
BRIEF TECHNICAL NOTE

Measurement of a Nearly Friction-Free Stress–Strain Curve of Silicone
Rubber up to a Large Strain in Compression Testing

Sanghoon Kim1
& Minkyu Kim1

& Hyunho Shin2
& Kyong-Yop Rhee1

Received: 3 March 2018 /Accepted: 20 August 2018
# Society for Experimental Mechanics 2018

Abstract
Nominal stress–strain curves of a silicone rubber specimen with a range of length-to-diameter (L/D) ratios have been measured
via compression testing. The curves are highly dependent on the L/D ratio. The contact area has been measured using stamp ink
applied to the sidewall of the specimen to determine the optimal L/D ratio which yields the stress–strain curve closest to the curve
of the friction-free specimen. Traces of ink appear on the platen after the compression test, indicating that the phenomenon of
rollover takes place.When the L/D ratio is less than 1.0, the contact area is less than that of the friction-free specimen although the
phenomenon of rollover supplements the contact area. When the L/D ratio increases up to 1.0, the contact area increases toward
that of the ideal specimen that deforms uniformly under the friction-free condition; the stress–strain curve of the specimen with
the L/D ratio of 1.0 can be regarded as the nearly friction-free property of silicone rubber.
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Introduction

A reliable constitutive model and its precise calibration are
two prerequisites to an accurate computer simulation of the
mechanical deformation of materials and structures [1, 2].
Rubber is often subjected to compressive loading up to a large
strain (e.g., up to the nominal strain of even 90%). For the
simulation of such compressive deformation of rubber, it is
desirable to calibrate a constitutive model using a compressive
stress–strain curve constructed up to a large strain [3–9].

A stress–strain curve measured under a friction-free condi-
tion is required to calibrate a constitutive model. Otherwise,
the obtained stress–strain curve is not the true material

property but merely a load-displacement indicator of a com-
pression event in the testingmachine that takes place under the
influence of friction; the specimen deforms non-uniformly in
shape and is no longer in the uniaxial and homogeneous stress
state. However, determining the friction-free stress–strain
curve of materials under uniaxial compression is not a simple
task. For a plastically deforming metallic material (the
Poisson’s ratio is approximately 0.5), barreling and rollover
(non-uniform deformation) of the specimen usually take place
because of friction, indicating an inhomogeneous and non-
uniaxial stress state. The phenomena of barreling and rollover
lead to overestimation of the stress–strain curve [10–17]. Such
an influence of friction increases as the length-to-diameter
(L/D) ratio of the specimen decreases. Therefore, the use of
a specimen with a higher L/D ratio (generally about 2) is
desirable for metallic materials, provided that the phenome-
non of buckling can be avoided.

Elastically deforming rubber (a Poisson’s ratio of ap-
proximately 0.5) will produce larger amounts of friction
than metallic materials, resulting in a greater amount of
barreling and rollover [9]. The resulting stress–strain
curve for elastically deforming rubber is likely
overestimated because of the increased friction; the
stress–strain curves of rubber are also different notably
depending on the L/D ratio. Such a result imposes a
difficulty in selecting a curve to be used for the
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calibration of a constitutive model as the friction-free
curve. Although there has been considerable interest in
measuring the compressive stress–strain curve of rubber
[3–9], it is not easy to find studies that aimed to obtain
the friction-free property, probably because an appropri-
ate methodology was unavailable. In this regard, the
necessity of developing a method for measuring the
friction-free stress–strain curve is high.

This study sets up a procedure for measuring the nearly
friction-free stress–strain curve of rubber as follows. If
one can measure the current contact area of rubber with
the platens simultaneously with the measurement of the
compressive stress–strain curve, the curve of the current
contact area of the real specimen can be compared with
that of the ideal specimen that deforms in the friction-free
state; the current contact area of the ideal (friction-free)
specimen can be calculated suitably by considering the
volume constancy of an incompressible solid (a
Poisson’s ratio of approximately 0.5): AcLc = AoLo, where
A and L are cross-sectional area and length, respectively,
and the subscripts c and o denote the current and initial
values, respectively. If the current contact areas of a series
of specimens having a range of L/D ratios are compared
with that (Ac) of the ideal specimen, it is postulated that
the desirable (optimal) L/D ratio that results in the closest
current contact area to that of the ideal specimen can be
determined. The stress–strain curve measured at the opti-
mal L/D ratio is closest to the friction-free stress–strain
curve; it can be regarded as a nearly friction-free stress–
strain curve.

The current contact area of rubber can be measured
during the compression test using an appropriate appara-
tus based on various techniques, such as digital image
correlation and 3D position measurement. This study in-
troduces an alternative method for measuring the current
contact area as follows. If we apply stamp ink onto the
sidewall of the specimen at the beginning of the compres-
sion test, it is hypothesized that traces of ink will be left
on the platen after the tests to allow measurement of the
contact area and identification of the rollover-induced ar-
ea. This method of measuring the current contact area is
easy to carry out (handy) and economical. Its efficiency is
to be tested in this study.

Once the above procedure and method for measuring the
contact area are experimentally demonstrated, they may be
useful for measuring nearly friction-free compressive
stress–strain curves of various types of rubber material.
The purpose of this study is to demonstrate that a nearly
friction-free stress–strain curve of silicone rubber can be
obtained successfully up to a fairly large compressive strain
(a nominal strain of 0.9) using the above procedure and
method.

Experimental Procedure

Commercial silicone rubber pads with varying thicknesses
were machined to fabricate cylinder (disk) specimens. The
diameter of the specimens was constant (10 mm), resulting
in specimens with a range of L/D ratios: 0.1, 0.2, 0.4, 0.8,
and 1.0.

Compression testing was carried out using a universal tes-
ter (Model 3367, Instron, Buckinghamshire, UK). An aliquot
of lubricant (silicone oil) was applied to the contact area be-
tween the specimen and the top/bottom platen made of stain-
less steel. The load applied on the specimen was measured
using a 30-kN load cell. The axial displacement of the speci-
men was determined by measuring the relative distance of the
top/bottom platen using a contact-type spring-back displace-
ment sensor (Model KTR2-10 mm, Miran Tech. Co. Ltd.,
Shenzen, China). The nominal stress of the specimen (σn)
was determined based on the equation σn = F/Ao, where F is
the current load measured using the load cell, and Ao is the
initial cross-sectional area of the specimen. The nominal strain
of the specimen (εn) was determined based on the relationship
εn = (lc − lo)/lo, where lc and lo are the current and initial
lengths of the specimen, respectively. The true stress of the
specimen (σt) was determined using the relationship σt = F/Ac,
where Ac is the current cross-sectional area of the specimen.
The true strain (εt) of the specimen was determined using the
equation εt = ln(lc/lo). Tests for the series of specimens with a
range of L/D ratios were carried out at a nominal strain rate (ε̇n
) of 10−3 s−1. Once the desirable (optimal) L/D ratio (1.0 for
silicone rubber, as will be shown later in this study) was de-
termined based on themeasured current contact area, addition-
al tests at nominal strain rates of 10−2 and 10−4 s−1 were car-
ried out for specimens with the optimum L/D value (=1.0).
The speed of the cross head (dL/dt) was constant, and its value
at a given nominal strain rate (ε̇n ) was determined using the
relationship dL=dt ¼ Loε̇n. All tests were carried out at ambi-
ent temperature.

At the beginning of the compression test, stamp ink (pur-
chased at a local stationary store) was applied to the sidewall
of the specimen. After the test, the image of the ring-type ink
mark that appeared on the steel platen was photographed
(Examples of the ring-type mark will be presented later in
Fig. 2.). The average value of the outer diameter of the ring
mark was quantified using image-processing software (Image
J). For this purpose, first, information on the number of pixels
per centimeter (Nc) was obtained from the image of the ruler
included in the same photograph. Second, three diagonal lines
were artificially drawn on the image of the ringmark, resulting
in six contact points (60o apart) between the diagonal lines and
outer periphery of the ring mark. Third, the number of pixels
(N) between the contact points on a given diagonal line was
counted using Image J. Finally, the diameter of the ring mark
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(d) was determined using the relationship d =N/Nc. For each
ring mark, the diameter was determined in this way three
times using the three diagonal lines; the areas of the ring mark
calculated from the three diameter values were averaged.

Results and Discussion

The nominal stress–strain curves were highly dependent on
the L/D ratio, as shown in Fig. 1. This L/D-ratio dependency
results from the influence of friction between the specimen
and platen; the influence of friction increases with the decrease
of the L/D ratio [10–17].

The stress–strain curves in Fig. 1 initially shift downward
as the L/D ratio increases, similar to the behavior of metallic
specimens [10–17]. However, the stress–strain curve shifts
upward as the L/D ratio increases for nominal strains above
approximately 0.87. In other words, in the large nominal strain
regime, the specimen with a higher L/D ratio, at first look,
seems to overestimate the stress–strain curve. This behavior
is contrary to the case when the nominal strain is less than
approximately 0.87.

In this study, the specimen that deforms uniformly without
volume change in the friction-free state is named the ideal
specimen (or the friction-free specimen). The stress–strain
curve of the ideal specimen is called the friction-free stress–
strain curve. From the findings in Fig. 1 (described in the
above paragraph), it is difficult to select the stress–strain curve
that is closest to the friction-free stress–strain curve of silicone
rubber. The ink mark remaining on the steel platen after the
compression test was measured to examine the observed
stress–strain behavior. Examples of the ink mark remaining
on the surface of the stainless-steel platen are illustrated in Fig.
2. The stamp ink was only applied to the sidewall of the
specimen, so any trace of ink on the platen would be direct

evidence of rollover of the sidewall caused by high-friction
barreling.

To analyze the ink mark on the steel platen, in Fig. 2(e), the
concepts of the radially expanded version of the initial contact
area (noted as region 1), the rollover induced contact area
(region 2), and the total contact area (region 3, which is region
1 plus region 2) are schematically drawn. During unloading,
the rubber material in region 2 was observed to shift mainly
along direction 2, as indicated in Fig. 2(f); no appreciable
inward drag of ink was observed at the outer periphery of
the ring mark (noted as M in Fig. 2). Therefore, the diameter
of ring M in Fig. 2 is the direct indicator of the total contact
area of the specimen.

The initial contact area of the specimen expands radially as
the compression test proceeds. Because stamp ink was not
applied onto the initial contact area, the inner un-marked por-
tion of the ink traces shown in Fig. 2 should be associated with
region 1 (the radially expanded version of the initial contact
area). However, the outer periphery of region 1 is not clear in
Fig. 2, because ink located at the outer periphery of region 1
during unloading is pulled inward with radial shrinkage of the
specimen along direction 1 (Fig. 2(f)). Therefore, it is difficult
to quantify the area of region 1 from the ink traces without
ambiguity.

From the above findings, this study quantified only the
total contact area. The averaged total contact area quantified
by the method described in BExperimental Procedure^ section
is presented in Fig. 3 as a function of the nominal strain.
Included in Fig. 3 is the ideal current contact area of the
friction-free specimen (Ac), that was calculated from the initial
area of the specimen (Ao) based on the assumption of the
volume constancy condition in the friction-free state: AcLc =
AoLo.

The total contact area, including the rollover-induced con-
tact area, was less than the ideal contact area for L/D ratios less
than 1.0, as shown in Fig. 3. The total contact area of the
specimen was reasonably consistent with the contact area of
the ideal (friction-free) specimen for an L/D ratio of 1.
Therefore, the stress–strain curve of this specimen (L/D =
1.0) is closest to the friction-free stress–strain curve among
the curves presented in Fig. 1.

After the optimal L/D ratio of 1.0 was determined at a
nominal strain rate of 10−3 s−1, additional tests were car-
ried out at 10−2 and 10−4 s−1 to check whether the mea-
sured contact area is independent of the strain rate. The
results are included in Fig. 3. Figure 3 shows that the
measured contact areas at the nominal strain rates of
10−2 and 10−4 s−1 are reasonably consistent with that at
10−3 s−1. This finding indicates that the speed of rollover
of the side wall (where ink was applied) does not influ-
ence the size of the ring mark that forms during loading.
During unloading, as mentioned, movement of region 2
does not influence the size of the already-formed ringFig. 1 Nominal stress–strain curves of specimens with varying L/D ratios
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mark. Therefore, the method for measuring the total con-
tact area using stamp ink can be used in quasi-static tests
in a wide range of strain rates (at least up to a strain rate
of 10−2 s−1). No reason can be found why formation of
the outer periphery should be influenced by a slower
strain rate than 10−4 s−1; there seems to be no lower limit
of the strain rate for use of stamp ink. As for the maxi-
mum limit of the strain rate up to which the current meth-
od can be applied, further study is needed.

The nominal stress–strain curve of the specimen with an L/
D ratio of 1.0 (Fig. 1) was converted to the true stress–strain
curve by assuming that the specimen is ideal (friction free), as
shown by the solid curve (red) in Fig. 4. The dashed curve
(red) of Fig. 4 was constructed based on the measured contact
area (the dashed curve in Fig. 3(d)). The two red curves for the
specimen with L/D = 1.0 are reasonably consistent up to the
measured strain, which indicates that the nominal stress–strain
curve of this specimen (Fig. 1) and the true stress–strain curve

(e) (f) (g)

(a) (b)

(c) (d)

Fig. 2 Examples of the ink mark remaining on the surface of the stainless-steel platen after the compression test up to a nominal strain of 0.9. (a) L/D =
0.2, (b) L/D = 0.4, (c) L/D = 0.8, and (d) L/D = 1.0. M: outer periphery of the ink mark. G: grooved ring on the steel platen. Cross lines at 60o interval
were drawn to find contact points (marked as circled numbers) for measurement of the diameter in image processing software. (e) Schematic illustration
of the concept of the contact area. 1: Radially expanded version of the initial contact area, 2: the rollover-induced contact area, and 3: the total contact
area. (f) Directions of the movement of the material during unloading. Arrow 1 indicates the shrinkage direction of the material at the outer periphery of
region 1 and arrow 2 indicates that in region 2. (g) Schematic illustration of the in-plane (radial) shrinkage of the outer edge of region 1 that results in the
inward drag of ink due to physical bonding
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(shown as a dashed curve in red in Fig. 4) are close to the
friction-free curve.

Examples of stress–strain curves of specimens with inap-
propriate L/D ratios (purple for L/D = 0.2, black for L/D = 0.4,
and blue for L/D = 0.8) are also included in Fig. 4. The differ-
ence between the solid and dashed curves for L/D < 1 in Fig. 4
indicate that these curves are not friction-free ones.

The rollover of the specimen is the result of significant
barreling and is believed to diminish the degree of barreling.
However, the specimen was still slightly barreling even after
rollover occurred, as schematically illustrated in Fig. 2(f). The
specimen with an L/D ratio of 1.0 had practically the same
contact area as the ideal specimen, evenwith a slight (residual)
barelling. The stress–strain curve may still slightly overesti-
mate the material behavior, indicating a nonuniaxial and inho-
mogeneous stress state in the specimen. For this reason, the
curve of the specimen with an L/D ratio of 1.0 is called the
nearly friction-free stress–strain curve instead of the perfectly
friction-free one. However, the selected stress–strain curve,
from the viewpoint of the total contact area, is closest to the
friction-free stress–strain curve of silicone rubber among the
experimentally determined curves presented in Fig. 1.

The results in this study may be useful for future studies
aiming at measuring friction-free compressive stress–strain
curves of various types of rubber material; the followings
are tips (recommendations) for such future studies. For other
types of rubber materials, there is no guarantee that the prox-
imity of the measured contact area to the friction-free contact
area is achieved at the L/D ratio of 1.0. However, according to
the result of this study, it may be desirable to test the given
rubber material at the L/D ratio of 1.0 first to reduce the num-
ber of tests. It is cautiously anticipated that the optimal value
of the L/D ratio of a rubber material may not be far away from
the value of 1.0.

(a) L/D = 0.2 (b) L/D = 0.4

(c) L/D = 0.8 (d) L/D = 1.0

Fig. 3 Comparison of the
measured total contact area
(dashed curves with data points)
with the ideal contact area (solid
curves) for the case when the L/D
ratio is (a) 0.2, (b) 0.4, (c) 0.8, and
(d) 1.0. The dashed curves were
constructed using measured data
points based on the Levenberg-
Marquardt algorithm implement-
ed in commercial software
(OriginLab)

Fig. 4 True stress–strain curves (solid curves) converted from the
nominal curves in Fig. 1 by assuming that the specimen is ideal.
Dashed curves were constructed based on the measured total contact
area (dashed curves in Fig. 3)
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For the case of silicone rubber used in this study, the max-
imum strain, up to which the proximity of the area curves is
achieved, increases as the L/D ratio increases (see Fig. 3).
Figure 3 shows that it is difficult to achieve the proximity at
a nominal strain of 0.9, which is the maximum strain limit
tested in this study. Therefore, if the proximity is achieved at
the nominal strain of 0.9, the proximity in the smaller strain
regime is guaranteed.

This study presented a procedure for measuring the
friction-free compressive stress–strain curve by comparing
the measured current contact area with the ideal (friction-
free) contact area calculated from the condition of volume
constancy of the friction-free specimen. It also presented a
handy method to quantify the total contact area. The applica-
tion of stamp ink to the sidewall of a rubber specimen appears
to be an efficient method to quantify the current contact area
and is informative for selecting the L/D ratio of the specimen
from the viewpoint of the proximity of the area curve of the
current specimen to the ideal specimen. It was demonstrated
that a nearly friction-free stress–strain curve of silicone rubber
can be obtained successfully up to a fairly large compressive
strain (up to the nominal strain of 0.9) using the presented
procedure and method.
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