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Abstract

This paper is the first part of a work devoted to the setting-up of a methodology for the mechanical behaviour characterization of rubber-

like materials, using a digital speckle extensometer. We present here the experimental approach, specific to large strain measurements. The

proposed method is based on in-plane kinematics measurements using an optical extensometer. The whole two-dimensional field of in-plane

displacements is obtained by a digital image processing. We discuss then the correlation calculations and how to achieve the optimal subset

matching. Next, we specify how to derive the principal stretch ratios, and the accuracy on these components, issued from a subsequent

numerical calibration.

Finally, we present experimental data dealing with a carbon black, filled natural rubber, issued from uniaxial traction tests, pure shear tests,

and tensile tests performed on double-edge notched tensile specimens.

q 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Rubber and rubber-like materials have many industrial

applications. Typical applications of these materials in

mechanical systems include automotive tyres, load bearing

pads, silent blocks to absorb and to control vibration, seals,

springs and numerous other useful products. Modelling and

predicting the behaviour of any material system requires the

knowledge of the mechanical response of the material. It

would be preferable to test every conceivable loading

condition a material may be subjected to, and observe its

performance, but this is neither practical nor possible.

Instead, standard tests are performed on a limited number

of representative material samples, and constitutive models

are used with the test data to predict the behaviour of the

material for a wide range of loading conditions. A good

analysis of the mechanical behaviour of structures needs a

model which accurately represents its stress – strain

response. Unfortunately, the mechanical responses of

rubber, especially when subjected to complex loads, are

not well understood. This is perhaps due to a combination of

several reasons: (i) stress–strain behaviour of rubber is

highly non-linear, (ii) the material usually experiences large

strains, approximately several hundred percents, and (iii)

undergoes very little volumetric changes upon deformation.

Furthermore, natural and synthetic elastomers are usually

blended with fillers such as carbon black (CB) or silica.

Originally, these fillers were intended to play the role of

diluents, in order to cut down manufacturing costs. Very

soon, however, it was realized that some of them induced

unexpected properties to the processed materials. This

improvement of properties like hardness, tear, tensile,

fatigue and wear resistance is called reinforcement.

Conversely, the inclusion of fillers to a crosslinked

elastomeric matrix results in a substantial increase of

hysteresis, stress-softening (Mullins’ effect), permanent set

and strain dependent dynamic modulus effects. Thus, the
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determination of an accurate constitutive equation, based on

a complete analysis of the mechanical behaviour of such

materials, must take these phenomena into account.

In this context, the digital speckle extensometry presents

several points of interest. This method gives access to a two-

dimensional field of in-plane displacements, with a high

spatial resolution. Furthermore, it is non-contact, non-

intrusive, and it requires no preparation of the sample.

We describe here the setting-up of a methodology for the

mechanical behaviour characterization of rubber-like

materials, using a laser speckle extensometer. The whole

two-dimensional field of in-plane displacements is obtained

by a digital image processing, which is becoming increas-

ingly important as an experimental tool. We discuss then the

correlation calculations, and how to achieve the optimal

subset matching. Next, we specify how to derive the

principal stretch ratios, and the accuracy on these com-

ponents, issued from a numerical calibration.

Using this method, a two-dimensional experimental

database has been constituted, enclosing uniaxial traction

(UT) and pure shear (PS) tests for the identification of the

constitutive law, and tensile tests on double-edge notched

specimen for its validation.

The second part of this paper [1] deals with the

identification and the validation of the constitutive law,

using experimental data on non-preconditioned and pre-

conditioned natural rubber (NR), and the implementation of

this constitutive equation into a finite element code.

Additionally, the same methodology has been applied for

the analysis of the viscohyperelastic (non-linear visco-

elasticity in finite transformations) behaviour of a silica-

filled silicone rubber [2].

2. The material under study

The elastomer under study is a vulcanized CB filled NR.

It is obtained by calandering and is conditioned in thin

rectangular sheets of 2 mm thickness. It is then very flexible.

The formulation of this material is given in Table 1.

The filler concentration is approximately 23 phr (parts of

CB per hundred parts of NR). Notice that two CB types are

incorporated into this vulcanizate’s formulation. Used in the

automotive industry (silent blocks), the compound has to

satisfy optimal reinforcement and dissipation requirements.

Moreover, this material has to exhibit a low self-heating and

a good fatigue-life-time under dynamic loadings. The

characteristics of this rubber, listed in Table 2, correspond

to a rubbery behaviour at room temperature. The material is

also quasi-incompressible, and moderately soft.

3. The constitutive equation

The fundamental problem in the theory of elasticity is to

find the correct expression for the strain energy of a body

subjected to a homogeneous strain. In case of isotropy and

small strains, the energy can be expressed in terms of the

strains and two constants specific to the material. However,

the deformation which rubber and similar substances

undergo are too large to be treated within the scope of the

classical theory of small strains.

There are two rather different approaches to the study of

rubber elasticity. The first one is based on the statistical—

also called kinetic—theory, which attempts to derive the

mechanical properties from an idealized model of the

microstructure of vulcanized rubber. One can mention

the Gaussian network [3–5], the phantom chain [6,7], the

Langevin chain [8], or the eight-chains model of Boyce and

Arruda [9]. The molecular approach considers the response

of the molecular network to deformation. The elasticity

parameters are calculated from such quantities as finite

molecular length and molecular weight between crosslinks.

This approach is one of the cornerstones of the under-

standing of the mechanical behaviour of rubber-like

materials, relative to their macromolecular nature.

The second approach treats the problem from the

viewpoint of continuum mechanics. This theory builds a

mathematical framework to describe rubbery response, in

such a way that problems may be solved without reference

to microscopic structure or molecular concepts. We have

opted for such a phenomenological approach, seeking for a

simple procedure for the implementation of the constitutive

law into a finite element code, and its use in the analysis of

rubber components.

At a fixed temperature, many elastomers are very nearly

perfectly elastic for quite large quasi-static deformations

from the undistorted state. In other words, hysteresis effects

Table 1

The CB filled NR compound formulation

Formulation (phr)

Pure gum 100.0

Zinc oxide 15.0

Stearic acid 1.0

N-772 carbon black 20.0

N-330 carbon black 3.0

Sulphur #2.0

Plasticizers 5.0

Accelerators 1.5

Antioxidant 1.5

Table 2

The CB filled NR characteristics

Glass transition temperature (8C) Mean molecular weight M (g/mol) Density Hardness SHORE A Poisson’s ratio

, 2 70 75,000 1.12 48 0.49999
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are neglectible. Thus, from a theoretical standpoint, it is

convenient to consider these materials as perfectly elastic,

and to postulate the existence of a strain density of energy

function, by means of which one can characterize their

mechanical behaviour. It is supposed throughout that the

temperature remains constant during the loading. Further-

more, it is commonly assumed that rubber-like materials are

isotropic relative to the undistorted state. They are also

substantially incompressible, except under certain extreme

and severe conditions (e.g. submarine conditions can induce

a non-neglectible compressibility). So, both assumptions

played an important role in simplifying the associated

mathematical analysis.

Several strain density functions are used. On one hand,

some are written in function of the dilatation tensor

invariants. On the other hand, these invariants are replaced

by the extension ratios. We give a brief review of the

commonly used density functions in the second part of this

work [1].

In our case, assuming homogeneity, isotropy (at least at

the undistorted state) and incompressibility, the hyperelastic

constitutive law is derived from the Rivlin’s strain density

function. The expansion at the third order-deformation and

the retention of five parameters lead to the following

expression of the strain-stored-energy function:

WðI1; I2Þ ¼ c10ðI1 2 3Þ þ c01ðI2 2 3Þ

þ c11ðI1 2 3ÞðI2 2 3Þ þ c20ðI1 2 3Þ2 þ c30ðI1 2 3Þ3
ð1Þ

where I1 and I2 are the first and the second dilatation tensor

invariants, respectively, and cij the constitutive law par-

ameters, identified from a non-linear regression procedure.

The first and the second dilatation tensor invariants are

given by:

I1ðl1; l2Þ ¼ l2
1 þ l2

2 þ
1

ðl1l2Þ
2
;

I2ðl1; l2Þ ¼
1

l2
1

þ
1

l2
2

þ ðl1l2Þ
2

ð2Þ

where l1 and l2 denote the principal axial and transverse

stretch ratios, respectively. Recall that a principal stretch

ratio is defined as the ratio of the final length of the

specimen to the initial one in the direction of the

corresponding principal strain axis.

The second Piola–Kirchhoff stress tensor ~S; related to

the undeformed state of the body, can be computed by

differentiating the function W with respect to the dual right

Cauchy–Green dilatation components as:

Sij ¼ 2
›W

›Cij

ð3Þ

The constitutive law parameters cij are identified using a

non-linear regression algorithm, typically the Levenberg–

Marquardt–Fletcher [10] one. The details of the identifi-

cation procedure are described in the second part of this

work [1]. The experimental database includes UT and PS—

also called planar tension—tests on rectangular sheets for

the identification of the parameters. The principal stretches

l1 and l2 are experimentally measured thanks to an optical

extensometer. Furthermore, tensile tests have been per-

formed on double-edge notched sample for the constitutive

law validation. The different geometries are illustrated in

Fig. 1.

4. The digital speckle extensometry

We describe here the experimental technique, that is the

digital speckle extensometry. This method involves an

optical laser speckle extensometer. Being non-contact and

non-intrusive, optical methods are well-suited for non-

destructive testing and for damage evaluation. These

methods are widely used in several fields, such as solid

mechanics, fluid mechanics, biomechanics and civil

engineering.

The optical extensometer used here requires no prep-

aration of the sample. It provides a two-dimensional field of

in-plane displacements, with a high spatial resolution

(typically 10 mm/pixel (short for picture element)). In this

section, we present the extensometer’s principle, the

experimental setup, the digital image correlation technique,

especially the principal metric functions, and finally the

digital image processing, leading to the two-dimensional

displacement field components.

4.1. Principle of the optical extensometer

When an optically rough object is illuminated by a

coherent light such that from a laser, the surface acquires a

peculiar granular appearance. This phenomenon is the result

of multiple interference of light issued from different parts

of the surface. The spatial variation of the intensity of light

distribution is called the speckle effect. The distribution of

these irregular patterns, also called objective speckles, is

Fig. 1. Scheme of the geometry of the three tensile tests.
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random, and their size is only function of the surface

characteristics.

When an imaging system, say for example a charge

coupled device (CCD) camera, is used, diffraction as well as

interference give rise to speckle. This time, the size of the

speckle patterns—called subjective speckles—depends also

on the imaging system characteristics, especially the

detector aperture.

In both cases, for a given state of stress–strain of the

material, these speckles are considered as optical signature

patterns of the loaded object’s surface. Hence, they identify

the material response at a given state of the deformation.

Furthermore, following these virtual markers provides the

subsets kinematics, and thus the two-dimensional exper-

imental strain field. An illustration of such a procedure is

shown in Fig. 2. Nine digital markers set out on the sample

allow us to keep the trajectories of the corresponding

material zones in case of UT and PS tests, performed on

elastomer sheets.

4.2. The experimental setup

The experimental setup is shown in Fig. 3. The test

apparatus uses a 1 kN tension – compression servo-

hydraulics testing machine, with pneumatic clamps. An

Fig. 2. Kinematics measurements (a): UT test; (b): PS test (indexes given in

pixels, scale factor ¼ 13 mm/pixel).

Fig. 3. The whole experimental setup.

Fig. 4. A speckled DENT CB filled NR sample, and its corresponding

digital grey level distribution.
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Argon (Ar þ ) laser, emitting at the wavelength

l ¼ 514.5 nm, is the light source. An optical apparatus,

comprising diaphragms and lenses, insures the expansion

and the collimation of the laser beam, thus the maximum

spot size and power, and the most uniform light intensity

arriving on the sample. A display of a speckled sample and

its corresponding histogram is illustrated in Fig. 4.

High resolution images are recorded at successive states

of the deformation via a high resolution CCD camera

(KODAK MEGAPLUS 1.4, (1317 £ 1035) squared and

joined pixels), set in front of the specimen. The CCD

camera is fixed on a motor-driven-micro-displacement

stage. This allows the camera to follow the same region

under study while the lower clamps are moving. The lens

axis of the camera is kept perpendicular to the surface of the

sample. Its subsequent displacement during the mechanical

test, synchronized to the mid-specimen point displacement,

is also kept parallel to the clamps moving direction, by a

previous adjustment.

The images are digitized in 1024 pixels £ 1024 pixels.

Each pixel represents the intensity of light arriving on the

small area of the camera sensor. The value of each pixel is

typically an eight-bit number (i.e. ranges from 0 to 255)

with the lowest value corresponding to black, highest value

to white, and intermediate values to different shades of grey.

These images are stored on a PC hard disk.

4.3. The digital image correlation

A digital image is a two-dimensional signal, character-

ized by a light intensity distribution Imðx; yÞ; function of two

variables ðx; yÞ corresponding to the in-plane two-dimen-

sional coordinate system of the image. The determination of

the two-dimensional displacement components is based on a

digital image correlation. The image correlation or ‘map-

matching’ techniques are widely used to compare two

signals, in order to estimate their degree of similarity. Two

fundamental methods can be mentioned. The first one, also

called indirect correlation, is based on the Fourier transform,

and the fast Fourier transform (FFT) if possible (in case of a

2m digital set size). We used an alternative method, which

involves direct correlation algorithms.

Consider a characteristic pattern of the image located at

coordinates ðx; yÞ: Under loading, the given subset will

move to a new position, located at coordinates ðx þ ux; y þ

uyÞ; where ðux; uyÞ are the (unknown) in-plane displacement

components of the subset. The latter are deduced from a

correlation calculation, by comparing subsets of numbers

between two digital images.

We have to point out here that the digital subset must

obviously be statistically representative of the light intensity

distribution of the image. The number of pixels included in

the subset, and consequently its size is thus a pertinent

parameter, and is optimized following a procedure

described in Section 5. In what follows, the subset is of a

given size. Its spatial coordinates ðx; yÞ are those of its

geometrical centre. Furthermore, it is characterized by its

grey level vector Imðx; yÞ; which includes all the grey level

values of the pixels constituting the digital subset.

The essential step in digital subset correlation is to find

the position of ‘best fit’ between two similar but non-

identical subsets. The match point is found by system-

atically displacing one subset relative to the other and

computing, for each of the many possible displacements, the

value of a comparison function or ‘metric’ that ideally, has

an extremum (maximum or minimum) value at the match

point. The particular displacement that produces the

extremum becomes the subset displacement.

In practice, one has to achieve a correct match with the

maximum of likelihood, precisely because the two subsets

are not identical, owing to detector noise, real changes in the

granular appearance and several other causes.

Three commonly used correlation functions [11,12],

measuring the subset matching efficiency, are calculated

using:

(a) the normalized inner product (NPROD) metric, defined

by:

NPRODim1;im2 ¼
Im1·Im2

kIm1kkIm2k
ð4Þ

where Im1 and Im2 are the vectors corresponding to the

grey level distribution of the given subset in the first

and the second images, respectively, Im1·Im2 denotes

the inner product, and k k denotes the norm of a vector

defined by:

kIm1k ¼
ffiffiffiffiffiffiffiffiffiffi
Im1·Im1

p
; kIm2k ¼

ffiffiffiffiffiffiffiffiffiffi
Im2·Im2

p
ð5Þ

The extremal property of this function follows from the

familiar Cauchy – Schwartz inequality. Thus,

NPRODim1;im2
# 1 for all vectors Im1 – Im2; with

equality occurring only when Im1 ; Im2: This metric

is widely used by several authors [13–16].

(b) the difference squared (DS) metric, defined by:

DSim1;im2 ¼ kIm1 2 Im2k
2

ð6Þ

Thus, DSim1;im2
$ 0 for Im1 – Im2; with equality only

when Im1 ; Im2: One can mention the work by Sutton

et al. [17].

(c) the mean absolute difference (MAD) metric, given by:

MADim1;im2 ¼
X

lIm1 2 Im2l ð7Þ

where Im1 and Im2 denote the grey level distribution

vectors of the subset of interest for the pair of digital

images, and the sum extends over all components. As

with the DS, MADim1;im2
$ 0 for Im1 – Im2; with

equality only when Im1 ; Im2:

The work by Wessely [12] has shown that at low signal-

to-noise (S/N) ratios, the NPROD algorithm leads to higher
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probabilities of correct lock, but at high S/N, the MAD

algorithm is preferred.

In the present work, we have used the NPROD algorithm,

which is more noise resistant. In this case, our metric is

given by:

Fim1;im2ðux; uyÞ ¼

PP
Im1ðx; yÞIm2ðx þ ux; y þ uyÞffiffiffiffiffiffiffiffiffiffiffi

Im2
1ðx; yÞ

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Im2

2ðx þ ux; y þ uyÞ
q ð8Þ

where Im1ðx; yÞ denotes the grey level distribution vector of

the digital subset centred at coordinates ðx; yÞ of the first

image, and Im2ðx þ ux; y þ uyÞ is the grey level vector at

coordinates ðx þ ux; y þ uyÞ of the second image.

The values ðux; uyÞ that maximize Fim1;im2ðux; uyÞ are

then the local displacement values for the given subset. The

numerator of Eq. (8) is called intercorrelation function, and

each member of the denominator is called self-correlation

function for the corresponding image.

The subset matching efficiency is illustrated through a

correlation map. The latter is defined as the correlation

function values for the expected values ðux; uyÞ in a given

range. Fig. 5 gives an illustration of such a correlation map.

4.4. The digital image processing

We discuss here the processing of a set of digital images,

recorded during a mechanical test. This procedure can be

split up in two independent steps.

Recall that the CCD camera is kept in front of the sample,

and its displacement is synchronized to the mid-point sample

one. The CCD camera displacement value is precisely set to

the half of the lower clamps displacement value. Unfortu-

nately, a rigid body motion is superimposed to the

displacement field accompanying the deformation process.

We have then to extract these uniform displacement

components, in order to achieve far less computation time.

The digital image processing is based on a coarse–fine

search method, leading to a subpixel accuracy on the two-

dimensional displacement components. We describe here-

after the digital image processing for a pair of images

successively recorded during the mechanical test, this

procedure being applied to the whole set of images.

The first step of the digital image processing consists in

virtually meshing the reference image, that is the reference

configuration. The user has to specify the number of points

per each axial and transverse directions and the grid step

(GS), i.e. the distance (in pixels) between two points. Each

point PðxP; yPÞ of the virtual grid corresponds in fact to the

centre of the so-called pattern. This pattern is defined by its

size, denoted ‘CS’ for correlation size. It is the elementary

cell representative of the material particle we are tracking.

Typically, nine patterns are set on the surface of the

specimen. One has finally to specify the maximum

displacement value Vm for the axial and the transverse

directions. Moreover, these parameters are illustrated in Fig.

6. A first correlation calculation, performed on this

predefined mesh, gives access to the rigid body displace-

ment components. A subsequent reference change is

performed on the second image, relative to the first one, in

such a way that the displacement field computed at the next

step is the solely deformation-process-induced one.

The second step of the pair-of-images-processing con-

sists in evaluating the two-dimensional field of in-plane

displacements. Once again, the user has to specify the

correlation parameters (CS, GS and Vm) for a virtual mesh

corresponding to a given number of digital extensometers.

A correlation computation leads to the displacement

components within an accuracy of ^1 pixel. A fine search

method, based on a surfacic interpolation of the correlation

function values inside the vicinity of the correlation peak

(typically 3 pixels £ 3 pixels), gives access to a subpixel

accuracy, typically of 1
16

pixel [18].

The displacement components being computed for all the

material particles for the considered pair of images, we

proceed to the updating of the mesh, in order to determine

the two-dimensional displacement field between the next

two digital images. So, the two-dimensional displacement

field corresponding to the deformation process is incremen-

tally constructed.

Fig. 5. Determination of the local displacement components by maximizing

the correlation function.

Fig. 6. The correlation parameters.
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5. Optimization of the digital image processing

(experimental calibration)

This section is devoted to the optimization of the digital

image processing, with emphasis on the strain increment

between two images and the pattern CS. Remember that we

have to achieve very large strain levels (approximately

500% of nominal strain), and to record and stock the

minimum of images. To meet these requirements, we have

to impose a strain increment as large as possible. In practice,

we have encountered some limitations, due to speckle

decorrelation. Fig. 7a and b show typical correlation maps,

corresponding to a strain increment (between two images)

of 1 and 5%, respectively. One maximum peak of

correlation is detected in the first case, and no correlation

is possible for the second one.

This illustrates then the strong dependence between the

subset matching efficiency and the pattern rate of modifi-

cation under deformation. As mentioned before, the digital

subset size is a parameter of prime importance. We have

then to relate the CS to the experimental strain increment.

5.1. The experimental calibration test

We have performed a tensile test on a rectangular sheet

of CB filled NR. One hundred digital images have been

recorded (data acquisition frequency of one image per 20 s),

using a strain increment of 1% between two successive

images. A sample of 20 digital subsets has been considered,

with a CS ranging from 10 to 110 pixels. The metric

function is the NPROD one. Strain increments ranging from

1 to 5% have been examined.

5.2. The calibration principle: statistical analysis of the

correlation map

The experimental calibration is based on the analysis of

the correlation map. The optimization of the CS related to

the strain increment is achieved by considering sets of

images at different steps of the mechanical test (Fig. 8). The

experimental in-plane displacement components correspond

to a unique correlation peak, that is the maximum of the

metric function (denoted DFmoy). We have then to detect it

with the maximum of likelihood.

The enhancement of the correlation peak is achieved by a

mean-elimination process [19]. We have subtracted the

mean intensity of grey level of the digital subset to each

pixel of the pattern, before the correlation evaluation. The

elimination can be expressed as:

Im0ðx; yÞ ¼ Imðx; yÞ2
1

ðCSÞ2

XCS

i¼1

XCS

j¼1

Iðxi; yjÞ ð9Þ

The effect of the mean-subtraction on the correlation

evaluation is shown in Fig. 9. Notice that F refers to the

metric function before the mean-elimination, and DF

denotes the metric function after it. It is seen that the

correlation between the mean-eliminated images preserves

much more contrast between the matching position and all

the non-matching positions, because a quasi-zero-mean

background is achieved in computing NPROD.

The effect of different CSs on the correlation evaluation

Fig. 7. Typical correlation maps for a given strain increment (a): 1 and (b):

5%.

Fig. 8. The experimental calibration test.
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is also shown on the same figure. It is seen that the decrease

of CS results in the flattening of the matching peak, which

reduces the sensitivity or the accuracy of the measurement.

5.3. The calibration criteria

Two criteria have been used for the determination of the

optimal CS:

(a) for a given strain increment and at a given step of the

mechanical test, the optimal CS corresponds to solely

one matching peak. In practice, the first criterion

consists in counting all the peaks the height of which

exceeds 90% of the maximum matching peak height.

(b) this optimal CS must be valid for all mechanical test

step. In practice, three sets of digital images have been

considered at the beginning, the mid and the end of the

test, in order to take into account the evolution of the

experimental conditions, like the sample alignment,

the stabilization of the out-of-plane displacement, the

surface roughness evolution during the extension and

so on.

5.4. The calibration results

We have plotted the evolution of the maximum of the

metric function DFmoy (mean peak height value over the

sample of 20 correlation maps corresponding to the 20

digital subsets used for the calibration procedure) versus the

pattern CS in case of a strain increment of 3% (Fig. 10). One

can note that no coherent evolution is obtained for CS

ranging up to 40 pixels.

Nevertheless, we observe a stabilization of this evolution

from a CS of 40 pixels. This result is corroborated by the

number of matching peaks we have counted on the

correlation map (Fig. 11): there is solely one peak for a

CS of 40 pixels. Then, for a strain increment of 3%, the

optimal CS is 40 pixels.

Furthermore, one can mention the increase of the

matching efficiency (Fig. 12) (increase of DFmoy value)

during the evolution of the test, probably due to the

improvement of the sample alignment.

The same procedure has been used for strain increments

of 4 and 5%. The experimental results are summarized in

Table 3. Note that the optimal CS increases with the strain

increment. This observation is consistent with a sufficient

sampling of the signal, according to the rate of modification

of the grey level distribution of the digital pattern with the

strain increment.

Finally, Fig. 12 shows the decrease of the matching

efficiency with the strain increment between two images, for

all the mechanical test steps. Furthermore, a strain

Fig. 11. Evolution of the number of correlation peaks versus pattern

correlation size (strain increment ¼ 3%).

Fig. 10. Evolution of the matching peak height versus pattern correlation

size (strain increment ¼ 3%).
Fig. 9. The mean-elimination technique.
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increment of 5% can induce a decorrelation at the beginning

of the test. Some authors [11,19] refer to an upper limit of

strain of about 6%, corresponding to a speckle mismatching.

In practice, we have imposed a strain increment about 3–

4%. According to the calibration results, we have then opted

for a pattern CS of 50 pixels.

6. The stretch ratios measurements

The correlation calculations give access to the kin-

ematics of each digital pattern of the foregoing defined

virtual mesh. One has then to form the gauge base, and thus

the two-dimensional digital extensometer. This is per-

formed by selecting a given number of digital patterns

surrounding the subset of interest (Fig. 13). Note that we

will subsequently (mis)use the term ‘point’ to refer to the

centre of the digital pattern. Thus, the gauge’s length, Lg is

then function of the number of points surrounding the

considered pattern, the GS between these points, and the CS

of the patterns.

The determination of the principal stretch ratios is based

on a local least-squares approximation of the displacement

field. This is achieved by a linear fit of the displacement

field gradient, provided the strain increment is small

enough. Analytical expressions are then established for

each component of the displacement vector. These

expressions are given by:

uxcum ¼ axx þ bxy þ cx; uycum ¼ ayx þ byy þ cy ð10Þ

where ðax; bx; cxÞ and ðay; by; cyÞ are determined from a least-

squares-fit procedure. One can then evaluate, by a spatial

differentiation, the right Cauchy–Green dilatation tensor

components, and thus the in-plane principal stretch ratios.

7. Numerical calibration of the principal stretch ratios

measurements

Taking into account this method of spatial-differen-

tiation-stretch-ratio-evaluation, and given the accuracy on

the incremental in-plane displacement components ð^ 1
16

�

pixelÞ; a subsequent numerical calibration establishes then

the accuracy on the principal stretch ratios, for tensile and

PS loading conditions.

Recall that the digital image processing leads to an

incremental displacement field. One has then to sum the

displacement components to achieve the total extension

(axial stretch ratio up to 5). The modelling of the cumulative

error on the principal stretch ratios is obtained throughout

two successive steps:

(a) the first one consists in evaluating the cumulative error

on the summed displacement components over a given

number of steps. This is achieved by generating a

random summation of ^ 1
16

pixel; over a given number

of steps, and for each point of a virtual mesh.

The strain increment ranges from 3 to 5%, which

allows us to reach a final extension of 500% of nominal

strain. We evaluate then the standard deviation, and

thus set the error as three times the standard deviation

value. A least-squares fit of the evolution of this

cumulative error versus the number of steps leads to the

following expression:

errorðnÞ ¼ 0:137
ffiffi
n

p
ð11Þ

where ‘n’ denotes the actual step. The result is

illustrated in Fig. 14.

(b) the second step consists in modelling the cumulative

Fig. 13. Definition of the two-dimensional digital extensometer (CS:

correlation size; GS: grid step).

Table 3

The experimental strain increment and its corresponding optimal

correlation size

Strain increment (%) CS (first criterion) CS (second criterion)

3 40 40

4 55 55

5 / 55

Fig. 12. Evolution of the matching efficiency with an increasing strain

increment (CS ¼ 50 pixels).
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error on the principal stretch ratios, using the spatial-

differentiation method. We have implemented a

method based on a statistical perturbation of the

analytical displacement fields, issued from the simu-

lation of UT and PS tests, and taking into account the

isotropy and the incompressibility of the material.

In practice, for a given step n of a mechanical test (UT or

PS), the statistically perturbed-analytical-displacement

components are expressed as:

uxcumðnÞ ¼ x0ðl2ðnÞ2 1Þ^ errorðnÞ

uycumðnÞ ¼ y0ðl1ðnÞ2 1Þ^ errorðnÞ

(
ð12Þ

where ðx0; y0Þ denote the initial coordinates of a given point

of the virtual mesh with respect to the reference coordinate

system, n is the actual step, and (l1, l2) are the principal

axial and transverse stretch ratios, respectively.

The boundary conditions corresponding to the mechan-

ical tests we have simulated are illustrated in Fig. 15a and b.

The evolution of the relative error on axial and transverse

stretch ratios in tensile conditions is illustrated in Fig. 16,

for a strain increment of 3%. One can note the increase of

the relative error on the transverse elongation, because of

the decrease of the transversal gauge length. As for the axial

direction, the experimental stretch ratio is determined with

an increasing accuracy, the corresponding gauge length

increasing this time.

The same method has been used for the simulation of a

PS test. The corresponding relative errors have been

computed with a strain increment of 1%. The results are

illustrated in Fig. 17.

Thus, this step of the data processing allows us to

validate the experimental mechanical tests. In case of UT

Fig. 14. Evolution of the cumulative error on the displacement components.

Fig. 15. Kinematics in tensile (a) and pure shear (b) loading conditions.

Fig. 16. Evolution of the relative error on the axial and transverse stretch

ratios in tensile loading conditions (strain increment ¼ 3%).

Fig. 17. Evolution of the relative error on the axial and transverse stretch

ratios in pure shear loading conditions (strain increment ¼ 1%).
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test, we have selected the experimental data issued from

tests the shear strain component of which does not exceed

12% (Fig. 18). As for the PS test, the validation of the

loading conditions relies on the so-called ‘pure-shear-

criterion’ (Fig. 19), which allows the transverse stretch

ratio to deviate from a unit value with a 2.5% accuracy.

8. The CB filled NR mechanical behaviour

The experimental results displayed here concern the

mechanical behaviour of non-preconditioned CB filled

NR. Effectively, as mentioned in the second part of this

work, rubber-like materials generally exhibit a stress-

softening effect, also called Mullins’ effect. This

phenomenon depends on the level of stress or strain

previously seen by the material. The damage-caused-

stress-softening is then increasing with this level. The

identification of a unique constitutive law for the CB

filled NR material, and an elastomer in general, must

then take into account this phenomenon. Experimental

data illustrating the stress-softening effect and its

modelling are described in Part II [1].

8.1. Uniaxial traction tests on non-preconditioned CB filled

NR

UT tests have been performed on rectangular sheets of

CB Filled NR. We have considered a virtual mesh of 81

points, in such a manner that nine extensometers have been

set out on the sample. The tensile tests have been performed

at a constant strain rate of 0.0017 s21. Both axial and

transverse stretch ratios have been measured. The selection

of the reliable experimental data has been performed

according to the validation criteria established in Section 7.

Fig. 20 shows the mechanical responses of the non-

preconditioned material in case of tensile loading conditions

(the nominal stress is defined as the experimental load

related to the initial section of the sample). In addition to

their non-similarity, the experimental curves issued from the

clamps displacements overestimate the effective extension

level (up to 30% of spread). Conversely, the experimental

data issued from digital speckle measurements (each plotted

curve corresponds in fact to the mean measurement of the

nine digital extensometers acquisition) show a good

reproductibility. Furthermore, one can note the overlapping

of some speckle measurement values, due to the sliding of

the sample between the clamps. The digital extensometers

have detected no additional extension, while the data

Fig. 18. Evaluation of the admissible shear strain component in uniaxial

traction loading conditions (strain increment ¼ 3%).

Fig. 19. Validation of a pure shear experimental data using the pure shear

criterion.

Fig. 20. Comparison between digital speckle extensometers and clamps

measurements (uniaxial traction loading conditions—CB filled NR).
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corresponding to the clamps displacements shows a

continuous evolution. These results illustrate then the

suitability of the digital extensometry in case of large

strains measurements.

Figs. 21 and 22 illustrate the evolution of the nominal

stress in terms of the axial and the transverse stretch ratios,

respectively. One can note the non-linear behaviour, and the

stretch-induced-reinforcement of the material at high strain

levels. Both the experimental axial and transverse stretch

ratios have been used to determine the constitutive law

parameters, using a non-linear regression algorithm we have

implemented (see Part II).

Finally, thanks to the two-dimensional in-plane data

measurement, one can check and validate the incompres-

sibility hypothesis generally assumed for such material: Fig.

23 shows the evolution of the transverse stretch ratio versus

the axial one. This curve is well fitted with an inverse-

square-root function, assuming an isotropic behaviour

through the cross-section of the sample.

8.2. Pure shear tests on non-preconditioned CB filled NR

PS tests have been performed on rectangular sheets cut

from the same CB filled NR. As previously indicated in the

case of UT tests, we considered a virtual mesh of 81 points,

and thus nine extensometers. These PS tests have been

performed at a constant strain rate of 0.0024 s21. Both axial

and transverse stretch ratios have been measured. The

selection of the reliable experimental data has also been

performed according to the validation criteria established in

Section 7.

Fig. 24 shows the mechanical responses of the non-

preconditioned CB filled NR in case of PS loading

Fig. 21. Tensile response of the non-preconditioned CB filled NR (in terms

of the axial stretch ratio).

Fig. 22. Tensile response of the non-preconditioned CB filled NR (in terms

of the transverse stretch ratio).

Fig. 23. Tensile response of the non-preconditioned CB filled NR: checking

of the incompressibility hypothesis (assuming isotropic behaviour through

the sample cross-section).

Fig. 24. Comparison between digital speckle extensometers and clamps

measurements (pure shear loading conditions—CB filled NR).
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conditions. In addition to their non-similarity, the exper-

imental curves issued from the clamps displacements

overestimate the effective extension level. Conversely, the

experimental data issued from digital speckle measurements

show a good reproductibility.

Figs. 25 and 26 illustrate the evolution of the nominal

stress in terms of the axial and the transverse stretch ratios,

respectively. As for the UT results, we have used both axial

and transverse stretch ratios for the identification of the

constitutive equation parameters.

8.3. Tensile tests on double-edge notched tensile specimen

of non-preconditioned CB filled NR

Tensile tests have been performed on double-edge

notched tensile (DENT) specimen of the non-precondi-

tioned CB filled NR. These tests have been performed using

a strain rate of 0.0009 s21. We have also imposed a strain

increment of 1.5%, seeking for a compromise between the

correlation reliability and the local-gradient-strain-measure-

ment sensitivity, especially close to the notches. In practice,

local strain measurements have been carried out by setting

digital subsets between the notches. Figs. 27 and 28 show

the evolution of the axial ðLyyÞ and the transverse ðLxxÞ

Lagrangian strain profiles along the half-width of a DENT

sample, at a given nominal stress. The pattern CS has been

selected according to the calibration results of Section 5.

This application illustrates then an interesting feature of

the digital extensometry, that is the local strain measure-

ment. Furthermore, the local strain profiles have been

compared to the numerical ones issued from a finite element

Fig. 25. Pure shear response of the non-preconditioned CB filled NR (in

terms of the axial stretch ratio).

Fig. 26. Pure shear response of the non-preconditioned CB filled NR (in

terms of the transverse stretch ratio).

Fig. 27. Local strain measurements along the half-width of a CB filled NR

double-edge notched tensile (DENT) specimen: evolution of the axial

Lagrangian strain profile ðLyyÞ:

Fig. 28. Local strain measurements along the half-width of a CB filled NR

double-edge notched tensile (DENT) specimen: evolution of the transverse

Lagrangian strain profile ðLxxÞ:
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computation, for the validation of the identified constitutive

law [2].

9. Conclusion and discussion

We have established a methodology for the large strain

mechanical behaviour characterization of rubber-like

materials, using a non-contact and non-intrusive digital

speckle laser extensometry.

This experimental technique is based on digital images

correlation. The correlation parameters have been optimized

following an experimental calibration. The two-dimensional

in-plane displacement components have been computed

using a coarse–fine search method, leading to a subpixel

accuracy.

The two-dimensional dilatation field has been evaluated

by a spatial-differentiation-local-gradient-displacement-

field approximation. We have established the accuracy on

the principal stretch ratios measured in tensile and PS

loading conditions, using a statistical perturbation of the

analytical displacement fields. This numerical calibration

allowed us to set criteria for the validation and the selection

of the two-dimensional experimental data, used for the

identification of the constitutive equation parameters. We

have also carried out local strain measurements, for the

validation of the constitutive equation.
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