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Identification of elastomers by Digital Image Correlation
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B. Desmars & P. Peres

EADS SPACE, BP11, 33165 Saint-Medard-en-Jalles, France

ABSTRACT: As a complement to classic characterization in the identification of elastomers, full-field mea-
surement methods such as digital image stereo correlation can undeniably contribute to the validation of elas-
tomeric connection behavior. Indeed, these measurements enable three-dimensional displacement and strains
fields over the totality of the studied surface to be finely reached. Characterization tests in shearing on an elas-
tomer were followed by image stereo correlation up to high strain levels. The experimental results could thus
be compared with theoretical results using an Alexander hyper-elastic constitutive law, which enabled the re-

levance of this law to be validated locally.

1 INTRODUCTION

In the sector of civil and military launchers, some
structural connections are in elastomer. There may
be several reasons leading to the choice of such con-
nections : balance of strain difference between the
two substrates, filtering of high frequency dynamic
phenomena, impossibility of transferring loading via
riveted or bolted connections (tanks for example).
The sizing and justification of such connections re-
quire perfect knowledge of modeling their behavior
for diverse cases of multi-axial mechanical loading
to which they are generally subjected.

This in turn makes is necessary to possess the re-
levant constitutive models of elastomer to be able to
represent its quasi-incompressible hyper-elastic be-
havior for the various types of loading. In addition,
the constitutive laws of these bonded connections
are generally produced by optimization in order to
adjust the elastomer behavior under certain simple
types of loading (uni-axial tensile and compression,
simple shear, equi-biaxial tensile ...).

Classical measurement generally used for such
characterization gives access only to global and ma-
croscopic values useful for the description of the be-
havior model. However, this method does not enable
the relevance of the constitutive law to be judged in
particular areas such as the connection end. These
areas, however, often seem distinct at the time of va-
lidation because of edge effects and loads transmit-
ted by the elastomer in meniscus areas. As a com-
plement to the characterization carried out generally
to describe the behavior of the elastomer, an optical
measurement method without contact such as image

stereo correlation can contribute considerably to
mastering the modeling and sizing of elastomeric
connections (Chevalier & Marco 2002, Laraba-
Abbes et al. 2003).

Indeed, these measurements provide accurate
access to displacement and strain fields over the to-
tality of the measured area and especially to areas in
which meniscus effect appears. Thus, quadruple
shearing tests on an elastomer (acryloNitrile Buta-
diene Rubber) were followed by image stereo corre-
lation up to high warping levels (200%). Experimen-
tal results obtained by this technique could thus be
compared with theoretical analysis using the hyper-
elastic behavior laws selected for this material. The
aim of this comparison is to evaluate the relevance
of this law as far as current areas and meniscus areas
are concerned.

2 GLOBAL CHARACTERIZATION OF THE
BEHAVIOR OF ELASTOMER

2.1 Hyper-elastic potentials

The hyper-elastic behavior laws (strain-stress rela-
tions) are formulated from hyper-elastic potentials
(density of strain energy). These densities of strain
energy, often called W, are written starting from the
invariables of the Cauchy Green elongation tensor
(I;, I and I3) or directly from the main elongations
(M, A, and A3). In these relations, coefficients C;
which represent the mechanical properties of the ma-
terial computed also intervene:

W(Cia Ila 129 I3) or W(Cia 7\’17 }\'27 7\'3) (1)



The components of the Piola Kirchhoff second
stress tensor S is then obtained by derivation of the
density of strain energy:
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The constitutive law used in the following paper is
the Alexander law (eq.3). This law was preferable to
more traditional laws used to model elastomer beha-
vior (Mooney-Rivlin, Haynes-Wilson ...) because of
its capacity to represent well the non-linear shear be-
havior. This law is represented by the following hy-
per-elastic potentials (Alexander 1968):
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2.2 Alexander’s law

Elementary characterization tests were implemented
for various simple load cases on an NBR type elas-
tomer: uni-axial tensile and compression, simple
shear, pure shear and equi-biaxial tensile. The para-
meters of the Alexander law were determined by op-
timization in order to adjust as well as possible all
experimental curves for these various load cases
(Mistou et al. 2004).
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Figure 1. Comparison between Alexander’s law and experimen-
tal elementary tests.

This constitutive law enables the macroscopic be-
havior of the elastomer to be represented in simple
shearing (Figure 1) with in particular a good repre-
sentation of the stiffening at weak warping, uni-axial
compression and equi-biaxial tensile. The compres-
sibility coefficient of the elastomer is characterized
by hydrostatic compression tests (Piron & Soufflet
2006). On the other hand, the relevance of this law is
not validated in various distinct areas: connection
ends, meniscus areas...

3 FOLLOW-UP OF QUADRUPLE SHEARING
TESTS BY STEREO-CORRELATION

3.1 Stereo-correlation

Image correlation allows the measurement of dis-
placement fields of a planar surface: a single camera
acquires a sequence of images of a planar object un-
der plane strain. Displacements of points distributed
over the surface of the object are calculated from the
grey level analysis of the images (Wattrisse et al.
2001). Given two images corresponding to two de-
formation states of an object, to determine the cor-
respondent of a point and its signature of the first
image in the second, a similarity function is used. In
practice, a single value is not the unique signature of
a point, hence neighboring pixels are used. The
matching of images acquired by only one camera, at
different times, on an object which becomes de-
formed is called temporal matching, or tracking.
From its principle, the correlation technique can
function correctly only with objects having a surface
with a sufficiently random texture. If the object is
not naturally textured or if its texture is not suffi-
ciently discriminating, various techniques exist to al-
low the use of correlation (paint projection).

Image correlation presents two major disadvan-
tages: firstly, it enables only plane deformations to
be measured; then, from an experimental point of
view, it requires the deformation plane and the im-
age plane of the camera to be parallel and remain so
during the test, but this is difficult to guarantee. The
technique of stereovision brings a solution to these
two problems. The use of two cameras enables three-
dimensional information to be reached (Orteu 2002).

Stereovision is based on the principle that the
depth information (3D) can be obtained by triangula-
tion starting from two images having a common part
in their field of sight (McNeill et al. 1997, Garcia et
al. 2002). Obtaining this data involves the calibra-
tion of the stereoscopic vision sensor. The calibra-
tion of a camera is an important stage in dimensional
metrology by artificial vision. Calibrating a camera
consists in determining its intrinsic parameters. Ca-
librating a stereovision sensor made up of two de-
pendent cameras involves determining the intrinsic
parameters of each camera, as well as the position
and relative orientation of both cameras. These cali-
bration parameters are necessary to calculate, by tri-
angulation, the three-dimensional co-ordinates of a
point corresponding to pixels matched in the two
images. The matching of two acquired images, at a
given moment, by two dependent stereoscopic cam-
eras is called matching by stereo-correlation. The
measurement of 3D displacement fields using ste-
reovision implements simultaneously a temporal
matching technique and a stereo-correlation match-
ing. The correlation technique can also be used to



seek stereo-correspondents starting from a pair of
stereoscopic images. Note that an essential differ-
ence distinguishes temporal matching by correlation
from matching by stereo-correlation: in the case of
the stereovision, there is a geometrical constraint
known as epipolar which can guide research into the
stereo-correspondent.

3.2 Experimental device

Two digital cameras acquire digital images with a
1280 by 1024 pixel definition. These images are then
computed by Aramis 3D software (GOM mbH).
This device makes it possible to measure displace-
ment and strain on the surface of an object with a
resolution of 500 to 1000 pm/m in strain. Calibra-
tion is the fundamental stage which precedes frame
grabbing. A calibration plate of a size equivalent to
the measurement surface is placed at a fixed dis-
tance. During this process, several images of the
plate are taken in various positions. The calibration
plate is constellated with white points at known dis-
tances. The precision obtained during calibration is
lower than the pixel, which corresponds to an error
of a few microns in displacement. Aramis software
is able to recognize the points of an image by grey
level analysis, through the application on the meas-
ured object of black and white paint which generates
the variable grey levels on the surface of the object.
A grey level figure coded on 8 bits corresponds to
each pixel of the CCD sensor. A succession of sev-
eral pixels taken on the same line forms a grey level
sequence called grey level distribution. The funda-
mental principle lies in the fact that the distribution
does not vary during deformation of the object. It is
therefore sufficient to follow this distribution of grey
levels in their movement to obtain displacements of
the object. In practice, this is made possible by cor-
relation domains which are 15x15 pixel gathering
zones.

The definition of samples is taken from the stan-
dard NFT46.020 on the determination of the adhe-
rence of elastomer using the sample called quadruple
shear (Figure 2). The warping is defined by the ratio
between half displacement and the thickness of the
elastomer. The results analysis area is 11x13 milli-
meters. By taking into account half displacement of
quadruple shear testing (approximately 10 millime-
ters), we used a calibration plate of 20x25 millime-
ters as shown in Figure 2. The calibration of the
measurement device was carried out with 50 milli-
meters objectives. The calibration distance (standard
distance on the calibration plate) is 15 millimeters.
The measurement distance (distance between sample
and cameras) is approximately 255 millimeters. The
calibration error for the various samples varies from
0.02 to 0.04 pixels: i.e. approximately one
micrometer in displacement. The automatic frame

grabbing of the measurement device (controlled by
the analogical output of the tensile testing machine)
was set for a warping increment of 10%.

Studied area
Elastorner

Alurninurm alloy
meniscus

Figure 2. Quadruple shearing sample and studied area.

Structural
adhesive

The quality of images and grey levels applied on
the structures are the basis of the computation car-
ried out by the Aramis software. The grey levels are
usually created by the application of black and white
paint on the measurement area. On the other hand, it
is necessary to apply as little paint as possible in or-
der to measure the deformations of the object and
not those of the painting (Mistou et al. 2003).

A grey level on the first sample was applied using
standard black and white paint (Figure 2). During the
test, the grey levels disappear because of the high
warping of the elastomer, which induces paint peel-
ing. For the others tests, the grey level was applied
using black paint and white silicone. The coat of
black paint is thin on the elastomer, silicone is used
for its characteristics of elongation under deforma-
tion. This configuration enabled (during calculation)
results with considerable warping (250%) to be
reached. The third test enabled the testing of a confi-
guration without the application of black paint on the
elastomer (which is naturally dark grey). The grey
level is applied using white silicone only, and the
natural color of the elastomer. During the test, the
elastomer whitened under deformation, which made
it impossible to treat results with high warping.

Strain calculation is carried out from the dis-
placement measurement using the Green-Lagrange
strain tensor. Contrary to small perturbation assump-
tions, this tensor enables additional terms for large
deformations to be taken into account. In order to
calculate displacements and strains, for all acquisi-
tions there is a calculation point every 11 pixels, the
size of which is 15x15 pixels (correlation window).
The strain calculation is carried out with the multi-
facet method using nine correlation windows, i.e. the
displacement derivative is carried out over an area of
22x22 pixels.



4 EXPERIMENTAL ANALYSIS

4.1 Experimental results

Elastomer failure was observed for an average load
of 18000 Newton and a machine displacement of
approximately 25 millimeters (450% warping). The
behavior of the sample is non-linear elastic (Figure
3). Failure was observed successively for right infe-
rior and left superior elastomer.
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Figure 3. Load-displacement curve.

Load (kN)

This study relates to the experimental results ob-
tained for warping (shear strain y./2 in degrees)
compared to theoretical warping (in %). In general,
the information is entirely available at any point of
the elastomer up to theoretical warping of 200% and
is partially exploitable up to 250%. All the results
presented are provided by the computation carried
out by the Aramis software, without the use of filter-
ing in post-processing.

Figure 4 presents the experimental results ob-
tained for theoretical warping of 100% in displace-
ments for the three directions (Displ.X : displace-
ment perpendicular to the tensile direction, Displ.Y :
displacement in the tensile direction, Displ.Z : dis-
placement perpendicular to the measurement sur-
face); and in strains on the measurement surface
(Epsilon X : strain along X-axis, Epsilon Y : strain
along tensile Y-axis, Shear Angle : shear strain in
the XY-plane).

The stereo-correlation measurement enables the
results to be displayed over the whole measurement
surface, including the edges of the sample. It also
makes it possible to get the displacement perpendi-
cular to the measurement surface, which is not poss-
ible in a two-dimensional study. For displacement of
approximately 2.75 mm a thinning down of the elas-
tomer of approximately 1.25 mm is to be noted.
Normal strains, as well as shear strain approach or
exceed 100%, 1.e. 1 m/m.
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Figure 4. Experimental displacements and strain results for a
theoretical warping of 100%.



4.2 Reproductibility of the experimental results

In order to appreciate the reproduction possibility of
the tests, the displacements fields obtained on three
samples were superimposed on the same warping
level (100%) on the line shown on the Figure 5.

Studied

¥ .'?'.rea.
9

Figure 5. Measurement exploitation (studied area and local
bonding defects).

The comparison of the results obtained on the six
connections tested (two connections studied per
sample) illustrates the considerable incidence of lo-
cal defects (lack of bonding at end of over length —
Figure 5) on the strains within the elastomer as pre-
sented in Figure 6. In the continuation of the study,
only the results of the third sample were taken into
account, this sample presenting the lowest number of
local defects among those studied (the defects noted
during the test were finally taken into account in the
modeling).
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Figure 6. Superposition of the experimental results.

5 CONFRONTATION WITH THE
THEORETICAL RESULTS (FEA)

5.1 Plane stress and 3D FEA

A finite element analysis of the behavior of the
quadruple shearing sample was carried out by intro-
ducing the previously described Alexander’s law.
This analysis was carried out in non-linear under the
SAMCEF Mecano module software under the plane-
stress assumptions (Alex CP) and 3D (Alex 3D).
The aim of these comparisons is to check the relev-
ance of the behavior law retained both at global and
at local level. Comparisons between numerical and
experimental results as a whole were carried out ar-

bitrarily at a warping level of 100%. The curves giv-
en below show the evolution of the theoretical dis-
placements along the axes of the reference co-
ordinate system defined in Figure 5 for lines at vari-
ous thicknesses of the elastomer (i.e. at Y constant
from the X-axis, half-thickness of aluminium is 1.5

mm).
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Figure 7. Comparison of FEA results in plane stress and in 3D.

These comparisons (Figure 7) make it possible to
note that the plane stress assumption is not entirely
suitable. In the continuation of the study, the results
obtained with the 3D model were therefore pre-
sented, by introducing the defects noted after realis-
ing the samples (in particular a joining defect in end
of over length).

5.2 Strain analysis

The exploitation of displacements in the elastomer
thickness initially enables readjustment of the mod-
elling assumptions (Young modulus, working thick-
ness) and also an initial idea of the thickness of the
interphase zone (elastomer zone with adhesive) to be
obtained. The Figure 8 presents the superimposition
of the strain fields (according to Green-Lagrange)
obtained experimentally and numerically (from the
model adapted in thickness including failure of 0.9
mm). The behaviour law used for the elastomer is
well suited for reporting displacement and strain.
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Figure 8. Theoretical (FEA) and experimental shear strain field.



5.3 Numerical edge effect

This comparison highlights over-stress phenomenon
at the end of plate during the analysis of theoretical
results; this over-stress being characterized by strain
peaks on all the terms of the Green-Lagrange strain
tensor (Figure 8). However this phenomenon is not
at all noted experimentally. The Figure 9 illustrates
the fundamental deviation existing locally between
the experimental and numerical data.

Edge effects

Yxy (Theoretical FEM) Txy (experimental)

Figure 9. Theoretical (FEA) and experimental warping at end
of connection.

A sensitivity study of the meshing in FE showed
that this phenomenon was exacerbated when the
mesh was refined. Various attempts (modeling of the
adhesive with an elasto-plastic law, modeling of a
connection between external plate and over length)
did not enable to erase this local behavior variation.
In conclusion, since theoretical over-stress is to be
found on some elements in elastomer and because
the experimental results do not show this phenome-
non at all, this phenomenon is likely to have a pri-
marily numerical origin.

In order to justify this result we used another full-
field measurement technique called Electronic
Speckle Pattern Interferometry (ESPI), which is used
more particularly in the case of field measurements
of small displacements and strains. Given that the
numerical stress peak occurs whatever the load; the
measurement by ESPI was carried out for theoretical
warping lower than 5%. By this experimental mea-
surement the results obtained by image stereocorre-
lation can be confirmed; the stress peak is not identi-
fied, its origin is purely numerical.

6 CONCLUSION

Characterization tests in quadruple shearing on
NBR-type elastomer were followed by image stereo-
correlation up to high warping levels (over 200%
warping). Reproducibility, reliability and accuracy of
measurements were evaluated through several suc-
cessive tests which showed that this technique was
well-adapted to the full-field measurement of dis-
placement and strain zones, up to 200% warping.

The experimental results obtained by this tech-
nique were then compared with the results of finite
element analysis carried out in 3D for various warp-
ing levels. These analyses showed up good correla-
tion between the experimental and theoretical (FEA)
results.

In addition, the study of the FE mesh highlighted
an edge effect phenomenon at the right end of the
stuck support. Given the initial results, the numerical
share of the edge effects seems considerable. Indeed
measurements by stereo-correlation do not show any
over-stress in this area. After a thorough study by
ESPI, the conclusion of the numerical origin of the
noted edge effects is confirmed.

This study illustrates the contribution which a
non-contact full-field optical measurement method
such as digital image stereo-correlation can make to
the characterization for elastomer materials in large
deformation.
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