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A review of the challenges and limitations of full-field
measurements applied to large heterogeneous defor-
mations of rubbers
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Summary. This paper presents an overview of the use of full-field measurement techniques,
more precisely Digital Image Correlation (DIC) and coupled DIC and Infrared Thermography
(IRT), for the material and structure characterization of rubber reported in the literature. Even
though such techniques have increasingly been applied for approximately thirty years for mod-
erate deformations in metal and composite materials, they are still under-employed in the mea-
surement of full kinematic and thermal fields in the case of large deformations undergone by
rubber materials. To date, the applications addressed are crack propagation at both macro and
microscopic scales, model validation and constitutive parameter identification.
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1. Introduction

Experimental mechanics applied to the field of rubber dates from the nineteenth century. The most
cited works in the literature are those of Gough [1] and Joule [2], which dealt with the increase
in temperature of rubber when stretched. At the end of the nineteenth century, mechanical
tests were carried out to measure the change in volume of stretched rubber. The first record
of this phenomenon dates back as far as the end of the nineteenth century in the works of
Joule [3]. The author observed that the specific gravity of natural rubber decreased when it
was stretched. But rubber mechanics really dates from the beginning of the twentieth century,
with a number of discoveries made at that time, such as the fact that a decrease in rubber
stiffness is observed during the first mechanical cycles [4]. Later, this phenomenon was stud-
ied more precisely by Holt [5] and Mullins [6] and was finally referred to as ”the Mullins effect”
(the reader can refer to Ref.[7] for further information on this effect). Then, while studying
the nature of the stress-strain relationship for rubber containing different pigments in varying
quantities, Schippel considered that possibly, when the rubber was sufficiently stretched, it
might pull away from the particles of pigment along their axes of stress and cause vacua to
be formed on either side of each particle, and a considerable increase in rubber body volume
might therefore be observed [8]. Since the 1940s, the ability of rubber to resist fatigue loading
has been investigated. Cadwell [9] and Beatty [10] were the pioneers in this field. Their work
characterized the behavior under fatigue loading of rubber samples, and highlighted the bene-
ficial effect of stress-induced crystallization on life expectancy. The period between the 1950s
and the 1980s was largely devoted to the development of theoretical works, and major results
were obtained, including for instance the theory of rubber elasticity [11], the consequence of
the stress-induced crystallization on the behavior of rubber [12], and the definition of tearing
energy as the large strain counterpart of the elastic energy release rate [13].

The 1980s saw the appearance of numerical methods such as the Finite Element Method [14]
which allows mechanical engineers to predict local quantities, for example in the crack tip zone.
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Even if predictions using such methods can easily be compared to experimental data in the
case of small deformations, in order to improve modeling, this was not possible in the case
of large heterogeneous deformations. Indeed, due to the high deformability of rubber, the
measurement of full mechanical fields such as the displacement field was not possible using
classical experimental methods, typically gauges or a series of pyrometers. For this reason,
the experimental measurement of local mechanical quantities was not really envisageable until
the 1980s. By then, the improvements in image processing using numerical tools had enabled
non-contact measurement techniques to become more and more popular in the experimental
mechanics community. Currently, even though such optical measurement methods are com-
monly used to measure full fields at the surface of materials, they remain under-employed for
the experimental mechanics of rubber. This is mainly explained by the fact that the large de-
formations undergone by such materials involve the development of specific methodologies for
full field measurements. This topic has recently been addressed in the literature and it is now
possible to characterize the mechanical response of rubber using DIC techniques. In the case
of rubber material, these techniques have four main advantages:

• the measurement is performed without any contact with the material and therefore it does not
disturb the local displacement measurements;

• the full kinematic field is measured. Thus, heterogeneities such as cracks are characterized in
terms of heterogeneities in the kinematic field. The technique is therefore well-adapted to the
identification of mechanical properties from tests inducing heterogeneities in the deformation
field;

• a direct link can be established between the physical phenomena studied (their effect on the
kinematic field) and continuum mechanics;

• coupling full kinematic and thermal measurements leads to quantitative calorimetry and there-
fore to a tool for thermomechanical model validation and for studying the nature of various
dissipative mechanisms.

A number of techniques are used to measure the full kinematic field. The nature of the measurements
can be displacement or strain. Techniques used to measure displacement are numerous [15]:
for instance, speckle [16]; speckle interferometry [17]; geometric moiré [18]; moiré interfer-
ometry [19]; holographic interferometry [20]; image correlation [21]; or the grid method [22].
Strain can be obtained by the numerical differentiation of the above displacement fields with
suitable algorithms [23] or directly, for instance with shearography [24, 25], speckle shearing
photography [26] or by moiré fringe shifting [27]. Further information is given in Ref. [28].

In the case of rubber materials, techniques used have to conjugate many advantages: the mea-
sure of very large strains, the measure at very different scales, some facilities for the surface
preparation and the possibility to use simultaneously an IR camera. Even if DIC technique is
not well suitable to produce measurement for highly heterogeneous deformation due to a non-
punctual measurement, it is the only technique that offers such a trade-off. This explains why
the DIC technique seems to be the most suitable for characterizing the large and heteroge-
neous deformation of rubber. DIC has proved over the last twenty years to be a very valuable
tool for full-field displacement measurements. Even though DIC is classically used for moder-
ate deformations of materials, typically inferior to approximately ten percent, this paper will try
to demonstrate that the DIC technique is also well-adapted to rubber characterization and is
still under-employed for characterizing and identifying rubber properties. The pioneering works
in this field were those of Septanika et al. concerning the formalism of DIC in large deforma-
tions [29], Laraba-Abbes et al., applying DIC to the case of large homogeneous deformations
[30], and Chevalier et al., who applied DIC to the case of large heterogeneous deformations
[31]. Concerning the measurement of heterogeneous temperature fields, this is classically car-
ried out using infrared cameras [32, 33, 34]. The features of this technique are not recalled
here.
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The present paper reviews studies of the mechanical and thermomechanical characterizations
of rubber using the DIC technique, infrared thermography and DIC coupled with infrared ther-
mography in the case of large heterogeneous deformation fields. First, mention is made of the
special attention that must be paid on technical aspects for DIC and IR thermography. Second,
applications dealing with crack growth in rubbers are reported at both microscopic and micro-
scopic scales. Third, applications dealing with quantitative calorimetry applied to large and
heterogeneous deformations of rubber are presented. Finally, full field measurements during
heterogeneous tests offer novel perspectives in terms of model validation and characterization
of dissipative mechanisms that are discussed in the last section of the paper. Challenges and
limitations are given for each application reported.

2. DIC and IR thermography applied to rubber

2.1. Technical aspects for application of DIC to rubber: surface preparation and error
evaluation

The DIC technique requires sufficient black and white contrast to make the correlation between grey
levels that are classically obtained by a speckle on the sample surface. Generally, it does not
matter how the speckles are formed, which means that incoherent light can be used. For small
deformations, the speckles are classically obtained by spraying a painting, white if the initial
surface color is black or inversely, the both colors successively if the initial surface does not pro-
vide enough contrast with only one painting. These techniques are not really suitable for large
deformations undergone by rubbers. Typically, these techniques lead to a lack of correlation
at large strains due to delamination between sprayed particles and rubber. To overcome this
problem, several solutions are used to obtain a speckle with particles which are well distributed
at the microscopic scale and consequently to obtain an optimized histogram in terms of greys
levels. Several microscopic particles can be tested [35]: for instance silica, clay, chalk, talcum
powder, painting, but the main challenge is the choice of the method to deposite the particles:
spraying, sprinkling, brushing, etc. Each of these solutions has to be checked with respect to
the fact that DIC measurement errors strongly depend on the random speckle on the sample
surface and on the fact that the good distribution of grey levels remains totally unchanged be-
tween two deformation states. It should be noted that an alternative method is reported in the
literature for transparent silicone rubbers. It consists in generating speckle inside the rubber,
on a plane between two rubber layers using the method developed in Ref. [36]. If no parti-
cles can be sprayed or deposited on the sample surface, typically when observing the interior
view of a crack that opens and closes, DIC can nevertheless be performed using the natural
speckle and the lighting is the main adjustment parameter to improve grey level distribution
and to reduce correlation errors. Consequently, significant preparation time is required.

DIC error assessment is usually performed in the case of homogeneous mechanical transforma-
tions, namely rigid body translations, planar rotations, or out-of-plane rigid body motions, that
result in apparent essentially affine transformations of the 2D image [37, 38, 39, 40, 41, 42].
Some authors use synthetic images that mimic real patterns to compute displacements in the
Fourier [41] or space [38, 39, 38, 43] domains or record a speckle image of an actual ex-
periment and apply artificially imposed displacements [40, 42]. For instance, in Ref. [42], the
mean of the standard displacement uncertainties is founded to decrease as the subset size in-
creases with a power law variation, showing that the displacement uncertainty and the spatial
resolution are always the result of a compromise. For further information, the reader can refer
to Ref. [44].

In the case of very large displacements of material points, the reference picture is generally up-
dated and the measurement uncertainty will increase from analysis to analysis. This effect
may induce too low signal to noise ratios. Conversely, if the pictures are not updated, the cor-
relation will eventually fail and no results at all can be used. Therefore, the higher the picture
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increment, the lower the measurement uncertainty, provided the correlation results are trust-
worthy. This trade-off should be evaluated by assessing the performance of the DIC code. Due
to the significant (artificial or natural) speckle variation, the value of the standard uncertainty
level can significantly vary at each reference picture updating. For this purpose, the methods
described previously could be applied. An alternative method consists in calculating the a pri-
ori performance of the correlation code [40]. The central part of the Region of Interest (ROI) is
artificially moved by a displacement of 0.5 pixel in both directions by using the shift/modulation
property associated with Fourier transforms. This leads to the maximum standard uncertainty
level for a given interrogation window size. Since an updating procedure is used to evaluate
large strain levels [45], this value is representative of each incremental measurement. This
method was used in Ref. [60]. As an example, the standard displacement uncertainty was
found to be equal to 0.035 pixel for an interrogation window size equal to 16 pixels.

2.2. Technical aspects on the surface preparation for IR thermography
Temperature measurement based on IR thermography is classically performed with a sample sur-

face whose emissivity is close to 1. This level of emissivity is ensured by spraying a mat black
painting on the sample surface. This preparation allows the emissivity to be at least superior
to 0.93 [46, 47, 48, 49]. An alternative technique can be founded in Ref. [50]. It consists in
depositing carbon nanoparticles by means of candle combustion. However for large deforma-
tions, either these techniques lead to a significant change in the surface emissivity at large
deformations due to delamination between sprayed particles and rubber, or the coating is not
chemically compatible with the rubber matrix, or the deposition technique is not suitable. For
this reason, the full thermal field measurement is usually performed with carbon black filled
rubbers which surface emissivity is close to 1. Nevertherless, the fact that the emissivity does
not change with the strain level has to be checked for each type of filled rubber tested.

Surface preparation becomes more complicated when coupled full kinematic and thermal field
measurement is envisaged on the same surface. Indeed, a satisfactory grey level distribution is
needed for DIC while ensuring a surface emissivity close to 1. Thus, new coatings have been
developed for this purpose: talcum powder combined with titanium, zinc, iron and chrome
oxides, and dissolved in ethanol [51]; white painting spread on a surface beforehand painted
in mat black color [52]. This type of surface preparation, which is mainly carried out on metallic
materials, is not suitable for rubbers and new measurement techniques have to be considered.
They are precisely detailed in section 4.1.2.

3. Crack propagation

3.1. DIC at the macroscopic scale
The hallmark of full field measurements is to detect and characterize heterogeneity in the mechan-

ical fields. For this reason, it is very suitable for providing information of importance on crack
occurrence and growth in materials. Even though this kind of application is commonly ad-
dressed in the case of small deformations, the literature is very meager concerning full field
measurements of large heterogeneous deformations undergone by rubbers. Such studies pro-
vide measurements of the kinematic field at the crack tip. Classically, results are discussed ac-
cording to the evolution of the major strain with the distance to the crack tip [53, 54, 55]. Some
of them account for the effect of the initial crack length [56] and that of the crack tip radius
[57, 58]. To the knowledge of the author, only that reported in Ref. [59] investigate the effect
of temperature on the kinematic field at the crack tip in order to link it to the evolution of the
microstructure. The authors use full field measurements to characterize the effect of changes
in the microstructure on the kinematic field at the crack tip. The high strain level encountered
at the crack tip of crystallizable rubbers ensures that the material is partially crystallized. As
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the increase in temperature tends to melt the crystallites, it is interesting to characterize the
effect of crystallite melting on the kinematic field. For this purpose, the authors use a rubber
sheet, notched at its centre using a razor blade. When it is stretched, the crack opens and its
shape becomes circular. A heat source is then applied to the crack lip via a heated metallic
cylinder. Figure 1 gives information on the experiment and the results obtained with respect to
the deformed sample geometry. This figure highlights that the local stretch ratio at the crack tip
exceeds 1.64, i.e. the stretch ratio at which crystallization begins. Contrarily, the stretch ratio
obtained on either side of the crack tip is close to 1, and highlights the fact that these zones are
relaxed. Moreover, the authors highlight the contribution of both internal energy and entropy
variations to the changes in the kinematic field.

The optimization of both lighting uniformity and speckle allows the kinematic field in the final de-
formed state to be obtained directly by correlating the gray levels between the undeformed and
the final deformed states. This last remark is a key point of the measurement, because the
reduction in the number of iterative steps avoids (in this study) or at least limits error accumu-
lation - as discussed in Ref. [60] - resulting from several correlations between the undeformed
and the final deformed states. This highlights that the software used, and more particularly
the algorithm used, play a preponderant role on the quality of the final result. In this work, the
resolution reached is 0.03 pixel, corresponding to 1.02 µm, and the spatial resolution attained
(defined as the smallest distance between two independent points) is 10 pixels, corresponding
to 341 µm. The software used for the correlation process is SeptD [61].

Given that large deformations are generated at the crack tip and that the scene size is large, the
camera has to be located far from the sample surface in order to measure the displacement of
the points located around the crack. Consequently, this leads to an increase in the resolution,
but a decrease in the spatial resolution. A tradeoff has therefore to be found to characterize
accurately the high deformation gradient in the crack tip zone. It should be noted, finally, that
for high deformation levels at the crack tip, most rubbers exhibit out-of-plane displacements
that should be taken into account in the correlation process, for instance using profilometry
[35], or using 3D DIC [62, 63].

The DIC technique at the macroscopic scale offers various perspectives in terms of the validation
of propagation laws and the prediction of kinematic fields at the crack tips. For instance, it pro-
vides interesting information on the distribution of the loading cases encountered in the crack
tip vicinity. Their mapping during crack propagation could improve the understanding of crack
growth mechanisms. Another perspective in this field is the use of the Extended Finite Ele-
ment Method (XFEM), firstly developed in the framework of finite element simulation [64] and
recently applied to DIC measurement to account for discontinuities [65]. The method is based
on a decomposition of the displacement field onto a regular finite element basis supported by
a uniform mesh, enriched with suitable functions to describe accurately discontinuities.

3.2. Infrared thermography at the macroscopic scale
Similarly to the DIC technique, infrared thermography brings data of importance on heterogeneity

in the kinematic field at the crack tip. Thus, studies mainly consist of mapping the full tem-
perature field at the crack tip and discussing on the temperature gradient [55]. Mapping is
obtained at a given loading and the evolution of the temperature is never given for a particular
point during the test. This is explained by the large displacement of the points on the observed
surface. However, it allows us to identify regions within the sample that are undergoing accel-
erated damage under fatigue [66]. In this case, infrared thermography is a suitable technique
that enriches the analysis of crack propagation direction in a non-uniform stress field and as
a function of both the angle of the initial cuts and the initiation of crack branching and catas-
trophic failure. Figure 2 gives an illustration of this kind of measurement. It should be noted
that the thermal images are generally obtained with a pixel calibration procedure provided by
the camera manufacturers and called the Non Uniformity Correction (NUC). Such calibration
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procedure considers the detector response to be linear with the radiation flux and the measure
of defective detectors (pixels) is replaced by that of detectors in their vicinity, which could be a
problem in high thermal gradient zones. For these reasons, alternative procedures have been
recently developed to account for a particular calibration law at each detector and to exclude
the defective pixel from the thermal image [67, 51].

3.3. DIC at the microscopic scale
DIC at smaller scales is difficult, because of the large displacement of the points at the surface

observed. Even if DIC at the microscopic and nanoscopic scales was recently performed at
the surface and in internal planes of stretched rubbers [68, 69], the displacements measured
in these studies were low. At the nanoscale, for instance, the displacement applied to stretch
the specimen was inferior to 100 nm and the scene size was approximately 50× 50 µm. At the
microscopic scale, the size of the scene was approximately 500×400 µm. Moreover, a speckle
was applied to the surface observed. At the both scales, the displacement of the points of the
considered plane was very low and significantly smaller than that at crack tips.

The study of crack growth mechanisms requires the capacity to measure, at the microscopic
scale, large displacements of the points on the observed surface. Moreover, the fact that during
such experiments the crack can be cyclically closed excludes the use of a speckle sprayed
on the surface. This is why, to our knowledge, only one study addresses such a topic in the
literature [70]. In this study, the authors used a long-distance microscope to observe the interior
of the crack. The size of the scene was approximately 2.7× 2 mm and the authors measured
the displacement of each zone during the stretching of the specimen. Thus, the observation of
crack propagation was enriched by the measurement of the relative displacement of the crack
interior zones, as shown in Figure 3. The diagram in this figure gives the variation in the relative
strain at different points of the crack tip during stretching. The term relative is used to define
a quantity that is calculated from an intermediary strain state, and not from the undeformed
state. It is indeed impossible to use the undeformed state as the reference state because no
measurement can be performed at the closed crack tip.

The observations performed showed that from a highly stretched level, the crystallized crack tip
does not deform any more (see relative strain at point B in the diagram) and resists crack
growth. Coupled with further experiments, the authors identified the mechanism of fatigue
crack growth in carbon black-filled natural rubber submitted to severe loading conditions. Per-
spectives for such measurements are various; one is addressed in the present paper, and
deals with the fracture of carbon black agglomerates located in the crack path. Figure 4(a)
shows a carbon black agglomerate which has failed at the fracture surface. The fracture sur-
face of the agglomerate is parallel to that of the sample. Both are perpendicular to the cyclic
loading direction. The question here is to define precisely how they fail, i.e. does the crack
propagate through them or do they fail just before, due to stress concentration in the crack
tip zone? To address this question, full kinematic field measurements can be performed on
the crack tip interior using a CCD camera equipped with a long-distance microscope. Here,
the natural speckle of the surface is used. After optimizing the lighting, the resolution and the
spatial resolution reach 0.03 pixel, corresponding to 0.06 µm and 16 pixels, corresponding to
31 µm, respectively. It should be noted that the spatial resolution attained corresponds to at
least one tenth of the average size of agglomerates (for example between 300 and 500 µm
for N326 carbon blacks). This means that the displacement of the points in the vicinity of
the agglomerate is precisely measured. The software used for the correlation process was
CorreliLMT[45]. During symmetrical stretching, the crack opens and propagates by generating
surface from a tear-like line. Figure 4(b) presents the observed scene, corresponding to the
stretched crack tip once the crack has propagated through the filler agglomerate. Figure 4(d)
gives the full kinematic field (displacement in the loading direction in pixels) just before the ag-
glomerate is revealed. The current image used for the correlation is given in Figure 4(c). The
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reference image is that corresponding to the stretched crack tip just before detecting any strong
heterogeneity in the agglomerate zone. As shown by this measurement, strong heterogeneity
in the displacement field in the stretching direction is observed on both sides of a tear-like line.
This is explained by the failure of the agglomerate due to the increase in stress concentration in
this zone. This is therefore the evidence that in the present case, the agglomerate fails before
the crack propagates through it.

As a summary, full field measurement techniques, and more particularly DIC, provide data of
importance to improve the understanding and the modeling of crack growth in rubbers. At the
macroscopic scale, they enable models to be validated by comparing measured and predicted
heterogeneous fields. However, the fact that the measurement uncertainty increases from
analysis to analysis (at each reference image updating) could be a limitation of DIC for large
deformations of rubber, especially for the determination of the strain concentration at the crack
tip. At the microscopic scale, full field measurements enable the estimation of the relative strain
of the zones that compose the crack tip. Thus, they enable physical mechanisms involved
during crack growth to be identified. At this scale, the fact that the Zone of Interest (ZOI) is not
perfectly plane and that out of plane displacements are generated during deformation, leads to
a significant misestimation of the kinematic field. This is the reason why DIC at the microscopic
scale in rubber remains rather in the range of physical and phenomenological description and
is not used quantitatively for identification steps.

4. Coupling kinematic and thermal measurements: towards quantitative calorime-
try for large heterogeneous deformations in rubbers

To date, infrared thermography has proved to be a relevant technique for studying engineering ma-
terials such as steel, aluminium and composites. Various studies previously carried out by
Chrysochoos and coworkers have shown that heat sources produced by the material itself are
more relevant than temperatures when analyzing various phenomena such as Luder’s bands
[71], fatigue [72] or strain localization [39]. A review of this research area is given in Ref.
[73]. The main reason is that the temperature field is influenced by conduction as well as
heat exchanges with ambient air and grips, unlike local heat sources. The calculation of the
latter requires tools dedicated to processing temperature maps provided by infrared cameras.
Such tools have been developed in the case of small deformations, i.e. when current and ini-
tial configurations are not distinguishable, or in the case of large homogeneous deformations,
and are no longer suitable for large heterogeneous deformations for which the infrared camera
measures the temperature of points that move past each detector. It is therefore necessary to
track each point during its large displacement in order to obtain the evolution of the tempera-
ture at each corresponding point. It seems that this issue has only seldom been addressed in
the literature for rubbery materials. In Ref. [74] for instance, the authors propose two motion
compensation techniques to account for this effect, but it seems that the strain amplitude is
not significant, since only thermoelastic effects are studied, while calculations are carried out
within the framework of large deformations. Nevertheless, studies carried out on steels and
NiTi alloys have addressed the spatial synchronization of kinematic and thermal fields [52, 75].
The methods developed in such studies could easily be applied to large heterogeneous defor-
mations of rubber.

In this section, the theoretical framework is briefly recalled before presenting the methodology
used for calculating heat sources in the case of large heterogeneous deformations.

4.1. Theoretical background
The processing of the experimental 2D temperature map requires the use of successive hypotheses

to write a bidimensional interpretation of the heat diffusion equation. First of all, in a thermo-
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mechanical framework [76], the local state axiom is assumed [77]. Any thermodynamic system
out of equilibrium is considered as the sum of several homogeneous subsystems at equilib-
rium. The thermodynamic process is considered as a quasi-static phenomenon. The state of
any material volume element is defined by N state variables: temperature T , a strain tensor
denoted E and internal variables V1, V2, . . . , VN−2 such as plastic strain or volume fractions of
some phases. The specific free energy potential is denoted Ψ(T,E, Vk). Considering the first
and second principles of thermodynamics and assuming that Fourier’s law is used to model
heat conduction, the heat diffusion equation can be written as follows:

ρ CE,Vk Ṫ − div (K grad T ) − r = d1 + ρT
∂2Ψ

∂T∂E
Ė + ρT

∂2Ψ

∂T∂Vk
V̇k︸ ︷︷ ︸

s

(1)

where ρ is the density, CE,Vk is the specific heat at constant E and Vk, K is the thermal
conductivity tensor and r is the external heat source. The right-hand side of equation (1)
represents the heat sources s produced by the material itself. It can be divided into two terms
that differ in nature:

• mechanical dissipation d1 (or intrinsic dissipation): this positive quantity corresponds to the
heat production due to some mechanical irreversibilities such as internal friction or crack oc-
currence and growth;

• thermomechanical couplings: these correspond to the couplings between the temperature
and the other state variables. The coupling between temperature and strain ρT ∂2Ψ

∂T∂E
Ė is the

thermoelastic coupling [78, 72]. If the temperature variation is governed by that of the internal
energy , such as metallic materials, the thermoelastic coupling causes a temperature decrease
(negative heat source) for a positive strain rate Ė and inversely. For rubbery materials, a
competition takes place between the effects of the internal energy variation and the entropy
variation with respect to the strain level, and a thermoelastic inversion can be observed [2]. At
low strain levels for a positive strain rate Ė, the variation in temperature is governed by that of
the internal energy and a temperature decrease (negative heat source) is observed. At higher
strain levels for a positive strain rate, the variation in temperature is governed by that of the
entropy and a temperature increase (positive heat source) is observed. Finally, it should be
noted that coupling effects involving Vk may create significant heat sources. For instance, if
Vk represents the volume fraction of a given phase k, the ρT ∂2Ψ

∂T∂Vk
V̇k quantity is a latent heat

production [79].

4.1.1. Usual assumptions to calculate heat sources in the case of small deformations
The approach classically used to assess heat sources from the temperature fields obtained by in-

frared camera [80, 81] is shortly described in this section.

Bidimensional formulation of the heat diffusion equation. It is first assumed that the problem
is bidimensional. For the sake of simplicity, heat conduction will be considered as isotropic and
equation (1) can be rewritten as follows:

ρ CE,Vk Ṫ − k ∆ T − r = s (2)

where ∆ is the laplacian operator and k the conductivity coefficient which replaces the thermal
conductivity tensor K in the case of isotropy. It is worth noting that this assumption is very
strong, especially in the case of crystallizable rubbers.

By integrating the heat diffusion equation (2) over the sample thickness [82] and defining the
mean thermal disequilibrium over the thickness between the sample and its surroundings by
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θ = T − T ref , where T ref is the temperature of the reference state, the following bidimensional
formulation of the heat diffusion equation is obtained:

ρ CE,Vk

(
θ̇ +

θ

τ

)
− k ∆2Dθ = s (3)

where ∆2D is the two-dimensional Laplace operator in the (x, y) plane. τ can be considered
as a time constant characterizing the heat losses by convection and radiation between the
sample surface and the surroundings. It is defined as follow:

τ =
e ρ CE,Vk

2 h
(4)

e is the sample thickness, h is a convection coefficient. Note that τ should be measured for
each testing configuration (loading condition, machine used, environment, etc). Moreover, it
can also depend on the stretch ratio applied and the temperature range in which it is identified.

The external heat source r is taken into account by monitoring T ref of reference state of the
sample of the same geometry placed near the specimen or of the reference state of the sample
itself.

To estimate the heat sources s produced by the material, the procedure consists in calculating the
left-hand side of equation (3) by processing the bidimensional temperature fields. It should be
noted that the large deformations undergone by rubbers lead to discuss on the limitations of
the thermophysical properties of the rubber and of the bidimensional formulation of the heat
diffusion equation in terms of assumptions used. Indeed, emissivity is assumed to be constant
and homogeneous at the sample surface during the deformation of rubber. This assumption
has to be checked for each test performed. Moreover, strain induces anisotropy in the heat
diffusion, due to chain orientation and chain crystallization when possible. Also, the variation
of the time constant with the strain level and with the range of temperature considered should
be characterized. These are the next challenges to quantitatively study the thermomechanical
couplings in such materials. Finally, due to the bad thermal conductivity of rubber, the sample
thickness should be sufficiently small to assume the heat sources produced by the material
itself to be constant through it.

4.1.2. Calculation of heat sources in the case of large heterogeneous deformations
The large deformations undergone by rubber requires the dissociation of the initial and current con-

figurations. If the deformation field is heterogeneous, the displacement of each point has to
be tracked. For this purpose, both kinematic and thermal fields have to be measured, and
several techniques can be employed. Two cameras (kinematic and thermal) can be placed
one on either side of the sample and a mirror symmetry can be performed between the scenes
observed by the two cameras. If this is not possible, for instance due to the specific device
used (see the example Ref. [59]), measurements could be performed on the same surface. In
this case, the cameras are positioned perpendicularly and a dichroic filter-mirror allows each
camera to observe the same scene [83]. Special attention must be paid on the speckle, which
can disturb surface emissivity and therefore the temperature measurement. An alternative is
the use of reflective spots with a different emissivity from that of the sample surface to build
the displacement field from only the full thermal field using the same method as Finite Element
approach. From a metrological point of view, the thermal resolution of the IR camera and the
spatial resolution obtained have to be suitable to the measurement of the thermal gradient in
the considered zone. Then, the main metrological difficulty is to measure the full kinematic
field with a spatial resolution that is close to that of the IR camera. If such conditions are met,
the temperature at a given point can be used quantitatively.

Concerning the calculation of heat sources, two strategies can be employed to differentiate spa-
tially and temporally the experimental temperature field. Either the differentiation is performed
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in the initial configuration and the lagrangian heat source field is calculated by using the de-
formation gradient tensor to pull back the current temperature field, or it is performed in the
current configuration to obtain the eulerian heat source field. In the former case, special atten-
tion must be paid to the temporal differentiation of the thermal field. Indeed, the temperature
gradient and the displacement rate at each considered point come into play (contrary to the
case of a homogeneous eulerian deformation field).

Figure 5 shows results obtained using reflective spots at the surface of a notched elastomeric
specimen submitted to sinusoidal mechanical cycles [84]. Seven zones are chosen to present
the results in the vicinity of the crack. Figure 5 shows the location of the seven zones and their
temperature variations. Processing the temperature fields by compensating for the movement
of the points shows that temperature variations in zones 3, 4 and 5 are quite different from
their counterparts obtained in zones 1, 2, 6 and 7. Zone 3, 4 and 5 are located near the crack
tip, i.e. in a highly-stretched area, and zones 1, 2, 6 and 7 are located in low-stretch zones.
The temperature variations in zones 1 and 7, as well as zones 2 and 6, are quite similar.
This can be explained by the quasi-symmetry in the displacement field on either side of the
crack tip and by the fact that the zones are close to each other. Moreover, the temperature
variation in zones 1 and 7 (i.e. the less stretched zones), clearly highlights the thermoelastic
effects discussed above (see paragraph 4.1). In fact, temperature does not change sinusoidally
with time: during the loading, the temperature first decreases before increasing and during
unloading, temperature decreases before increasing at small strain levels, typically inferior to
7%. This phenomenon does not appear in zones 3, 4 and 5 in which the minimum strain level
is higher. Indeed, the macroscopic stretch ratio variation (between 1.03 and 1.67) induces a
microscopic stretch ratio variation (between 1.14 and 5) at the crack tip whose minimum value
is superior to that at which thermoelastic inversion occurs. Figure 6 gives the heat source
mapping calculated in the initial configuration.

Perspectives offered by quantitative calorimetry applied to large heterogeneous deformations of
rubbers are promising and might improve significantly the knowledge of crack growth mech-
anisms. Moreover, it provides experimental data necessary to characterize the dissipative or
coupled nature of the deformation mechanisms and to validate thermomechanical model pre-
dictions. Nevertheless, such analysis is complicated. First, from a metrological point of view,
with respect to the temperature variation measured, the Narcissus effect significantly disturbs
the measurement and must be subtracted from each image recorded by the infrared cam-
era [84]. Second, the possible change in the emissivity of the surface observed has to be
characterized for accurate heat source calculation. Similarly, constant τ must be identified in
the range of the temperature variation at the sample surface and its possible variation with
stretching must also be characterized. Third, the assumption of the isotropy of the thermal
conductivity is strong, and may significantly disturb the calculation of heat sources, especially
at high strain levels. Moreover, it should be noted that the thermal conductivity is generally not
constant with respect to the temperature in vulcanized elastomers and it should be necessary
to account for its linear decrease with the temperature variation [85]. Finally, the resolution dif-
ference between the kinematic and thermal fields must be considered when trying to quantify
precisely the heat source gradient in the crack tip zone.

5. Model validation and identification

Due to the large deformations undergone by rubbers, measurements that require contact with the
material surface are excluded. This means that no experimental validation of the heterogeneity
induced in the kinematic and thermal fields was really possible until non-contact measurement
methods were used. Full field measurements consequently contribute greatly to advances in
this field. The aim of this section is first to review the interest of full field measurements for
model prediction validation and second to report the studies dealing with the identification of
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constitutive parameters from heterogeneous tests. A number of studies report the full kinematic
field measurement in the case of homogeneous deformations (see for instance Ref. [30]).
These studies, which tend to validate full field measurement techniques as a relevant means
of non-contact measurement, are not reported here. The present review focuses specifically
on large heterogeneous deformations. Before discussing model validation and identification, a
brief description of the specific behavior of rubber is given.

5.1. Some specificities of the mechanical response of rubber
Rubber is a material with ”extraordinary physical properties”, as Joule wrote in 1884 [3]. Most of these

properties remain unexplained, this is why today rubber is still the object of vivid scientific in-
terest. The main specificities of the mechanical behavior of rubber can easily be highlighted by
homogeneous uniaxial tensile test. Figure 7 shows the evolution of the nominal stress versus
the stretch ratio in carbon black filled natural rubber during five cycles performed at increasing
strain levels. As shown in this figure, the behavior of rubber is nonlinear in terms of material
behavior. The material stiffness significantly decreases between the first and second cycles.
The higher the strain applied, the higher the loss of stiffness. After a few cycles, the material
can be considered as accommodated. No accommodation is observed for a strain level supe-
rior to that previously applied to the material. Moreover, during the second cycle the stiffness
increases for strain level close to the maximum strain level applied at the first cycle. Such a
behavior is further complicated by great sensitivity to the effects of loading rate, loading direc-
tion, temperature, environment, nature and amount of fillers, and method of manufacture. The
occurrence of these numerous phenomena is clearly a difficulty for modeling and currently, no
model accounts for all of them. Attempts to characterize the mechanical behavior of rubber fall
primarily into two categories: attempts based on statistical thermodynamics, and those which
take the phenomenological approach of treating the material as a continuum. The statistical
thermodynamics approach [86] is based on observations that the rubber elastic force arises al-
most entirely from the decrease in entropy with increase in applied extension. This approach is
considered to be only applicable to around 50% strain, as suggested in Ref. [87]. The majority
of research work appears then to have focused on developments of the phenomenological ap-
proach, based on the observation of rubber under various conditions of homogeneous strain.
Rubber is thus characterized by a strain energy density (SED) W , the stored strain energy per
unit volume. This quantity is expressed as a polynomial function of strain invariants or directly
in terms of principal stretch ratios (a review is given in Ref. [88]). Nevertheless, the complex-
ity of the rubber behavior makes it difficult to model the various phenomena involved in the
deformation of rubber. Phenomena classically modeled are Mullins effect [89, 90, 91, 92],
anisotropy [93, 94], viscosity [95, 96, 97, 98], volume change [99], temperature effect [97, 100]
and stress-induced crystallization [101, 102]. The complexity in the formulation of most of
these models is clearly a limitation for parameter identification and the inverse method to use.
This is discussed in section 5.3.

5.2. Validation of model predictions
To validate model predictions from heterogeneous tests, high gradients in the mechanical field are

required, particularly due to the non-linear strain-stress relationship. Experimentally, several
possibilities are offered to obtain such conditions. For instance, Meunier et al. have recently
proposed to stretch a five-hole rubber sheet [103]. Two of the holes were linked together by
cutting the rubber between them. Finite Element simulations of the test were carried out using
the four strain energy densities to be compared [104, 105, 106, 107]. The predicted kinematic
field and deformed geometry were compared to the experimental measurements and the re-
sults highlighted the limitations of certain constitutive equations used to predict the deformation
of highly stretched zones. A similar approach was adopted in Ref. [108] who tend to validate
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the prediction of their numerical simulation in the case of the bulge test [109]. The deformation
field at the surface of the rubber sheet under such loading conditions is measured using an
optical system [110] which measures tridimensional coordinates of circular markers previously
painted on the specimen surface. The constitutive parameters used for the finite element simu-
lation are fitted beforehand from homogeneous tests. Alshuth et al. have validated their model,
which accounts for stress softening using full kinematic field measurements at the crack tip,
and they compare the decrease in the major strain with the distance from the crack for both the
first and fifth cycles to model predictions [56]. Finally, only one paper deals with the validation
of the prediction of heat sources at the crack tip using full temperature field measurements
[66]. In this study, IR thermography was used to measure surface temperature profiles in filled
NR and filled SBR specimens during tensile fatigue cut growth tests. A linearized constitutive
approach and finite element analysis were used to evaluate heat generation and associated
transient temperature fields. Results obtained were compared to the IR measurements.

5.3. Identification from heterogeneous tests
The validation of model prediction involves fitting the constitutive parameters beforehand. Classi-

cally, identification is performed from different homogenous tests, namely Uniaxial Tension
(UT), Pure or Simple Shear (PS or SS) and Equibiaxial Tension (ET) tests. The latter test is
often conducted using the heterogeneous bulge test, for which only the centre of the sample
submitted to equibiaxial loading is considered [103, 111, 112]. The result of identification pro-
cedure is a trade-off between the parameter sets obtained separately with each homogeneous
test. This identification procedure, which is widely employed, stems from the fact that in most
cases the strain energy densities chosen do not account for all the tridimensional phenomena
involved in the deformation of rubber - viscosity, stress-induced crystallization, manufacture-
and deformation-induced anisotropy, stress-softening, thermoelastic inversion, to give some
examples. In any case, the motivation for proposing identification from one heterogeneous
test is to put several homogeneous tests together. Such heterogeneous tests result from the
combination of sample geometry and loading conditions.

Four kinds of heterogeneous test are reported in the literature: (i) an inflated rubber sheet,
namely the bulge test, which activates loading cases from ET to PS, theoretically, [109]; (ii)
a cruciform rubber sheet, stretched (symmetrically or not) in the perpendicular directions. In
this test, the branches of the sample are submitted to UT, the centre to ET and the interme-
diate regions to PS [60], similarly, Drapier et al. have proposed a biaxial test based on the
pure shear test [113]; (iii) a 3-branched sample, stretched in the three branch directions, which
leads to the same kind of induced heterogeneity as (ii). It is the only test performed with a
conventional uniaxial tensile machine [114]; (iv) the tear test [115].

The analysis of test-induced heterogeneity is of the first order to obtain an efficient identification.
Heterogeneity is driven by the combination of two criteria: (i) the number of different loading
cases induced by the deformation of the specimen; (ii) for a given loading case, the nature of
the loading level distribution. A discussion of this topic is proposed in Ref. [114]. Moreover,
the effect of induced heterogeneity must also be discussed with respect to the considered
identification procedure.

To identify the constitutive parameters from heterogeneous strain fields, an inverse problem has
to be resolved. Parameter identification is performed within the framework of constitutive equa-
tions, which are a priori assumed to be relevant. The experimental data required are the dis-
placement or strain fields, the sample geometry and the resulting forces applied to the sample.
Three strategies are reported in the literature to address the inverse problem: updating finite
element models, the virtual field method (VFM), and identification using DIC software.

The finite element method provides mechanical fields for almost any loading conditions, speci-
men geometry and constitutive equations, which explains its great popularity. It is moreover
a tool for solving the inverse problem iteratively. A first calculation is performed with an initial
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set of constitutive parameters. Nodal displacements are collected and compared to their ex-
perimental counterparts. The difference is quantified using an objective function to minimize
iteratively with respect to constitutive parameters. This objective function is often the sum of
the squared differences between the numerical and experimental data. The procedure stops
when the objective function is lower than a given threshold value. Such procedures have been
successfully simulated for the identification of constitutive parameters from a heterogenous
tear test [113, 115]. In the both studies, the strain energy density is a Rivlin series, i.e. a poly-
nomial function of the strain invariants, with four parameters in Ref. [113] and three parameters
in Ref. [115]. It should be noted that in Ref. [115], the viscosity is modeled by the Prony series
and the Mullins effect is modeled with a damage function proposed in Ref. [89]. Nevertheless,
the viscous and damage parameters are identified separately using homogeneous tests, only
the hyperelastic parameters are identified from the heterogeneous test.

The virtual field method, proposed in Ref. [116], clearly departs from the finite element approach,
since it is direct and does not require any iterative calculation in many cases. The basic idea
is quite simple, since it consists of writing the global equilibrium of the tested specimen with
the principle of virtual work. Introducing the constitutive equations and particular virtual fields
leads to an equation where only the constitutive parameters are unknown, provided that the
strain fields are measured, either directly or indirectly, by the numerical differentiation of mea-
sured displacement fields, for instance. The idea is then to write the principle of virtual work
with different and independent virtual fields. This leads to a system of equations in which
the constitutive parameters are unknown. If at least as many virtual fields as unknowns are
chosen and if the constitutive parameters are written as polynomials of the strain, the system
becomes linear and the unknowns are directly determined after the inversion of the system.
This approach has recently been developed in the framework of hyperelasticity [60, 114, 111].
As an example in Ref. [60], parameter identification is carried from a two directional tensile
test performed on a cross-shaped elastomeric specimen. A virtual field has been constructed
piecewise, using a set of twelve rectangular subregions shown in Figure 8(a). In each of these
subregions, the virtual displacement field is constructed using shape functions similar to those
used in four-noded quadrangular finite elements [14]. As a result, the virtual displacement
within each of these subregions depends of the nodal displacements. In the framework of the
Mooney hyperelasticity [104], the optimization of the set of two virtual fields provides two lin-
ear equations where the constitutive parameters C1 and C2 are unknown. Then, C1 and C2

are determined for different values of the global stretch ratio λg corresponding to each image
stored, as shown in Figures 8(b) and 8(c). Then, the final value of C1 and C2 are defined by
their average values C1 and C2 as follows:

Ci =

∑nt
j=1

(
λgj

−1√
stdx2

ij+stdy2
ij

)
× Cij

∑n
j=1

(
λgj

−1√
stdx2

ij+stdy2
ij

) . (5)

where stdxij (stdyij , respectively) is the standard deviation of the difference between raw
and smoothed ux (uy, respectively) distributions, i = 1, ..., 2, j = 1, ..., nt, where nt is the
number of images. The parameter set {C1;C2} obtained is close to that obtained from the
three homogeneous tests. The main advantages of this method are first its directness in many
cases and second the fact that the influence of the above problem posed by the boundary
conditions can be avoided by choosing virtual fields in which only the resulting forces F virtually
work [28, 117, 118, 119, 120, 121]. It should be noted that even if the virtual field method has
only recently been applied to the identification of the elastic properties of rubber, it represents
the largest proportion of the studies in this field, and numerous works are currently in progress
in several laboratories. For instance, an interesting work has recently been published on the
used of the virtual field method for identifying the anisotropic and hyperelastic behavior of in
vitro human arteries from full-field measurements [122].
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Identification can also be carried out using a DIC program that evaluates the whole strain field
at each step of the heterogeneous deformation and the stress field is calculated from the esti-
mated constitutive parameters. The forces in each direction can be processed and compared
with the measured force in the loading direction. Constitutive parameters are then modified to
fit the experimental data. This approach was used in Ref. [31] to identify the constitutive pa-
rameters of the hyperelastic model by Lambert-Diani and Rey [123], which is formulated using
the strain invariants.

These identification procedures based on the resolution of an inverse problem, applied to large
and heterogeneous deformations of rubber, offer a promising alternative to classical identifi-
cation from several assumed homogeneous tests. However, much progress still needs to be
made. For instance, constitutive equations used do not depend on time and temperature and
consequently they do not account for the complexity of the physical phenomena involved in
the deformation of rubber. Such considerations have to be addressed for competing with the
classical identification procedure based on homogeneous tests. Nevertheless, the use of more
complicated models could be a strong limitation for the resolution of the inverse problem using
the virtual field method or the use of the DIC program compared to the finite element method.
Currently, only the exploratory study in Ref. [124] using the finite element method has envis-
aged the identification of the thermo-visco-hyperelastic behavior of rubber from full kinematic
and thermal field measurements. Finally, the use of quantitative data obtained with DIC for
identification mainly concerns the macroscopic scale. As discussed in section 2.1, the DIC er-
ror and the signal to noise ratios have to be considered for the identification of the constitutive
parameters, especially if the reference picture is updated. DIC at the microscopic scale, or at
the macroscopic scale but in high gradient zones, typically in the crack tip vicinity, is still in the
range of physical and phenomenological description.

6. Conclusion

Full field measurement techniques are still underemployed in the mechanics of rubber, although they
offer new means of investigation in terms of mechanical characterization and identification.
The techniques reported in the literature are mainly DIC and infrared thermography. At the
macroscopic scale, the measurement of kinematic and thermal fields provides experimental
data necessary to validate the prediction of thermomechanical models. The coupling between
the two techniques offers interesting perspectives in terms of quantitative calorimetry. In par-
ticular, dissipative mechanisms such as viscosity, crack occurrence and growth, microstructure
changes due to temperature variations, can be characterized quantitatively. At the microscopic
scale, the full kinematic field measurement provides information of importance to identify de-
formation and damage mechanisms involved in crack growth. It represents therefore comple-
mentary analysis to that carried out with scanning electron microscopy. Finally, the knowledge
of full mechanical fields at the macroscopic scale allows us to identify parameters of consti-
tutive equations by means of three main methods reported in the literature, namely updating
finite element models, the virtual field method and identification from the DIC software itself.
Currently, the constitutive equations used to model the behavior of rubber for inverse identifi-
cation from heterogeneous tests are not really realistic. The use of more sophisticated models
is clearly a challenge for identification from heterogeneous tests to compete with the classical
identification from several homogeneous tests.
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échauffement et de fatigue à grand nombre de cycles. Phd thesis, ENS de Cachan, 2007.

[51] L. Bodelot. Etude du couplage de champs cinmatiques et thermiques lchelle de la microstruc-
ture des matériaux métalliques. Phd thesis, Universit de Lille, 2008.

[52] P. Schlosser. Infuence of thermal and mechanical aspects on deformation behaviour of NiTi
alloys. Phd thesis, Universit Joseph Fourier, Grenoble, 2008.

[53] V. Velay, L. Robert, and F. Schmidt. Behaviour model identification based on inverse mod-
eling and using optical full field measurements (offm): application on rubber and steel. In
Proceedings of the 10th ESAFORM Conference on Material Forming, pages 33–38, 2007.



18 J.-B. Le Cam1

[54] R. Kupchella, J. Kidney, and W. Hutchinson. Test methods for hyperelastic characterization of
rubber. Tire Science and Technology, TSTCA, 37:165–186, 2009.

[55] Z. Major and R. W. Lang. Characterization of the fracture behavior of nbr and fkm grade
elastomers for oilfield applications. Rheologica Acta, 17:701711, 2010.

[56] T. Alshuth, J. McNamara, and S. Jerrams. Improving the prediction of stress softening in rubber
components. KGK-Kautschuk Gummi Kunststoffe, 60:670–677, 2007.

[57] C. Feichter, Z. Major, and R. W. Lang. Experimental determination of fatigue crack growth
behavior and surface strain distribution of ’faint-waist pure shear’ specimens with different
crack tip radii. Rubber Chemistry and Technology, 79:712–733, 2006.

[58] C. Feichter, Z. Major, and R. W. Lang. Deformation analysis of notched rubber specimens.
Strain, 42:299–304, 2006.

[59] J.-B. Le Cam, E. Toussaint, and O. Dubois. Effect of thermal cycles on the deformation state
at the crack tip of crystallizable natural rubber. Strain, doi: 10.1111/j.1475-1305.2011.00807.x
2011.
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List of Figures

Fig. 1. Kinematic field measurement at the crack tip of stretched carbon-filled natural rubber [59].
From the top left corner to the top right corner: the rubber specimen was previously cut with a razor-
blade before being stretched to put a heated metallic cylinder inside the crack. The full displacement
field around the crack is obtained using the DIC technique. The stretch ratio in the loading direction,
denoted λ in the diagram at the bottom of the figure, is then plotted versus the time at points A, B, C
and D.

Fig. 2. Infrared measurements performed during crack growth in a notched carbon black filled natural
rubber sheet (a) 450 cycles (b) 650 cycles (c) 1200 cycles (d) just before failure at 1400 cycles.

Fig. 3. Image correlation of the crack interior of carbon black-filled natural rubber during stretching:
(a) Mapping of the relative strain in terms of Green-Lagrange strain in direction 2; (b) variation in the
relative strain at points A, B, and C during stretching [70].

Fig. 4. Carbon black agglomerate failure during crack growth (a) Photomicrography of the fracture
surface using Scanning Electron Microscopy (SEM). The agglomerate is weakly linked to the rubber
matrix (b) Photomicrography of a stretched crack interior using optical microscopy. An agglomerate
has ruptured into two parts. Each part joins the relaxed zones on both sides of the tear-like line (c)
The same crack interior as the previous one but just before observing the agglomerate (d) DIC in this
zone. It gives the displacement in pixels in the loading direction. Positive values are given towards
the bottom.

Fig. 5. Temperature variations vs. time for 7 zones located around the crack tip of a rubber specimen
submitted to cyclic mechanical loading. The thermal response is in phase with the displacement
applied to the sample by the moving grip. The sinusoidal global stretch ratio varies between 1.03
and 1.67 [84].

Fig. 6. Heat source mapping at time t = 1.22s in the crack tip zone of the rubber specimen presented
in Figure 5 [84].

Fig. 7. Cyclic homogeneous tensile test at increasing strain levels (filled natural rubber).

Fig. 8. Identification of constitutive parameters using the virtual field method (a) specimen (solid line)
and zones defining the piecewise virtual field (dotted line) [60] (b) C1 (c) C2


