before failure, and the out-of-plane deformation is negligible.
Therefore, the tests are considered as a 2D, and only a single
camera is used to record the images. A commercial digital
image correlation software Vic-2D is used to extract strain
fields, and (5) is used to calculate fracture intensity factor.
3.2.3. An Overdeterministic Approach. To eliminate the constraints imposed in the technique described in Section 3.2.2,
an overdeterministic approach was proposed by Berger and
Dally [24]. The technique allows considering a larger number
of strain points at a location far from the crack tip where the
plastic zone correction is negligible and to account for the
effect of higher order terms. Unfortunately, the techniques
require a larger number of strain gages, which makes it a
very difficult and costly technique as the strain gages are
not reusable. Furthermore, the strain gages give a strain only
in one direction that requires the strain field equations to
be transformed to radial directions. In the present study,
strains are obtained using DIC. Unlike the strain gages, the
DIC technique is full field and makes choosing strains at
any location easy. Furthermore, since the 3D strain fields

Figure 4: Strain gage position with respect to the crack tip position.

at any point are obtained a transformation of the strain
field equations to the radial direction is not required. The
strain field for an opening mode crack in a six-term series
representation can be written as
𝜃
𝐸𝜀𝑥𝑥 = 𝐴 0 𝑟−1/2 cos ( )
2
3𝜃
𝜃
× ((1 − ]) − (1 + ]) sin ( ) sin ( ))
2
2
𝜃
+ 2𝐵0 + 𝐴 1 𝑟1/2 cos ( )
2
𝜃 2
× ((1 − ]) + (1 + ]) (sin ( )) ) + 2𝐵1 𝑟 cos (𝜃)
2
+ 𝐴 2 𝑟3/2 ((1 − ]) cos (

3𝜃
3
)−( )
2
2

𝜃
× (1 + ]) sin (𝜃) sin ( ))
2
+ 2𝐵2 𝑟2 ((1 + ]) (sin (𝜃))2 + cos (2𝜃)) ,
(6)

𝜃
𝐸𝜀𝑦𝑦 = 𝐴 0 𝑟−1/2 cos ( )
2
3𝜃
𝜃
× ((1 − ]) + (1 + ]) sin ( ) sin ( ))
2
2
𝜃
− 2𝐵0 ] + 𝐴 1 𝑟1/2 cos ( )
2
𝜃 2
× ((1 − ]) − (1 + ]) (sin ( )) ) − 2𝐵1 ]𝑟 cos (𝜃)
2
+ 𝐴 2 𝑟3/2 ((1 − ]) cos (

3𝜃
3
)+( )
2
2

𝜃
× (1 + ]) sin (𝜃) sin ( ))
2
+ 2𝐵2 𝑟2 ((1 + ]) (sin (𝜃))2 − ] cos (2𝜃)) ,

(7)
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In the previous equations, the coefficients 𝐴 0 , 𝐴 1 , 𝐴 2 , 𝐵0 , 𝐵1
and 𝐵2 , are unknown and have to be solved by considering
large data points around the crack tip and using a leastsquare approach [24]. Once the coefficients are determined,
the mode I stress intensity factor can be determined from (9):
(9)

3.3. Dynamic Fracture. The dynamic fracture behavior of
the foam discussed above is investigated using the modified
split Hopkinson pressure bar (SHPB). The modified Split
Hopkinson pressure bar has been widely used to determine
the dynamic fracture properties in metals and other high
impedance materials [26, 27]. The apparatus mainly consists
of an incident bar, a striker bar, and a pressure gun. To
generate a well-defined loading pulse, the same material that
is used for the incident bar is used for the striker bar. Two
strain gages are attached in the middle of the incident bar
diametrically opposite to one another. During loading, the
specimen is sandwiched between the incident bar and the
rigid frame in a three-point bending arrangement, and the
striker bar is propelled towards the incident bar using an
air-operated gun. The impact generates a compressive stress
wave in the bar which propagates toward the bar-specimen
interface. When the wave reaches the specimen, some of the
wave is reflected back, and part of the wave is transmitted into
the specimen. The incident and reflected strain signals are
recorded by the strain gages attached in the bar. These signals
are used to calculate the force applied to fracture the sample.
By neglecting the inertia effect, the fracture toughness can be
calculated using the fracture force and (1)–(2).
To reduce the impedance mismatch between the test
specimen and the pressure bar, in the present experiment,
polycarbonate projectile and incident bar are used. Since
polycarbonate is a viscoelastic material, the conventional
SHPB analysis cannot be used [28–31]. More importantly, the
strain signals recorded at the strain gage locations cannot be
directly used to find the force at the specimen-bar interface.
The analysis should account for the attenuation and the
dispersion of stress pulse in the polymeric bars [28–31].
The theoretical relation given by Sharma and Shukla [30] is
used to extract the force at the specimen-bar interface by
accounting for dispersion and attenuation.

4. Results and Discussions
4.1. Tensile Behavior. A typical stress-strain plot for A800
and A1200 polymer foam unnotched dog-bone specimen

A800
2
1
0
0
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Figure 5: Typical tensile stress-strain plot for A800 and A1200 foam
unnotched dog-bone specimen.
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Figure 6: Stress-strain curve in a double logarithmic plot for A800
and A1200 foam under uniaxial tensile loading.

subjected to tensile load is plotted in Figure 5. The specimen
showed a typical strain stress plot of a soft material, yielding
followed by hardening and failure. The strain work-hardening
coefficient is calculated from the uniaxial stress strain data
obtained from the dog-bone sample. Figure 6 shows a double
logarithmic plot of stress-strain for A800 and A1200 foam
under tension. The slope of the curve in the plastic regime
gives the work-hardening exponent, “n.” The average workhardening exponent, n, for A800 and A1200 foam is 0.126,
which is in the range of typical values for polymers.
On the other hand, the transverse and the longitudinal
strains of the un-notched sample obtained from the 2D
digital image correlation are used to calculate the Poisson’s
ratio. Figure 7 shows the plot of the transverse strain versus
the longitudinal strain for A800 foam under tension. The
Poisson’s ratio, ], which is the slope of the curve shown in
the Figure 7, is about 0.215. A series of tensile experiments
are conducted, and the average yielding stress and failures
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Figure 8: Normalized net-section strength as a function of normalized hole diameter for A800 foam specimen with center-hole.

stress for A800 foam are about 3.49 MPa and 3.89 MPa and
for A1200 foam are about 5.12 MPa and 5.61 MPa, respectively.
4.2. Effect of Defects Size on the Net-Section Strength. Unlike
the un-notched specimen, in the case of specimens with
defects, the failure is abrupt and occurrs without showing
any hardening effect. The average net-section tensile strength
for A800 foam with center hole and center crack is about
3.91 MPa and with edge notches is about 3.82 MPa, which
are very close the virgin specimen. To further understand
the effect of defects size on the tensile strength of foams,
tensile tests at different hole-diameter to specimen width
ratio are performed. Figure 8 shows the net-section strength
as a function of hole-diameter to specimen-width ratio for
A800 foam sample with a circular hole at the center. As
shown in the figure, the net-section strength slightly increases
as the diameter to width ratio increases. This variation and
strengthening effect can be related to a relocation of the weak
plane by the defects.
According to Andrews and Gibson [18], this net-section
strength is a function of the notch depth, the specimen width,

(10)

where 𝑑 is the foam cell size, 𝑊 is the width of the specimen,
and 𝑎 is notch depth.
As shown in (10), for a known value of the foam cell
size, the normalized net-section strength can be calculated
as a function of the hole-diameter size to width ratio. For
A800 foam, the cell size is about 3 mm, and the normalized
net section strength is calculated accordingly. The theoretical
model agrees with the current experiment in a certain region
of 𝑎/𝑊 ratio and starts to deviate as the 𝑎/𝑊 ratio decreases
as shown in Figure 8.
4.3. Fracture Behavior
4.3.1. Quasistatic Fracture
From Critical Load History. A typical load-deflection curve
for A1200 foam obtained from SENB experiment is plotted
in Figure 9. The stress intensity factor is calculated using
(1) and the critical load from the load-deflection curve. The
average quasi static stress intensity factors 𝐾𝐼 for A1200 foam
obtained from three similar experiments is 0.53 MPa m1/2 ,
with an error in the rage of −0.011 to +0.028.
Using a Single Strain Data Point. The displacement and the
strain fields around the crack tip are calculated from the
acquired image using a commercial software vic-2D by the
correlated soln. Figure 10 shows the strain contour for A1200
foam around the crack tip just before the crack propagates.
The Poison’s ratio for A1200 foam is 0.22 and results in 𝛼 =
64.68 and 𝜃 = 78.65. Using these two angles, multiple points
at different radii are considered and (5) is used to calculate the
stress intensity factor. The stress quasi-static intensity factor
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Figure 10: Opening mode strain field near the crack tip for A1200
foam.

Figure 12: The strain field 𝑒𝑦𝑦 regenerated using the calculated 𝐾𝐼
for A1200 foam.

points. A total of 30 data points are considered, and 𝐾𝐼 is
calculated using (6)–(8) and the least square approach. The
value of 𝐾𝐼 is very close to the one obtained in the previous
two cases, with average value of 𝐾𝐼 = 0.52 MPa m1/2 . Using
the calculated stress intensity factor and other constants,
the strain field is regenerated as shown in Figure 12. The
strain field, 𝑒𝑦𝑦 , regenerated from the calculated 𝐾𝐼 and the
corresponding coefficients matches well with the original
strain field obtained from the DIC shown by Figure 11.
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Figure 11: Quasistatic stress intensity factor as a function of distance
from the crack tip (𝑟) for A1200 foam.

4.3.2. Effect of Density and Loading Rate. As shown above, the
fracture intensity factor results from three different methods
match very well. Here, the effect of density and loading rate
on the fracture behavior of foam is investigated. As stated
earlier in Section 2, smaller specimens are used in the case
of dynamic experiment. The two samples are proportional,
and the geometry ratio between the quasi-static and dynamic
samples is 3.6. Typical incident and reflected force signals
obtained from the modified SHPB test shown in Figure 13.
These signals are used to calculate the force at the barspecimen interface, which is the fracture force shown by
Figure 14. Assuming the inertial effect is negligible, (1)–(2)
are used to calculate the fracture intensity factor. Different
samples with different initial crack length are investigated,
and the results are presented in Figure 15. It is found that
the dynamic fracture toughness for both A800 and A1200
is lower than the quasi-static value and could be due to the
brittle nature of the polymer foam under dynamic loading.
Furthermore, the fracture toughness increases as the density
increases, which agrees well with the literature [4].

as a function of distance from the crack-tip (𝑟) for A1200
foam is presented in Figure 11. In the region where the first
term is dominant but outside the non-linear crack-tip region,
the result is consistent and reputable. On the other hand, in
the region near to the crack tip and far away from the region
where the first term is dominated, the result underestimates
the value of 𝐾𝐼 . Later it is found that, the plastic zone for this
geometry and material is about 3 mm and the region between
𝑟 = 3 mm to 9 mm gives an acceptable result for mode 𝐼
stress intensity factor. As it is shown in the figure, the average
fracture initiation toughness is about 0.5 MPa m1/2 .

5. Conclusion

Using Overdeterministic Approach. Finally, (6)–(8) are used
to calculate the stress intensity factor using multiple strain

An experimental investigation on the effects of holes, cracks,
and notches on the tensile properties of a polymer foam
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to the fact that the PVC foam becomes brittle during
dynamic loading.
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Figure 14: Typical fracture force for A1200 foam subjected to
dynamic three-point bending test.

is performed. Furthermore, the fracture properties and the
effect of density and strain rate on the fracture behavior are
investigated.
(i) For specimens with edge cracks and circular holes,
the net-section strength showed a minimal variation
compared with the virgin specimen, the net-section
strength is slightly higher in the case of a specimen
with a center hole and slightly lower in the case of
a specimen with an edge crack compared with the
specimen without defect.
(ii) The fracture toughness increases as the density
increases.
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