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a b s t r a c t

Elastomers have recently been explored to make swellable packers in the oil industry, which have many
advantages over traditional cement packers. In the applications, the elastomers absorb solvent and swell
against the confinement, which can seal zones in the borehole. In addition, swollen elastomers are
usually subjected to a large pressure difference, which can cause fracture of the elastomer. In this article,
we conduct experimental studies of the rupture behavior of an oil-swellable elastomer, styrene buta-
diene rubber (SBR), swollen in hexadecane. This combination of elastomer and swelling agent can be
considered representative of oilfield applications. Pure-shear tests are used to measure the stretch at
rupture and fracture energy of swollen SBR with different swelling ratios. It is found that swelling can
significantly reduce both the stretch at rupture and the fracture energy of the swollen elastomer. Using
the measured fracture energy, we have also successfully predicted the stretches at rupture of SBR for a
simple extension test with different volume swelling ratios.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Crosslinked elastomers can absorb solvent and swell. Recently,
swellable elastomers have been widely explored in a myriad of
engineering applications. For example, swelling elastomers have
been developed as self-regulating valves in microfluidics [1e4].
Swellable elastomers have also been explored to make swellable
packers in the oil industry to replace traditional cement packers
[5e8]. In these applications, swollen elastomers may rupture when
the deformation is large with a sufficiently large flaw size in the
material [9,10].

Although rupture of dry elastomers has been intensively studied
over several decades [11e17], few systematic investigations of
fracture in swollen elastomers have been conducted. It is known
that the viscosity of an elastomer can be dramatically decreased by
solvent-induced swelling which, consequently, can cause a reduc-
tion in the fracture energy of the elastomer. It has also been shown
that threshold fracture energy of an elastomer can be measured in
its swollen state with low strain rate and high temperature [15e17].
The measured threshold fracture energy of elastomers agrees
reasonably well with the predictions from classical Lake-Thomas
theory [18]. Such agreement has provided important insights into
the rupture of elastomers. Nevertheless, the rupture process of
swollen elastomers in engineering applications usually greatly
deviates from threshold conditions. Therefore, it is practically
important to study rupture of swollen elastomer under various
loading conditions and swelling ratios. Moreover, it is critical to
verify if the fracture energy of swollen elastomer measured in one
loading condition can be used as a material parameter to predict its
rupture in other loading conditions.

In this article, we focused on the rupture of swellable elasto-
mers used in oilfields. During the last decade, swelling of elasto-
mers has been widely used in oilfield to seal the fluid flow in well
bores [19e21]. Fracture in swollen elastomers has been recognized
as one important failure mechanism for seals [10]. To study
rupture of swollen elastomers, we carried out experiments on
styrene butadiene rubber (SBR) swollen in hexadecane by
following the “pure-shear” method first proposed by Rivlin and
Thomas [14]. From these experiments, we found that both the
fracture energy and the stretch at rupture decrease with increase
of the degree of swelling and decrease of loading rate. Further-
more, using the measured fracture energy, we successfully pre-
dicted the stretch at rupture of elastomer for simple extension
tests with different swelling ratios.
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Fig. 1. Experimental measurements of swelling ratio of SBR in hexadecane as function
of time. (a) Volume swelling ratio (VSR) as a function of time. VSR is defined as the
ratio between the increase of volume and the initial volume of an SBR sample. (b)
Weight swelling ratio (WSR) as a function of time. WSR is defined as the ratio between
the increase of weight and the initial weight of an SBR sample.
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2. Experiments

An oil-swellable elastomer, styrene butadiene rubber (SBR)
(purchased from the website: http://www.rubbersheetroll.com/
sbr-commercial-grade.htm), was used to swell in hexadecane at
room temperature of about 20 �C. Following our previous work [6],
this combination of elastomer and swelling agent can be consid-
ered representative of oilfield applications.

2.1. Preparation of SBR sheets with different swelling ratios

In the swelling experiments, a dry SBR sheet with length
L ¼ 60 mm, height H ¼ 6 mm and thickness B ¼ 1.5 mm was
immersed in hexadecane. The length, width and thickness of the
swollen sample were measured at different times until it reached
equilibrium state. The weight of the swollen sample was also
measured at the same time. We then calculated the volume
swelling ratio (VSR) and weight swelling ratio (WSR), which are
defined as the ratio between the increase of the volume/weight
and the initial volume/weight of the dry SBR sheet, respectively.
Fig. 1(a) and (b) plot VSR and WSR as a function of time, respec-
tively. It can be seen that the sample reached equilibrium state
within 40 h.

To prepare SBR sheets with different swelling ratios, we
immersed the sheets in solvent for different periods of time. Then,
the swollen sheets were removed from the solvent and sealed in
soft impermeable plastic films for 24 h for homogenization. It is
noted that the weight of swollen sheets measured before and after
the application of the impermeable films ensured that no evapo-
ration occurred during homogenization. For tests with a pre-cut, a
10 mm long pre-cut was introduced freshly by using a sharp knife
after the sample was homogenized.

2.2. Measurement of fracture energy of swollen SBR sheets

We adopted pure-shear tests to measure fracture energy of
swollen SBR sheets. The tests were carried out in a mechanical
testingmachine (Zwick/Z010). During the test, to avoid possible slip
of the samples in the grips, SBR sheets were firmly glued to two
acrylic plates. Then, the acrylic plates were firmly clamped in the
testing machine. During the test, the samples were stretched in the
direction along its height at a constant extension rate. In our ex-
periments, three extension rates were selected as 0.2/min, 2/min,
and 20/min. It is noted that these extension rates were defined
relative to the initial height of the sample. For instance, if the initial
height of the specimenwasH¼ 6mm and the extension ratewas 2/
min, the stretching speed was then set to be 12 mm/min. The
tensile force and displacement were recorded automatically by the
testing machine. Tests were made in triplicate.

Fig. 2 is the photographs of dry SBR specimen during a “pure-
shear” test. Fig. 2(a) shows the undeformed state of a pristine
sample. During the extension test of the pristine sample, an arc-
shaped edge was observed when the stretch was relatively large
(Fig. 2(b)). Eventually, the specimen ruptured (Fig. 2(c)).

The undeformed state of the specimen with a pre-cut is shown
in Fig. 2(d). During the test of the specimenwith a pre-cut, with the
increase of stretch, the crack-tip was first blunted, as shown in
Fig. 2(e). At a certain stretch, the crack started to propagate, as
shown in Fig. 2(f). The critical point at which the crack started to
propagate can be clearly seen with the naked eye. The stretch
corresponding to this critical point is defined as the stretch at
rupture [22].

Figs. 3 and 4 show the nominal stress-stretch curves for the
specimens without and with a pre-cut. The specimens were
swollen in hexadecane with different volume swelling ratios, 0.0%
(dry state), 12.3% (swollen in hexadecane for 1 h), 33.9% (swollen in
hexadecane for 5 h) and 71.8% (fully swollen state). Three stretch
rates 0.2/min, 2/min and 20/min were adopted in the pure-shear
test.

Based on the “pure-shear” test, the fracture energy G of the SBR
sheet can be calculated as

t ¼ W
�
lrup

�
$H (1)

where H is the height of the specimen in the undeformed state and
WðlrupÞ is the area under the nominal stress-stretch curve of a
specimen without a pre-cut between 1.0 to lrup. Here lrup is the
stretch at rupture of the pre-cut specimen.
2.3. Simple extension of SBR sheets with edge crack

Simple extension tests of SBR sheets were also carried out in the
same mechanical testing machine (Zwick/Z010). The stretch rate in
the simple tension test was set as 2/min. The geometry of the
samplewas taken as: length: L¼ 100mm (in loading direction) and
width: H ¼ 20 mm. Simple extension tests were performed for SBR
samples with four different volume swelling ratios which were
VSR ¼ 0.0%, 12.3%, 33.9% and 71.8%. To compare the theoretical
predictions with the experimental measurements in the simple
extension test, pre-cuts of four different lengths were introduced
into the samples, which were c¼ 1.5 mm, 2.5 mm, 5mm and 8mm.
It is noted that pre-cuts were also introduced freshly in the sample
just before the mechanical tests.
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Fig. 2. Photographs of SBR sheet under pure shear test. (a) Pristine SBR sheet in the undeformed state. The thickness, height and width of the sheet are 1.5 mm, 6 mm and 60 mm,
respectively. (b) Pristine SBR sheet in stretched state. (c) Rupture of pristine SBR sheet when the stretch is too large. (d) Undeformed SBR sheet with a pre-cut of 10 mm long. (e)
Stretched SBR sheet with a pre-cut. Crack tip gets blunted with the stretch. (f) When the stretch reaches a critical value, crack begins to propagate.
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3. Results and discussions

3.1. Stretch at rupture

Under pure-shear loading, the stretch at rupture for both pris-
tine samples and the samples with a pre-cut for different VSRs are
shown in Fig. 5. For both pristine samples and the samples with a
pre-cut, for a fixed stretch rate, the stretch at rupture lrup was
reduced by increasing the volume swelling ratio. For instance, for a
stretch rate of 20/min, the stretch at rupture for pristine samples
was 3.055 ± 0.045 for VSR ¼ 0% (dry state), 2.683 ± 0.066 for
VSR ¼ 12.3%, 2.124 ± 0.042 for VSR ¼ 39.9% and 1.646 ± 0.026 for
VSR ¼ 71.8% (fully swollen state). At a stretch rate of 0.2/min, the
stretch at rupture for the samples with a pre-cut was 1.546 ± 0.023
for VSR¼ 0% (dry state),1.431 ± 0.047 for VSR¼ 12.3%,1.327 ± 0.018
for VSR ¼ 39.9% and 1.262 ± 0.015 for VSR ¼ 71.8% (fully swollen
state). The symbol “±” here indicates standard deviation.
3.2. Fracture energy of swollen SBR

Fracture energy of SBR is plotted in Fig. 6 as a function of VSR at
different stretch rates. The experimental results show that, at the
same stretch rate, the fracture energy can significantly decrease
with increase of VSR. For example, for a stretch rate of 2/min,
fracture energy of SBR was decreased from 4235.5 ± 569.9 J/m2 for
VSR ¼ 0% (dry state), to 457.2 ± 16.7 J/m2 for VSR ¼ 71.8% (fully
swollen state). For a fixed swelling ratio, facture energy of SBR also
decreases with the decrease of stretch rate. For instance, for
VSR ¼ 39.9%, fracture energy of SBR decreases from
1232.2 ± 241.7 J/m2 for a stretch rate of 20/min to 769.7 ± 72.3 J/m2

for a stretch rate of 0.2/min.
Fracture energy of a swollen elastomer mainly has contributions

from the elastic energy stored in broken polymer chains, viscous
damping from polymer network and migration of solvent in the
elastomer during rupture. The dissipated elastic energy stored in
broken polymer chains during rupture can be defined as threshold
fracture energy [17,18], which is estimated to be around 20 J/m2 and
is typically regarded as an intrinsic material property. In fact, to
measure threshold fracture energy of rubber, researchers often
conducted fracture tests of rubber at high temperature, low strain
rate and in a swollen state. Threshold fracture energy of rubber was
estimated from breaking polymer chains, which can be regarded as
the minimum fracture energy of rubber in arbitrary loading con-
ditions. In our tests, the fracture energy of SBR dramatically de-
creases from 5200 J/m2 for the highest stretch rate and dry
condition to 400 J/m2 for the lowest stretch rate and largest
swelling ratio, which are significantly higher than estimated
threshold fracture energy. This indicates that, in all our tests, the
viscoelasticity of polymer network and migration of solvent may
have important contributions to the measured fracture energy.
With the increase of swelling ratio, the effective crosslinking den-
sity of the rubber decreases. In addition, swelling can dramatically
reduce viscosity of the rubber. As a consequence, fracture energy of
the rubber decreases with increasing swelling ratio. To make the
abovemeasurements useful, it is imperative to check if it is possible
to use the measured fracture energy, as shown in Fig. 6, to predict
rupture of swollen SBR sheets subjected to other loading
conditions.

3.3. Predictions of rupture of swollen SBR sheets under simple
extension

We next used the measured fracture energy of swollen SBR to
predict its rupture when subjected to simple extension. Based on
scaling analysis, the stretch at rupture for a rubber sheet with an
edge crack with length c under simple extension can be predicted
using the following equation [23],

c ¼ t

2k
�
lrup

�
W

�
lrup

� (2)

In the above equation, G is the fracture energy of the elastomer, kðlÞ
is taken the form following [23],

kðlÞ2:95� 0:08ðl� 1Þffiffiffi
l

p (3)



Fig. 3. Stress-stretch curves of pristine SBR samples with different swelling ratios and
stretch rates. The stretch rates are (a) 0.2/min, (b) 2/min and (c) 20/min. The dashed
lines are the fitting curves given by the neo-Hookean model.

Fig. 4. Stress-stretch curves of SBR samples containing a pre-cut with different
swelling ratios and stretch rates. The stretch rates are (a) 0.2/min, (b) 2/min and (c) 20/
min.
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and WðlÞ is strain energy density of the elastomer with stretch l.
For the neo-Hookeanmodel, strain energy functionWðlÞ for simple
extension can be given by:

WðlÞ ¼ 1
2
m
�
l2 þ 2l�1 � 3

�
(4)

where m is the shear modulus of the elastomer. We obtained shear
modulus of SBR with different VSRs by fitting the stress-strain re-
lations for pure-shear loading condition predicted by the neo-
Hookean model and measured in experiments, as shown in Fig. 3.
Subjected to pure-shear load, nominal stress and stretch for a neo-
Hookean solid is given by,
sðlÞ ¼ m
�
l� l�3

�
(5)

Fig. 7 shows the fitted shear modulus of SBR as a function of
swelling ratio under different stretch rates. When stretch is
smaller than 1.5, the agreements between the measurements and
predictions given by Eq. (5) are reasonably good. When stretch is
large, we can see clear discrepancy between the predictions and
measurements, which is mainly due to the limitation of the neo-
Hookean model itself and ignoring viscoelasticity in the model.



Fig. 5. Stretch at rupture of SBR sheets for different swelling ratios and stretch rates.

Fig. 6. Fracture energy of SBR for different swelling ratios and stretch rates.

Fig. 8. Comparisons between the predictions and experimental measurements of
stretch at rupture of swollen SBR sheets with an edge crack subjected to simple
extension as shown in the inset. The stretch rate for the simple extension is fixed as 2/
min. In the figure, solid lines are theoretical predictions and discrete dots are exper-
imental data.
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In the current study, we regard neo-Hookean model as a
phenomenological constitutive model. Although there are many
other hyperelastic models available, most of those models reduce
to neo-Hookean model when the deformation in the material is
not too large. Despite of the disagreement between the prediction
from neo-Hookean model and our measurement with large
deformation, we still adopted the neo-Hookean model to predict
the stretch at rupture of SBR under simple extension tests, because
Fig. 7. Fitted shear modulus of SBR as a function of swelling ratio at different stretch
rates.
the stretch at rupture in most measurements, as shown in Fig. 8,
was lower than 1.5.

Using the shear modulus fitted from the pure-shear test with
stretch rate of 2/min and Eq. (2), we predicted the stretch at rupture
for swollen SBR subjected to simple extension and with an edge
crack of different lengths. The comparison between our predictions
and measurements are shown in Fig. 8. The good agreement be-
tween the predictions and measurements implies that the fracture
energy of swollen SBR measured in pure-shear loading can, indeed,
be regarded as material parameter, which is independent of sample
geometry.

4. Conclusions

We conducted systematic experimental studies of rupture
behavior of oil-swellable elastomer, SBR, swollen in hexadecane
with different volume swelling ratios. We found that both the
stretch at rupture and fracture energy of SBR can be significantly
reduced by either increasing its swelling ratio or decreasing the
stretch rate. We believe such effects are mainly due to the visco-
elasticity of SBR. We have further shown that, using the measured
fracture energy and shear modulus of SBR specimen under pure-
shear load, we can successfully predict the stretch of rupture of
swollen SBR with an edge crack of different lengths and under
simple extension. Therefore, fracture energy of swollen SBR
measured under pure-shear load can be regarded as a material
parameter, which is independent of the sample geometry.
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