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Abstract

The objective of the thesis is to formulate a strategy that gives a robust identification of
constitutive law from full-field measurements taking into account 3D effects. Model
validation from global response of samples or structures has shortcomings that can be
overcome by the use of full-field measurement techniquémsl-field measurement
techniques offer the opportunity to acquire large amount of experimental data that might be
useful in the context of identification of constitutive law parameters. Among the full field
measurement techniques the most popular is digital and stereo image correlation.

The existing strategies to make use of full-field data like the Virtual Field Method, the
Equilibrium Gap Method, the Constitutive Equation Gap Method and the Reciprocity
Method were limited to 2D applications. However, for a specimen with finite thickness 3D
effects must be included. Most importantly, for the case of plasticity, stress triaxiality plays
an important role. Its effect must therefore be accounted for in the modelling of the
constitutive behaviour of the material.

Thus in this thesis we propose a method to identify the parameters of an elasto-plastic
constitutive law in which the mechanical model can have 3D kinematics. The strategy has
been shown to be noise robust, almost independent of initial parameter guess and mesh
refinement and allows differentiating between constitutive models with same global
response on the basis of mean correlation error. The identification is shown to be good for
both single and multiple cameras.

The strategy validation is done for stainless steel. The global identified load displacement

response of the strategy for mono and stereo mechanical image correlation is very close to
the experiments. Lastly, the material parameters have been identified with very different

initial guess but all converge to the same final values which show the robustness of the
proposed strategy.
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Stress Tensor.

Strain Tensor.
S3RLVVRQTV UDWLR
Plastic strain.

Elastic strain.

Coefficient of contraction.
Gradient.
Hessian.

Jacobian.
Step for Levenberg-Marquardt method.

Step for Gauss-Newton method.

Damping parameter in Levenberg-Marquardt method.

Reference image.

Deformed image.

Displacement field.

Hooke Tensor.

Vector of unknown constitutive parameters.
Weighting matrices.

Stiffness matrix.

Current estimation of constitutive parameters.
Vector of grey level values of deformed image g.
Solution vector of simulation.

Vector collecting internal forces.
Vector collecting external forces.
Convergence tolerance.
<RXQJTV PRGXOXV
Yield stress.

Initial yield stress (¥ when £/ 0).

Linear hardening coefficient.
Penalty parameter.
Projection operator.

Vector collecting external reaction forces obtained via numerical simulation

with DIC displacement prescribed as boundary condition.
exponent used in the power part of the assumed material model.

scaling factor fothe accumulated plastic strain.
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Introduction

Introduction

Many companies optimise their operations by means of FE simulations, resulting in a
UHGXFWLRQ RI WLPH DQG FRVW WKDW ZRXOG EH XVHG LQ G|
phase of the investigation. However, for the success and reliability of the simulation it is
important to have the accuracy of the input data, i.e. the geometry, the boundary conditions,

the load distribution, the material data, etc. In such a case, a good knowledge of the material
properties and constitutive law essential to perform a sufficiently accurate simulation.

The standard way of evaluating the stress-strain relation of a material is by performing
standardized tests with hypothesis on the stress and strain Stegeshortcomings of these

tests are threefold. Firstly, the deformation fields that are generated during these tests are
homogeneous and do not resemble the complex heterogeneous deformation fields which
occur during real situations (e.g., real metal forming operations, [2]). Even if we perform
multiple complex experiments with intricate specimen geometries to be close to actual
complex strain states, it increases the chances of experimental noise. It is thus evident that
identification from a single experiment would minimise noise measurement and is desirable
Secondly, the assumption of uniformity is no longer valid after the onset of necking. Lastly,
for the case of plasticity, it is well known that stress triaxiality plays an important role and
has been used extensively in the literature on ductile fracture. Its effect must therefore be
accounted for in the modelling of the constitutive behaviour of the material. Thus to
circumvent these difficulties we need inverse methods that link numerical simulation with
experiments.

Full field measurement techniques offer the possibility to acquire a large amount of
experimental data that might be useful in the context of identification of constitutive law
parameters. Among the full field measurement techniques, the most popular is Digital Image
Correlation (DIC) thanks to its ease of implementation and its versatility in terms of scale of
observation ranging from nanoscopic to macroscopic observations with essentially the same
type of analyses. We can also upgrade DIC to measure out of plane kinematic fields by doing
Stereo Image Correlation. In stereo we make use of two cameras (left and right) or a single

1

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2012ISAL0124/these.pdf
© [Muhibullah], [2012], INSA de Lyon, tous droits réservés



Computation Experimental DIC Hybrid Strategy for RobustCBiatile Plastid_aw
Identification

moving camera for the 3D analysis of kinematic fields. An additional step in stereo would be
the calibration of the camera system required to find the placement and operating
characteristics of the cameras being us€de two simultaneous images of the same
specimen from two different views can then be correlated with the reference image to find
the unknown 3D displacements astdains.

Apart from these experimental methodologies, different inverse methods involving full field
measurement techniques have also been developed. These methods can be sorted into two
groups.

In the first group, the identification directly extracts the constitutive parameters from the
measured displacement field. We have the Constitutive Equation Gap Method [3] based on
the minimization of a functional expressing the gap in the constitutive equahien;
Equilibrium Gap Method [4] minimises equilibrium residuals; the Virtual Field Method [5]
uses virtual work principle.

For the second group, named the Finite Element Model Updating (FEMU) [6] family, the
idea is to update the parameters of a constitutive model so that the result of a numerical
simulation, run under appropriate boundary conditions, matches as fairly as possible the
experimental field, obtained via for example DIC, in the sense of a given norm (or cost
function).

A point to be noted is that in the first group except the Virtual field method, the constitutive
parameters are formulated as a quadratic functional of the gradient of the measured
displacement. This may lead to systematic bias and noise sensitivity. The virtual field method
is a linear form of the measured strain and thus does not exhibit systematic bias. With respect
to FEMU involving the minimization of the norm of the measured and computed
displacements (or strains) with respect to constitutive parameters, no systematic bias is
obtained and noise robust strategy can be achieved as will be shown in later chapters.
Another way of reducing noise is to make the identification strategy as direct as possible
During the identification process, there is usually a difference between the kinematic
hypotheses made during the measurement and simulation stages making the results
erroneous. Thus by having identical description for the displacement field in DIC and
numerical simulation, we can avoid the noise or uncertainty propagation in the identification
chain.

The above mentioned strategies of constitutive law identification from full-field
measurements have a common limitation that they are limited to two-dimensional
applications when 2D full field data are analyzed. But if the specimen is thick, we should not
neglect three-dimensional effects for results closer to the real situation. In this thesis we
therefore tend to have 3D kinematics in the mechanical model by using DIC which gives us
2D kinematicfields. We also show the application of the method to stereo image correlation.

Thus the original work done by Réthoré [7] involving noise robust strategy of Integrated
Mechanical Image Correlation has been extended to include 3D kinematics. The proposed
strategyoffers us following benefits:

x Allow us to account for 3D effects in the mechanical model
X Noise Robust
X Low sensitivity to initial parameter guess and to mesh refinement
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X The proposed strategy gives a framework whereby we can discriminate between
constitutive models that give similar global responses. This discrimination is based on the
use of correlation error.

X This strategy allowss to use one, two or more cameras.

In summary, the present research work allows us to identify elasto-plastic constitutive laws
from full field measurements by taking into account 3D effects that are important in finite
strain plasticity.

This work has been divided into threleapters beginning with the introduction.

In the first chapter, we present the basics of constitutive law modelling, the experimental and
numerical techniques used in the identification process including explanation to the DIC and
the inverse methods utilizing full field data for the identification purposes.

In the second chapter, theory and formulation related to the original and modified strategy is
presented. Its application to the use of single and multiple camera system is proposed.
Numerical features required for the identification of elasto-plastic laws are detailed.

In the third chapter shows the application of the metkodtly, a virtual testing procedure is
implemented and explained. With the help of this virtual testing procedure, we can evaluate
the performance of the proposed strategy with respect to initial parameter guess, convergence
rates for different situations and other parameters involved in the formulation. Finally
experimental setup is elaborated, and then DIC and stereo analysis results are presented.
Finally the strategy is applied to DIC and stereo results for the identification procedure.
Correlation error analysis is also done to discriminate between different strategies used.

Lastly, concluding remarks are presented.
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Bibliography [8, 40, 41]

Constitutive law parameters for the material are most often related to the constitutive
properties of the material and hence their identification is an important step of the design
process. It can guide us to predict the behaviour of a material in different conditions. We
GHILQH ,GHQWLILFDWLRQ DV 3300 WKHeZuRdtidhs 2vKitlFK FRQ V|
appear in the model and in finding the numerical values of the coefficients which define the
IXQFWLRQV IRU HDFK PDWHULDO”’ 7KLV ZRUN EURDGO\
experimentation, numerical identification and finally validation.

The standard method of identification involves the measurement of global quantities and to
infer the values of the parameters from simple exact solutions and under an assumption of
homogeneous strain and stress fields in the zone of interest. However, the recent
developments of low cost CCD cameras and improvements in image processing with
powerful and affordable PCs make non contact measurement techniques more and more
appealing. The large amount of experimental data available via full field measurements is
particularly interesting for identification (typically 1000 to 10,000 independent measurement
points). We no longer have to be content with approximate measurements of a few quantities;
we are now in a position to measure the evolution of any mathematically well defined
variable precisely. The identification of complex models has thus become possible, but it
requires numerical methods for the identification of non-linear processes.

With the help of this identification, we can associate a theory of only the dominant

phenomena to the identified material (e.g. elastoplasticity). Beyond its fundamental interest,
this offers a guide for the choice of material in the design stage and helps to simplify the
estimation of the resistance of a structure under service loads.

Thus in the following pages, we discuss the traditional global method of modelling, the type
of experimental tests involved, the digital image correlation and the computational strategies
devised for the full field data.
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1 The global method of constitutive law modelling

We generally distinguish three broad methods for formulating the constitutive laws of
materials.
The microscopic approach attempts to model the mechanics of deformation
and fracture at the atomic, molecular and crystalline levels; the microscopic
behaviour being the result of integration or of an averaging process performed
over the microscopic variables at the scale of the volume element of
continuum mechanics.

The thermodynamic approach introduces a homogeneous continuous medium
equivalent to the real medium and represents microscopic physical phenomena
E\ PHDQV RI PDFURVFRSLF SLQWHUQDO YDULDEOHV’

The functional approach leads to the hereditary laws of the integral type which
appear as characteristic functions of materials, and which are themselves
expressed in terms of macroscopic variables.

None of these approaches allows direct identification of materials. Microscopic variables
(density of dislocation, density of cavitiegy H [ W XddeHtifticult to measure, and moreover

are difficult to use in practical engineering computations. Thermodynamic potentials are
practically inaccessible to measurement, and internal variables, by definition, cannot be
measured directly. As the hereditary functions need the knowledge of the whole history of
the observable variables, they pose theoretical as well as experimental problems.

The global phenomenological method consists in studying the volume element of matter
through the relations between cause and effect which exist between the physically accessible
variables constituting the input and output of the process under study. In this way, we are
able to determine the material response to a specific input. These responses are sufficient to
characterize the materials qualitatively, but they do not constitute (except for linear
phenomena) the constitutive laws.

1.1 Volume Element A volume element, in the sense of solid mechanics, means a volume

of a size large enough with respect to the material heterogeneities, and small enough for the
partial derivatives of the equations of the continuum to be meaningful. Mathematically, RVE

is the infinite length scale limit relative to the micro-scale (or the length scale of a single
heterogeneity), where the material appears uniform, and therefore, the continuum concepts
are applicable. RVE is useful for modelling the effect of nano- and meso-scale
heterogeneities on the overall mechanical response of the macro-size components/specimens.
It can also be defined as the smallest volume elenfenmaterial for which the macroscopic

constitutive representation is sufficiently accurate to represent overall constitutive response.
Materials Inhomogeneities Volume Element

Metals and alloys &U\VWDQNMM P 0.5x0.5x 0.5 mm

Polymers OROHFXOHM.5mm?|1x1x1mm

Wood Fibres 0.1 mm1 mm 1x1x1lcm

Concrete Granulates ~ 1cm 10x 10 x 10 cm

Tablel. Orders of magnitude of representative volume elements
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1.2 Physically Accessible VariablesThe physically accessible variables of the volume
element are those that can simply be deduced from the four classical and measurable
magnitudes of mechanics: displacement, force, time, temperature.

The strains and their rates:
total three-dimensional strainQ or oneGLPHQVLRQDO 0 ZLWK
deformatioQ H[SUHVV LR Q @
reversible elastic straif R U, 0
permanent straid R . 0

The three-dimensional stredsor one-GLP HQ V LR Q @ith theVadpiaxivatd
H[SUHVVLRQ IRU ODUJH ®@HIRUPDWLRQV 1

The temperaturé.

The timet or the number of cycles to ruptureor Ng
1.3 Limitation of the global method: The classification resulting from the global
phenomenological method should not be considered intrinsic. It provides, in fact, only a
frame of reference for general characteristics. The behaviour of a given material can be
represented by a schematic model only in relation to the envisaged usage and the desired
precision of the predictions.
A given piece of steel at room temperature can be considered to be:

Linear, elastic for structural analysis,

visco-elastic for problems of vibration damping,

rigid, perfectly plastic for calculation of the limit loads,

hardening elastoplastic for an accurate calculation of the permanent deformations,

elastoviscoplastic for problems of stress relaxation,

damageable by ductility for calculation of the forming limits,

damageable by fatigue for calculation of the life-tiete,
2 Experimental Techniques and ldentification Process

The basic idea of modelling the constitutive law of a material from its global response is to
match the stress-strain curve obtained via experiments with the model. In the following
sections we describe the characteristic tests and experiments necessary for the standard
modelling procedure.

2.1 Representative experiments of material behaviour[8]The classical characteristic tests

are essentially conducted in simple tension, or tension-compression at constant temperature.
The classification of real solids is therefore based upon these tests. The specimen is subjected
to an axial load (force or displacement) which produces a uniform state of stress or strain
within the whole useful volume of the specimen which can be considered as one volume
element.
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What follows applies to isotropic materials.

The uniaxial state is defined by a one-dimensional state of stress and a two-dimensional state
of strain:

Vo g H 0 0§
V 00 0O H 0 'Q HO. (2.1)
0 0 Q¢ 0 0 Qc

where Qs the coefficientof conb FWLRQ HTXDO W 8Rticty RQTV UDWLR

In elastoplasticity or elastoviscoplasticity the hypotheses of the decoupling of elastic and
plastic strains (H °H P) and of plastic incompressibility (Ti)= 0) allow us to express
the contraction coefficient) simply as:

s 0 0 . 8§ 0 0 H 0 0 §
0 OQHO:> 0 QH 0> 0 05 O0- (2.2)
& 0 OH® 0 OQH 0 o0 0.5H¢

- !

o 24 3

or with the help of linear elastic law4/ EV as

v
EH

‘wn

Q (2.4)

N~
N

©

Hardening test in simple tension or compressioihis is the most common test. The
specimen is subjected to a deformation at constant speed. The response consists of a variation
in the stressV as a function of the strait showing the hardening of the material (Fid)2
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v
v

Fig.2.1 Hardening Test

Creep test in simple tension or compressidn this test the specimen is subjected to a
constant state of stress (generally apparent stress) and the resulting variation i aan
function of timet is determined. This also characterizes the hardening and the viscosity of the
material (Fig.2). The strain variation after the stress is removed (point B) corresponds to the
recovery test. The partial strain recovery is indicated on the right hand side of.Fig.2.2

v

Y

Fig.2.2 Creep Test and subsequent recovery

Relaxation in simple tension or compressiomhis test is complementary to the preceding
one in that the stress response to a constant state of strain is determined. It is governed by the
viscosity but alsalepends on the hardening induced by the initial load (Big.2.
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—

Fig.2.3 Relaxation Test B

Relaxation in simple tension or compressioAs the name indicates, this test combines the
two types of tests and allows us to determine from a single specimen the hardening
characteristics, and also the viscosity, by means of successive relaxations each at

differentstrain levels.

v

v
v

Fig.2.4 Multiple hardeningelaxation test
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Cyclic Test In this test the specimen is subjected to a periodic load (stress or strain) and the

evolution of the cyclic responses is studied by obtaining & { graph (Fig.%). In general

the response tends to be stabilized after a certain number of cycles. We can then obtain the
cyclic curve which represents a relation between the peaks of the stabilized loops,
corresponding to different stress or strain levels (F8y.2n the case of polymeric materials,

or more generally, in viscoelastic materials the peaks of the loops are difficult to define. We
WKHQ VSHDN RI pKDUPRQLF WHVWV{

v
. 7 P A
| E / )

\/ \/ t J O
Fig.2.5 Cyclic test under prescribdédad
A
A v
"

v

Fig.2.6 Cyclic hardening curve
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Fracture Tests The four preceding types of tests are also used to determine the
corresponding fracture conditions:

stress and strain at fracture
time or number of cycles to fracture
energy dissipated in fracture.

Certain characteristics require the use of specimens of a particular geometry (notched
specimens for measuring impact strength in the Charpy test, cracked specimens for
measuring toughness, etc.).

2.2 Testing Machine: The phenomenological method requires the experiments to be made
on a volume element of matter. As far as possible the specimens should be subjected to a
uniform field of stress, strain and temperature. This is one of the difficulties of mechanical
testing for the characterization of materials.

Uniaxial monotonic and cyclic teststhe most common test is a simple tension test in which
the useful part of the specimen is subjected to a uniform uniaxial stress field. The essential
elements ok testing machine are as follows:

the system for holding the heads of the specimen,;

the dynamometer measuring the force applied to the specimen,
the transducer measuring the variation of length of the specimen,
the frame of the machine, which should bst#tas possible,

the heating device,

the device for applying the forces.

Depending on the type of loading required, the stresses are applied differently: a system of
weights for creep testing machines, a continuous screw-nut system driven by an electric
motor, a servo-controlled hydraulic system for more sophisticated set-ups. The specimen
itself includes a useful part consisting of a cylindrical shaft (Fig.2.8), end grips, and between
the two, shoulders designed to minimize the stress concentration.

For tension tests, the useful part can be very long but is limited by the restriction due to
machining and heating devices. In contrast, compression tests require much more compact
specimens in order to avoid buckling problems.

For tests at high temperatures either resistance furnaces are used, or the Joule effect (due to
electrical resistance of the sample) or high frequency induction are used to heat the specimen,;
the latter method is a better one for tests of short or medium duration. The choice of
technique depends on the type of test (monotonic or cyclic) and on the temperatures to be
reached (uniform, constant or variable temperature).
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Internal scale fomeasurement by
displacement captor.

Mobile Unit

Electronic control

Test piece

_ ) ___ Computer with testXpeit
Fixed Unit (program that records the valu
of different variables like
displacement, speed, time etc.

Fig.2.7 Zwick Tensile testing machine used during the experiments

Fia. 2.8 Snecimen for a tanga test

2.3 Measurement of characteristic variablesStresses can be deduced from forces by static
equations for isostatic cases. The forces (or couples) applied to the specimens are measured
by dynamometers mounted in series with the specimens. The dynamometers, equipped with
strain gauges, have a relative precision of Mhich is generally sufficient for the
characterization of materials.

The measurement of relative displacement between two points on a specimen is a much more
delicate operation than the measurement of the loading force. To measure relative
displacement it is necemy to connect a strain gauge jvarallel” with the sample and not in

series. Essentially two techniques are used: local measurements by electrical resistance strain
gauges, and global displacement measurements.
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Wire Strain gaugesA resistance wire, well glued to the specimen, experiences the same
strain as the specimen. It therefore follows that the variation in electrical resistance will be
proportional to the strai. A precise measurement of this variation in resistance is obtained
by employing a Wheatstone bridge; this can detect strains of the oréerl®f. However,

the qualification well gluedfmentioned above limits the applicability of this particularly
useful technique. Adhesives do not withstand high temperature, and hence, these strain
gauges are only used at, or below, room temperature, or at slightly higher temperature (not
more than 200-400°C).

Displacement TransducersThe strain can also be deduced from the equations of continuum
mechanics and knowledge of the displacement between two material points of the specimen.
The axial displacement can be measured by an extensometer attached either to the cylindrical
part of the specimen through knife edges, or to the gripping heads of the specimen. The
variation in the diameter of the specimen can also be measured but without using the knife
edges which very often initiate a fracture. The evolution, however, must take into account the
variation of Poisso§ coefficient in the presence of plastic straiWith inductive
extensometers or with strain gauges, an absolute precision/of dan be attained. With

optical extensometers this precision can be improved t@,but these are expensive and
delicate instruments.

Fia. 2.9 Extensometer attached to a tensile test snecir

Plastic deformation: The useful length of a sample is the lengtihhich becomes L under
the load, and which can be used to calculate the longitudinal strain by the simple relation:

L L (2.5)
L,
The plastic strain can be obtained by subtracting the elastic strain from the total strain
(measured, for example, by an electric resistance strain gauge). In tension (compression) we
then have:

v F
H. H —+H —+ 2.6
H o H.oH H o4 (2.6)

where S is the current cross-sectional area of the specimen

The modulus of elasticity is obtained from data at the beginning of the test when the force is
sufficiently low for the specimen to remain elastic. We then obtain:
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F
SH
When the extensometer cannot be connected directly onto the cylindrical part of the
specimen, we take an equivalent useful lehgtitorrected to take into account the plastic

deformationsn the connection areas. Employing the notation of Fig.2.8, thisfised by:

E (2.7)

u L/2

L, —>~ 23 —X dx (2.8)
p(0) Hp(O)
/M

V8

Plastic strain can also be expressed as a power function of the@treslgé . By a

method of slicing, and neglecting the triaxiality effect in the connection zones, we can show
that:

M
§

L, 2?’2 S0 gy (2.9)
S(x)@

The useful plastic length is thus defined from the geometry of the specimen (law of variation
of sectior§,, and the hardening exponent. The procedure used to measure the plastic strain is

therefore the following:
Determine the force-displacement relation by direct readings in a tension test (for
example),
Subtract the initial displacement;, and the elastic displacement to obtain the plastic

displacement.The stiffnes® of the specimen and the grips at the level of the
extensometer is obtained from the init@adings in thelastic domainThen:

u u u F/R (2.10)

p J

The relatior=(u,) furnishes an approximation to the hardening exponent. In fact, an identity
exists between the exponents of the power laws:

K/} andF K'uy since V F/Sand 4 u,/L,.
The equivalent useful length, can be derived from these equations, and hence,
H u, /L, (2.12)
It should be noted that this useful length can be defined by a preliminary test for a given
specimen, material and temperature. Even if the hypotheses used to establish it are not

completely rigorous, they are sufficient since the correction is, in fact, small with respect to
the length of the cylindricaone.

2.4 Sample Preparation The preparation of the specimens is always a long and delicate
task as, unless care is taken, fracture can occur prematurely and not precisely where it is
expected. It always involves a compromise between the implications of the machine
characteristics (loading type, maximum force, stiffness, heating system) and the implications
of the measurements to be carried out (sensitivity of the dynamometers, elongation
measurements by extensometers placed locally on the useful part of the specimen or
externally on the gripping heads).
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2.5 ldentification Methods. Thermodynamics gives the general formulation of models
without specifying their analytical form (except, however, for linear behaviour) or numerical
values. On the other hand, experiments provide, for each material, the quantitative relations
to be verified by the models constructed to represent the phenomena under study.
Identification can be defined as all the work which consists in specifying the functions which
appear in the model and in finding the numerical values of the coefficients which define the
functions for each material. This represents a difficult task which does not follow any
rigorous rules and in which experience aptt of model constructiofplay a major role in
steering betweetheory and experiment.

2.5.1 Quality versus Price Given a set of experimental results, it is always possible to find a
function which represents it with an error not greater than the margin of uncertainty in
measurements. This is called fitting. Since the number of experimental points can be large,
the fitting may require functions with a large number of representative coefficients.

On the other hand, a model which has the ambition of becoming a law must possess a general
character, so that while identified only by a restricted number of experiments, it is
representative of other types of experiments with a predictive capability. The totality of the
situations verified by a model is its field of validity. This characterizes the goodness of the
model and is expressed qualitatively by the range of the variations within which the model
agrees with the physics.

The number of coefficients represents the price to pay since the difficulties of identification
lie in this number. It may be easy to identify two coefficients bgaad procedur§but the
identification of say five coefficients in a model will involve considerable numerical work;
and the identification of say ten of them really belonggtonputer-aided aff Therefore to
evaluate a model it is necessary to examine this relation of quality/price= domain of
validity/number of coefficients clearly.

2.5.2Modelling non-linear phenomenon Plasticity is a nonlinear phenomenon, in the sense
that a linearization limited to the first order Taylor expansion represents the phenomenon
only for a very small change in the variables. Among all the analytical possibilities for
representing nonlinearities, the followiage most common:

the exponential: exp(aX) or the logarithm In(aX)

the power function aXwhere N is a coefficient which may take the values, 2,5,10,20
or even 100. In some cases it is necessary to use the functiBhiaXvhich N itself

is a function of X.

The reasons for this are essentiaiyfold:
the easy identification by logarithmic transformation which yields linear relations,
the possibility of obtaining analytical solutions of models for studying their
properties.
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3 Numerical Methods of Minimization [40, 41]

Knowing a mathematical model by its analytical expression, and obtaining a set of
experimental results in which all the variables of the model have been activated, we are in a
position to calculate the unknown coefficients which give the best representation of the
experimental results. We thus tend to minimize the difference between the experimental and
estimated set of values.

Generalities
Let us mention at once that problems arise differently depending on the test data available
and the model under studjwo cases have to be distinguished.

The constitutive law is directly identified, i.e., we seek the entity (or the transfer function)
representative of the material. One example of this is a law in which a vaKeadobe its

derivative X are present:
H(X,X,Y) 0

Once a series of triplets of valuéX, X,Y) have been measured (at the same instant), the

coefficients which define the above functidh can be obtained by direct fitting of the
experimental points. Depending upon the particular case, we may use a linear or nonlinear
least-squares method to obtain these coefficients.

The response is identified, i.e., the coefficients of the functibnare determined, by
adjusting in the best possible way, the response values obtained from the assumed
constitutive equation for a given load (input) against values obtained experimentally under
the same load. In this case we use a nonlinear least-squares method, since the response
cannot usually be stated explicitly in a simple analytic way.

Remarks
A given model cannot be identified correctly unless a sufficient number of test results are
available which embrace a significant range of variation of each of the parameters (for

example, the parameterX, X andY in the above functioH ). Otherwise, we run the risk
of not determining one or more coefficients well enough.

For an identical material and model, it may be necessary to define several sets of coefficients,
each better suited to a domain of variation or to a load type, for example, rapid transient
loads, short-term loads, losigrm loads and stationary loads.

In the art of identification, least squares problems are at the heart of computational strategy
involved. The following pages describe the basic definition and the various methods related
to the least square problems.

3.1 Introduction and Definitions [40]: Our objective is to minimize the discrepancy
between the experimental data and the estimated values from a model. Different norms may
be used, and generally speaking, we have the problem of minimizing an error function, which
depends on the unknown coefficients. Different methods of minimization can be used. They
have different efficiencies; however, in general, convergence may be difficult to achieve, due
to large nonlinearities of the phenomena generally studied.

We define the least Squares Problem as:
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Definition 1.1. Least Squares Problem

Findx , a local minimizer for

FO) 3 | (RO

wheref, :

n

i 1,...m are given functions, andh t n.

We thus have to find the argument Bf that gives the minimum value of this so-called

objectiveor cost functionWe define the global minimizer as:

Definition 1.2. Global Minimizer

GivenF: " . Find
x argmin F &)

This problem is very hard to solve in general. For solving the simpler problem of finding a
local minimizer for=, an argument verctor which gives a minimum valueFahside a

certain region whose size is given Bywhere Cis a small, positive number.

Definition 1.3. Local Minimizer

GivenF: " . Find X" such that
F(X) dF(x) for [|[x X || Cwhere ||.|| is th&,-norm,

We assume that the cost functfoms differentiable and so smooth that the following Taylor

exapansion is valid:
Fix h) F(9 g Zh'Hh OIn|f)

wheregis the gradient,

W
\M1 .

g {F'(x)=
W -
—(X)
W, ©

and H is the Hessian,

H Frx) ﬁ(x):?

WX We

(2.12)

(2.13)

(2.14)
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If X" is a local minimizer andH]|| is sufficiently small, then we cannot find a paint h
with a smalleF -value. Combining this observation with (2.12) we get:

Theorem 1.1. Necessary condition for a local minimizer

If X" is a local miimizer, then
g FKXX O

We use a special name for arguments that satisfy the necessary conditions:

Definition 1.4. Stationary Point

If g, F'(x) O,
then x, is said to be a stationary point for.

Thus a local minimizer is also a stationary point, but so is a local maximizer. A stationary
point which is neither a local maximizer nor a local minimizer is called a saddle point. In
order to determine whether a given stationary point is a local maximizer or not, we need to
include the second order term in the Taylor series (2.12). Insetting see that:

F(x; h) F(x,) %hTHSh o(lh If) (2.15)

S

with H, F"(x,).

From definition (2.14) of the Hessian it follows that aHy is a symmetric matrix. If we
request thatH _is positive definite, then its eigenvalues are greater than some nuéxfer

andh™Hh> glh|f.

This shows that fof| h ||sufficiently small the third term on the right-hand side of (2.15) will
be dominated by the secorithis term is positive, so that we get

Theorem 1.2. Sufficient condition for a lochminimizer

Assume thak, is a stationary point and th&t'(x,)is positive definite.
Thenx.is a local minimizer.

If H.is negative definite, ther, is a local maximizer. IfH is indefinite (i.e., it has both
positive and negative eigenvalues), thens a saddle point.

3.2 Descent MethodsAll methods for non-linear optimization are iterative: From a starting
pointx, the method produces a series of veotprs, ,..., which (hopefully) converges to,

a local minimizer for the given function. Most methods have measures which enforce the
descending condition
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F(xe ) F(x) (2.16)

This prevents convergence to a maximizer and also makes it less probable that we converge
towards a saddle point. If the given function has several minimizers the result will depend on
the starting point,. We do not know which of the minimizers that will be found,; it is not

necessarily the minimizer closesito

In many cases the method produces vectors which converge towards the minimizer in two
clearly different stages. Whex,is far from the solution we want the method to produce

iterates which move steadily towards In this gglobal stagé of the iteration we are satisfied
if the errors do not increase except in the very first steps, i.e,

lle . I [l | (2.17)

where||g, || denotes the current error,

e X, X (2.18)
In the final stage of the iteration, whexg is closetox , we want faster convergence. We
distinguish between

Linear Convergence:

lle. ; ||da|le |when]|e | is small; O<a<1, (2.19a)
Quardratic Convergence

lle.. Il Ole fl whenlle ||is small, (2.19b)
Superlinear Convergence

lle . ll/]le |p fork o f (2.19¢)

Algorithm 1.1 Descent Method

begin
k: O;x: X,; found: false {starting Point}
while (not found and (k Kk, ..)
h,: search directio(x) {From x and downhil}
if (no such h exists)
found=ture { x is stationary}
else

D step lengtfx,h,) {from x in directionh,}
Xx: x My ks k1
end

One step from the current iteratensists in

1. Find a descent directidn, and
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2. Find a step length giving a good decrease irFthealue

Consider the variation of the -value along the half line starting &t and with directiot .
From the Taylor expansion (2.15) we see that

F(x M=F(X) BFX O( % (2.20)
which for L sufficiently small becomes
F(x h) FX) Dh'F'(x) (2.21)

We say thahis adescent directioif F(x )is a decreasing function afat £=0. This
leads to the following definition.

Definition 1.5 Descent direction.
h is a descent direction foF at x if h"F'(x) <0

If no suchh exists, thenF'(x) =0, showing that in this case is stationary. Otherwise we
have to choosé&, i.e., how far we should go from in the direction given bly,, so that we

get a decrease in the value of the objective function. One way of doing this is to find (an
approximation to)

argming,, {F(x D h)} (2.22)

e

This process is called #ine searchand is dicussed later. First, however are two methods for
computing the descent direction.

3.2.1 The steepest Descent metho@rom (2.21) we see that when we perform a step
M with positive L, then the relative gain in function value satisfies

| h'F F 1 (2.23
im =0 ST IF e lcos? (229

where 7 is the angle between the vectdrsand F'(x). This shows that we get the greatest
gain rate if 7= &, i;e, if we use the steepest descent diredtigmiven by

hy F'(X) (2.24)
The method based on (2.24) is called the steepest descent method or gradient method.
The choice of descent direction #e best locally and we could combine it with an exact
line search (2.22). A method like this converges, but the final convergence is linear and often
very slow.

3.2.2 Newton§ method We can derive this method from the condition that is a
stationary point and thus satisfle$x’) 0. Also ignoring second and higher order terms of
[|h ]| we get

F'x h) Fx) F"&h (2.25)

We now derive the Newton method: Fihgas the solution to
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Hh, F'X) with H F"(x) (2.26)
and compute the next iterate by
X: X h, (2.27)

whereh, is the descent direction.

Newton$ method is very good in the final stage of the iteration, wkeseclose to< .

3.2.3 Line Search Given a pointx and a descent directidm. The next iteration step is a
move from x in directionh. To find out, how far to move, we study the variation of the
given function along the half line from in the direction oth,

M D F(x hE xandh fixed, DtO (2.28)
y
y /O) /
y W)

[
»

Fig 2.10 Variation of the cost function along tharsh line

Our h being a descent direction ensures that

M0) h'F'(x) O,

indicating that if L is sufficiently small, we satisfy the descending condition (2.16), which is
equivalent to

MY (0.

Often we are given an initial guess ab, e.g. O 1 with Newton$ method. Figure 2.10
illustrates the three different situations that can arise

1. L is so small that the gain in value of the objective function is very small.
should be increased.

2. L is too large: M Yt (@Y. Decrease L in order to satisfy the descent
condition (2.16)
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3. Lis close to the minimizer of (/). Accept this L-value. This gives the
smallest local minimizer ofl. If we increaseL beyond the interval shown in

Fig 2.10, it may well happen that we get close to another local minimum
forF .

An exact line searchis an iterative process producing a serig®, .... The aim is to find
the true minimizer RQdefined in (2.22) and the algorithm stops when the iterfte
satisfies| M |d |W(O)

where | is a small, positive number. In the iteration we can use approximates to the
variations of (/) based on the computed values of

Mp Fx Mand M O hFx B

3.3 Non-Linear Least Squares Problems Given a nofinear vector function

f: " "withm t n. We want to minimiz#f (x) ||, or equivalently to find
X argmin {F (x)} (2.29a)
where
1m , 1 1
F(X) > (fi(x)) Ellf(X)If Ef &JFx) (2.29b)
i1l

Least Squares problems can be solved by general optimization methods, but here special
methods are presented that are more effici®ietneed following definitions:

Provided thatf has continuous second partial derivatives, we can write its Taylor
expansion as

fx h) fx) Jen O(h If) (2.30)

whereJ « ™"is the Jacobean. This is a matrix containing the first partial derivatives for the
function components,

60, 0 (2.31)
W,
As regardsF: " , it follows from the first formulation in (2.29b) that
\E m
Foo T 10020 (2.32)
Xl W
Thus thegradient (2.13) is
F'(xX) JX)'f(x) (2.33a)
22
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We shall also need the HessianBf From (2.32) we see that the element in position
(j,k)is

m : 8
W | MWo0—Moo 100 W °  (2.33b)
W XY i1 XWX W WO e
showing that
F (x) J(X)"J(X) T f.(x)f "(x) (2.33c)

3.3.1 The Gauss-Newton Methad This is an efficient method based on the
implementation of first derivatives of the components of the vector function. It is based
on the linear approximation to the componentsf oin the neighbourhood ok: For

small ||h || we see from the Taylor expansion (2.30) and (2.31) that:

fox h) 1) {fx) Jxh (2.34)

Inserting this in the definition (2.29) d¢f we see that

F(x h) L) {%I(h)TI(h) F(x) h'J'f %hTJ Jh (2.35)
The Gauss-Newton stép,, minimizesL(h) .
It is easily seen that the gradient and the Hessidn arfe
L'(h) J'f J7Jh, L"(h) J'J (2.36)

Comparing with (2.33) shows that'(0) F 'k ). Thus we can finch , by solving

@'Hh, IF,  x:x (2.37)

gn

where the second relation is a typical step.

3.3.2 The Levenberg-Marquardt Method: Levenberg (1944) and later Marquardt (1963)
suggested using a damped Gauss-Newton Method. Thdstep defined by the following

modification to (2.37),

(J'J+ Ah,, gwith g=Jfand Pt0O (2.38)

Here,J J(x) andf f(X). The damping parametef has several effects:
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1. For all P!0the coefficient matrix is positive definite, and this ensures
that h, is a descent direction
2. For large values ofF we get
Py, 19 PEF'(X) (2.39)

i.e., a short step in the steepest descent direction. This is good if the current
iterate is far from the solution.

3. If Fisvery small, theh,, h_, which is a good step in the final stages of

g’
the iteration, wherx is close tox . If F(x') 0 (or very small), then we can
get (almost) quadratic convergence.

Thus the damping parameter influences both the direction as well as size of the step, and this
leads us to make a method without a specific line search.

The choice of initial F-value should be related to the size of the elements

inA, J(X,)'J(X,),e.g.be letting

o P.max {&#} (2.40a)
where Vis chosen by the user. The updating is controlled by the gain ratio

FO) F(x hp)
L©O) LG,)

(2.408

The stopping criteria for the algorithm can be if the changeismsmall,
1%ew XIld 5 (11X [ (2030
Finally to avoid infinite loop, we can have the saveguard

K dK. . (2.40d)
Also 4andk,, are chosen by the user.

Thealgorithm is summarized below:
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Algorithm 1.3 Levenberg-Marquardt Method

begin

k: 0,Q 2)x: X,

A JX)IX);g: JX)TF(X)

found: (Il %, Xlid&(IXIl H); P Wad
while(not found)and(k K,..)

k: k 1,SolvéA Ph, g

it b, I 2 (k 44, ) H

found: true

else

Xoew: X Dy,

U (F(X) F(Xew)/(LO) L))

if (#0

X Xnew

A J)TI(X)g I(X)F(x)

found: (|| Xe,, Xlld , (Il xI[4; )) H

P Pmax{%,l QU 1}, 02

else

P P;QQ Q

end

4 Digital Image Correlation

With the introduction of high speed camer@®sQG DIIRUGDEOH SURFHVVLQJ SR
computers, an evolution has emerged to use digital image correlation technique or shortly

DIC in experimental mechanics to find displacements, strains, stresses and shape
measurementsDIC is also appealing thanks to its versatility in terms of the scale of
observation. . DIC has been used effectively in biomechanics, fracture mechanics studies and

for concrete deformations. A wide range of applications []0«f6the technique have

already indicated the versatiliof the method.

4.1 Governing Equations The principle of image correlation is derived from th&sbive
DGYHFWLRQ RI WKH ORFDO WH[WXUH RI WZR BéetmMzenOHYHO L
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the reference imagdd DQG WKH 3GHIRUY Mdu@ed by, this lddvection is teeb
estimated as accurately as possible.

The local form of the principle reads
f(x) g(x u(x) (2.41)

This equation cannot be fulfilled pixelwise and thus a weak form is genereally formulated
through the minimization of thglobal quantity

2 3RZ(X)dx (2.42)
where the local error density(x), is

£ [g(x u(®) f(x)]° (2.43)

We directly minimize the functional for arbitrary displacement fields. Therefork is

used as a local error indicator for the correlation procedure. This indicator gives a
straightforward way of estimating the quality of the results.

4.2 Non-Linear Problemand noise reduction The equation (2.41) is an ill-posed problem

that cannot be fulfilled pixelwise and due to the presence of local minima as the texture is
nearly irregular. Also there is likelihood of the presence of noise since we are dealing with
digital images and noise can come from poor speckle, camera configuration or low quality
sensors as well as numerical techniques being used during the correlation pradadkite.
circumvent the non-linear aspects of the problem and to reduce noise in the determination of
displacement, following strategies are adopted:

4.2.1 Newton Algorithnmt A Newton iterative procedure is elaborated to circumvent the non-

linear aspects of the probleiret us denote by' the approximation of the displacement field
at iteration . The problem is recast in the following form: find the displacement increment

du u'' u' by minimizing A such that

R 3 g(x u'(x) du(x) f(x)]*ck (2.44)
Assuming a small increment of the solution, the first term is linearized to provide

R 3 $g(x u'(x) du(x).” gx u(x) f(X]%dx (2.45)

The motion has to be sufficiently small for the Taylor expansion to be valid and we can see
that DIC is an ill-posed problem since the displacement can only be measured along the
intensity gradient.

The right-hand side is now expressed in an appropriaje w
K 3BduX).’g(x U(X))]?ck 2 33l(x): dx u'(X))[ dx u'(X) f(xX)]dx

| (2.46)
+38g(x U(y) f(3]%dx
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As mentioned earlier, the displacement field is decomposed over a set of furRGiins

The approximation of the displacement field then reads
ux) a0 (2.47)

where (a,),. is the set of unknown associated with the chosen interpolation functions (
being a set of integers identifying the interpolation functions). By adopting matrix-vector
notations, the minimization of (2.46) is recast as a linear system

M'du =01 (2.48)
whereM' LV D 3PliRevinatrix defined as

My 33 7 g(x U GO 7 g(x u'(x))dx

(2.49)
Mol [NIT['G I’ G]IN]
andb LV WKH 3IRUFH" YHFWRU
b, 33I,.7gkx wEOIF() gx u (x)]d (2.50)

{boc} INI'['GIIF G]

where[N] is a matrix that collects the value of the basis functions at the pixel location
[’ G] is a diagonal matrix that collects the value ofg(x u'(x)) and[F G] a vector
containing the values of f(x) g(x u'(x))].

The solution is then updated and the process is repeated until a convergence criterion
associated with a given norm is reached.

To improve convergence we can replac® by 'F because when convergence is reached
bothareequaDQG ZH GRQIW Q HGlabeAuRteFaldd. AVeGhDsMave

M., [NI'['FI' FI[N (2.51)
and
b, IN]'['FI[F G] (2.52)

4.2.2 FE-DIC: Having an identical description for the displacement field during the
measurement stage and for the numerical simulation is the key for reducing the noise or
uncertainty propagation in the identification chain. During the latter, there is usually a
difference between the kinematic hypotheses made duringnélasuremenand simulation
stagesand this can makeomparisondifficult. This can be avoided bysing FE shape
functions in equation (2.47)Sine the image is naturally partitioned into pixels, it is
appropriate to choose a square or rectangular shape for each elEneelmiting element

size is one pixel.
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4.2.3 Multi-grid solver: The solver must be able to avoid local minima. A multi-grid finite
element strategy is utilized for this purpose. The region of interest of the reference image is
decomposed into square elements of pixels. The vertices of. , are the nodes . that

support finite element shape functigh), ., -

For the Multi-grid strategy, coarser grids are derived from the original one. At those grid

levels, the elements consist of aseBdfUDLQV" DW WKH ILQHV.Wh&/9zB OH D JUI
of the grains is multiplied by a factor of 2 in each direction from a certain grid level to the

next coarserone8VLQJ WKLV QRWDWLRQ WKH HOHPHQW VL]H LQ WE
grids. This coarse graining strategy allows for a regularization of the texture of the images.

This regularization stage allows for filtering the short wavelengths of the texture at the
coarser grids of the algorithm. These high frequency modes are then gird by grid
reintroduced in the calculation. Also weRRQ TW QHHG 9 RU : F\FOHV LQVWHD
down from the coarsest to the finest would be sufficient to find the global minimum [17].

4.3 Advantages of using full-field measurements for identification: Full field
measurements provide us with rich experimental data (typically 1000 to 10,000 independent
measurement points) that is not available with the conventional methods of measuring global
responses of material specimens.

In standard identification procedure, we have standardized geometries (e.g-bandog
shape) and boundary conditions to give uniform state of stress and strain. If a homogeneous
state of stress and strainedonot exist, it is only possible to determine the average strain
value over the gage length region with this procedure and not the true properties of the
material at a point. With this assumption fulfiled we may use simple analytical expressions
to relate the stress and strain and find the unknown constitutive parameters of the mechanical
material behaviour model. As was explained in the introduction this is not true of the actual
situation in most engineering applications. Hence its use is limited. But with Full field
measurements, we can analyze complex experiments with non-homogeneous strain states and
nonstandardized specimen geometries to give us more reliable estimates of constitutive
parameters.

These complex tests have yet another advantage: in general several standard tests are needed
to determine all unknown material parameters. As a consequence of the parameters being
evaluated sequentially, values of parameters may depend upon the order in which they were
determined [5P However, the heterogeneous stress and strain fields, resulting from the
complex material tests provide much more information and, hence, allow the simultaneous
identification of several material parameters. Thus full-field measurements allow greater
accuracy, flexibility and speedvioreover, larger sets of constitutive parameters can be
identified.

However, identification of parameters using this type of approach requires suitable
computational strategies to analyze experimental data. The following section gives an
overviewof the available strategies.

5 Identification from Digital Images [19, 20, 42]

The aim of the present section is to present an overview of recently-developed identification
approaches specifically aimed at analyzing field measurements. All of these strategies can be
termed as inverse strategies since they are inverse of the direct problem in mechanics of
finding the displamcent, stress and strain.
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Govening EquationsAn elastic body whose undeformed configuration occupies the domain
is governed by three sets of equations, namely the equilibrium equations (having for
simplicity assumed the absence of body forces)

(divV Oin :,
2 (2.53a)
M T onS
the kinematic compatibility equations
Hi(’u " Tu) in
2 2 (2.53b)
u uons,
and the constitutive equatioﬁ
AV in : (2.53c)

In these equations denotes the displacement vectdr the infinitesimal strain vector,v
the Cauchy stress tensor amd the outward normal vector. Over-lined quantities are
prescribed as static or kinematic boundary conditi@esnponents of the Hooke tensAr

can be either constant (homogeneous material) or point-dependent (heterogeneous material).

Introducing setsS and C of statically admissible stress fields and of kinematically
admissible displacement fields, respectively, i.e.:

ST {W X div W((n:)and W T (onS ) (2.53d)

Cu) {veXv u(n§)} (2.53e)
where Xis the set of symmetric second-order tensor fieldthat are, together withliv |,
square integrable over , and Xis the set of vector (displacement) fields defined over

Identification Problem Constitutive parameter identification is often referred to as an
inverse problem. The lack of information aboud must be compensated with
overdetermined data. Thus in addition to the boundary conditions, supplementary
information resulting from measurements must be available. Such additional information
may take many forms, and is here assumed to consist of kinematic field measurements.

In many practical cases, the primary unknown of the identification problem is a vector
T M,..T.. of M constitutive parameters entering the elasticity temserA( . We

thus have the following relation:

K(7U R (2.54)
When the parameterizatio( 7'is linear in 7 we can write:
M ~ M~
A= AT K(T | KT (2.55)
i1 il
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5.1 The Finite Element Model Updating Method (FEMU) [26] The goal of FEMU
approach is to identify the constitutive paramet@rby exploiting equation (2.54), or similar
equations stemming from a FEM model of the sample. Basically, the FEMU approach is
based on the minimizing the discrepancy between either known and predicted forces (FEMU-
F) or measured and predicted displacement fields (FEMU-U).

5.1.1 The Force Balance Method (FEMUF): It is based on the experimental availability of
all the nodal displacementd and prescribed forcés. Substituting the known quantities

U and R into equation (2.54) yields a set of equations used as a basis for recovering the
constitutive unknownd. The FEMU-F approach consists in minimizing least-squares
functional of the form

(T Z(R K(TUWe(R K(TU) (2.56)

whereW, is a (symmetric, positive definite) weighting matrix.

5.1.2 The Displacement Method (FEMUWJ): In many cases, the displacements are only
partially known, and the force method cannot be applied. The displacement method has
hence been developed as an alternative. We minimize the following functional

3,(Tw) 2 UCTW) WU U( Tw) @57)

where U( Jw)is the solution to a well-posed direct elasticity problemsymbolizes th
available information on boundary conditions, &} is a (symmetric, positive definite)
weighting matrix.

The misfit functions (2.56) and (2.57) are two of other variants that are possiki&][21
FEMU can be applied to any kind of over determined data. Minimizatiod_obr Jis

often carried out by Gauss-Newton or Levenberg-Marquardt methods. Finally, the direct
solution U( 7 may be set up using methods other than FEM e.g. the finite difference
method.

FEMU has been applied to the identification of parameters driving the elasto-plastic
behaviour of metals, with promising results, from tensile tests on notched or drilled
specimens giving rise to heterogeneous stress states for which displacements were measured
using DIC and the total tensile force was known. Various constitutive models have been
tested (with linear or non linear hardening). The boundary conditions are provided by the
DIC patterns located at the boundary of the measuremen{izeaethe clamps).

5.2 The Constitutive Equation Gap Method [19] The CEG measures the distance between
a given stress fieldy and another stress field computed through a constitutive model from a

given displacement fieldv.If the constitutive model is linearly elastic, then the CEG

between the fieldsk and v is defined by
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(v, l/,I/A):% 3( MK MIHA( AMV)AV (2.58)

where the elasticity tensdk is allowed to be heterogeneous.

Considering a constitutive parameter identification problem, where for instance the elasticity
tensor A is to be identified, one may alter definitions (2.53d) and (2.53e) of the sets of
admissible fields so as to include all available experimental information about displacements
and stresses. Based on such adjusted definitiongan be sought so as to minimize th
CEG:

with (2.59)

where is the set of admissible elasticity tensor fields.

5.3 The Virtual Field Method [19]: This approach is applicable to situations where the
strain field is experimentally known

in (2.60)

wheret is known from full-field measurements (possibly through differentiation of a
measured displacement field). No limitations are put on the loading conditions, which are
also assumed to be known. Assuming that no body forces are applied and that boundary
conditions are astipulated in equations (2.53), the principle of virtual work takes the form

3 VUV 3Tuds gi.u dv (2.61)

for anyu’ < C(0).

The VFM basically consists of exploiting identity (2.61) with particular choices of virtual
fields, tailored to specific identification problem at hand.

First a constitutive model is assumed for the material. For instance, one hag )V if

elastic moduli are to be identified. Then, virtual fields are chosen. Each virtual field
substituted in (2.61) yields one scalar equation. The constitutive parameters are then sought
as solutions to a set of such equations.

5.4 The Equilibrium Gap Method [19]: This approach has been developed for cases where
the elastic heterogeneity takes the form of a scalar @éid , i.e.

A(x) C(x)A, (2.62)

(where A,is given and corresponds to a reference medium) with the aim of identifying this
contrast field from the displacement field measured in

The basic assumption is that the displacement data is available on a measurement grid, which
is usually regular. A FEM mesh is then set up so that its nodes coincide with the
measurement points. Assuming a constant con€gg) C,over each finite element, the

stiffness matrix of elemert, has the form
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(2.63)

where is the element stiffness matrix for the reference medium endowed with moduli
.Then, the FEM equilibrium equation at the m-th DOF as=d to be located at a node
which does not support any external load) have the form.

(2.64)

where is the vector of DOFs on element is the m-th unit vector, and the
summation runs over the elements which share the m-th DOF. Equations (2.64) provide the
basis upon which the contrasts are identified, the cofactor of each being known by

virtue of the assumption that a full-field kinematic measurement is available.

5.5 The Reciprocity Gap Method [19] The RGM primarily concerns situations where

mechanical field measurements are available on the boundary. Letdenote known

displacements and tractions on the boundary. From the virtual work principle, a reciprocity
gap functional can then be defined. Consider for the sake of illustration the case where the
measurements have been taken on an elastic bodyith boundary endowed with the

elasticity tensor , Which is to be identified. Besides, letdenote the displacement field

induced by a traction distribution on on a body with the same geometry but
characterized by the trial elasticity tensor  (any such auxiliary state is referred to as an

MDGMRLQW VWDWHY 2Q FRPELQLQJ WKH LGHQWLWLHV REW]
in turn to the experimental state and the adjoint stat®lbtaéns

(2.65)
For any adjoint state , the reciprocity gap Is thus a known function of the
experimental data (, ). One must have

(2.66)

This equation thus yields an independent scalar relationship on the unknown distribytion
or on the parameters involved in its definitions, for any choice of adjoint state.

32



Computaiton Experimental DIC Hybrid Strategy for Robust 3D Ductile Plastic Law
Identification

Theory

In this section we shall consider the development of the strategy that allows us to include 3D
effects in our material model. The strategy has its roots in the inverse strategy of FEMU
discussed in the last section. The following pages explain the theory behind the procedure of
identification.

1. Finite Element Model Updating based Procedures

As discussed earlier many variants of FEMU exist depending on different cost functions
and different techniques for updating the parameters. The following figure shows the
principleof FEMU based procedures.

Initial Boundary Conditions
Parameters +
material mndel

A 4

Parameters FE
Updating Solver

Identified
parameters
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First we need to extract the boundary conditions to be applied on the FE model. However, if
the boundary conditions contain noise, the strategy will in turn be affected by Tbese.
identified parameter will then be sensitive to mesh size and we will have higher noise levels.
So we need strategy for identification that independent from the use of boundary
conditions altogether. Integrated Mechanical Image Correlation (I-MIC) is thus adopted and
explained in the following pages. To include 3D effects, changes have been done on the
original I-MIC approach proposed by Réthoré [7]. The modified I-MIC is transformed for the
use in mono and stereo image correlation.

1.1 Mechanical Image Correlation(MIC) : To reduce noise in the identification chain, the
idea is to try and minimize the mismatching of the images directly from the constitutive
parameters. The cost function used is:

(3.1)

where is the pixel coordinate on the image.

In this strategy, the deformed images corrected by which is the simulated displacement

using the current estimation of the constitutive parametersnd appropriate boundary
conditions. We obtain the solution increment from:

(3.2)
with

(3.3)

is the vector containing the grey level values of the deformed image s linearlized
and written as . The matrix finally recasts in the following form:

(3.4)

where is the solution vector of a mechanical simulation run with the constitutive
parameters and the appropriate boundary conditions obtained from DIC. collects the

variation of the simulated mechanical solutionwith respect to the constitutive parameters

Thevector is:

(3.5)

when the same modification as for DIC is adopted, i.eis substituted by . Solving this
system, the constitutive parameters increment is directly obtained from the minimization of
the mismatching between the two images.
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To see the performance of MIC, Réthoré [7] has identified steel B&d. V F&iQ &§nd
analysed the effect of different mesh sizes on the identification. The analysis shows that MIC
is independent of mesh size when we use the boundary conditions obtained via DIC analysis
with a mesh size corresponding to least noise levels. This optimum noise level is achieved for
element size of 200 pixel-elements. However, if current element size is used to extract the
displacement boundary conditions, then we see that the results are not independent of the
mesh size. Thus it is evident in Figure 3.1 that when the MIC analysis is performed using
boundary conditions coming from 200 pixel-DIC analysis with least noise amplitude, the
LGHQWLILHG 3RLVVRQTV Umash dzeluged. i@ K818.30H ¢hé stlgwhard] W KH
when MIC analysis is performed by using boundary conditions coming from DIC analysis
using the same element size in DIC as that of MIC, noisy boundary conditions affect the
LGHQWLILFDWLRQ SUR &id GhnUddcomEsGserBsRiveViy R€ESN gizéJused in
MIC. This confirms the analysis of Avril and Pierron [20] who state that the maximum
likelihood set of parameters can only be obtained if the boundary conditions used to
obtain arenot affected by noise.

Fig.3.1EvoIXWLRQ Rl WKH LGHQWLILHG 3RLVVRQYV UD

To circumvent this drawback, we consider another strategy independent of boundary
conditions in the following section.

1.2 The Integrated-Mechanical Image Correlation(I-MIC): We saw in the previous
section how the use of boundary conditions affects the identification process and leads to a
strategy sensitive to mesh size. The commonality in both FEMU and MIC is the use of the

field. This field is obtained from a numerical simulation of a mechanical problem and thus
utilises boundary conditions. To avoid the usage of boundary conditions altogether, we
propose a strategy that reduces the two step procedure of FEMU and MIC into a single step
algorithm. Instead of only obtaining displacement field from images and then using it as
boundary condition for a mechanical simulation to extract the material parameters, we tend to
extract both the displacement field as well as material parameters from the images.

For this purpose the following cost function is proposed:
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(3.6)

3, QWHJUDWHG® UHIHUV WR WKH IDFW WKDW LQ WKLV VWUD\
balance of momentum are directly integrated into the correlation algorithm. In this equation,
the finite element decomposition presented previously in equation (2.47) is adopted so that

the nodal displacement vector is searched for. is the vector that collects the intekrna

forces for each DOF except those concerned with Dirichlet or Neumann boundary
conditions. and are normalization constants that allow us to mix the two contributions

of egn (3.6) with the use of penalty parameter

The cost function has two contributions: Optical and Mechanical. The first contribution (on
the left of the + sign) concerns the solution of DIC problem. The second contribution (on the
right of + sign) is related to the fulfilment of the balance of momentum equations by the
displacement field, W LV WHUPHG PHFKDQLFDO LQ WKH VHQVH EHFI
from the grey levels of the images unlike the first contribution which is termed optical. The
two contributions cannot reach their minimum for the same displacement field which is the
reason why the mechanical part is used as a penalty teimrelated to the mechanical
filtering of the cut-off wave length of the mechanical filtering provided by the penalty term.
The short wavelengths of the displacement solution are dominated by the mechanical
contribution whereas the large wavelengths remain governed by the DIC contribution. This
filtering that is efficient in noise removal from permissible displacement solution fields was
first introduced in Réthoré et al [53].

Neither the knowledge of external load applied to the sample nor displacement boundary
conditions are required in this strategy. Thus without the use of boundary conditions, the
response of the method is robust with respect to the noise that can affect the displacement
field on the boundary. It is also important to note that static quantities, i.e, external loads are
not used in this approach. The global response of the specimen that should correspond to
these loads can be estimated a posteriori from the displacement field and the material
parameters. The ratio between the estimated and actual loads can then be used for the
calibration of the model parameters.

Application to Elasto-Plastic LawSince we are not using the external loads in this strategy,
the application of I-MIC to non-linear constitutive laws is not straight forward. We only
utilize Dirichlet boundary conditions in the elasto-plastic simulation by prescribing the
displacement field obtained from DIC.

From a virtual testing procedure that will be detailed in the next sections, it was observed that
the prescribed displacement is not affecting the material parameter identification. In other
words the parameters of the elasto-plastic constitutive law have a small influence on the
displacement field. For example when the magnitude of the prescribed displacement varies
from 1 to 2, the change in the identified yield stress is not appreciable as shown in the figure
below:
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Fig.3.2. Effect of coupling weightanddifferent amplitude of applied forces on identified yietess
in virtual testing using-MIC.

Thus, the results obtained by [-MIC for the identification of elasto-plastic law were
erroneous. As a remedy we tend to prescribe force instead of displacement for our numerical
simulation.Thus, in the present case we will be using displacement that is dependent on the
force vector. The strategy employed to find this force vector numerically is also explained in
the following sections.

1.3 The Moadified I-MIC approach: Thus to make I-MIC suitable for elasto-plastic laws, it

Is clear that we need to invoke static quantities, e.g., external loads. First the new I-MIC
formulation is described, and then details are provided on the important steps of the
methodology. For the sake of clarity, we first focus on a two-dimensional case where only
one deformed image coming from one camera is available.

In the original I-MIC formulation [7], the mechanical constraints were obtained by the
Equilibrium Gap Method ([5] and [39]) as shown in equation (3.6). It does not involve the
contribution of the boundary nodes. It has been shown to be an advantage in reducing the
effect of noise but as mentioned previously this specificity is the reason why the approach
fails for more general constitutive laws. Keeping in mind that the experimental tests are not
perfect and that they may contain experimental noise due to various factors like signal to
noise ratio of the test equipment, the external loads applied on the non-free boundary of the
specimen is a priori unknown. The external force vector is estimated by a different strategy.

Also, instead of using , a balance between the work of the external forces, collected in
, and the internal work is adopted. Thus in the new modified strategy, the cost function

becomes:

(3.7)

From this equation it is clear that the mechanical part of the residual has a linear dependence
on unlike the optical part. An iterative resolution strategy is therefore employed.
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If is the solution increment between two successive iterations, we have:

(3.8)
and

(3.9)

Introducing these expressions in equation (3.7), the stationarity with respectiused to
obtain

(3.10)
where
(3.11)
and
(3.12)
In these equations, we replace which depends on the current solution vectorby
and is denoted by which should be the algorithmic consistent tangent matrix for

optimal convergence. Note that the equations involve and that can be obtained by

a standard DIC problem. Once the displacement solution is obtained for a fixed value of the
material parameters, we can derive the solution procedure to evaluate the material parameters
increment.

For the material parameter increment, the mechanical residual vanishes and hence only the
optical part of the cost function plays the role. Thus the solution increment for the
constitutive parameters is obtained by minimizing the DIC residual only. We thus have:

(3.13)

In this equation the following definitions hold:
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(3.14)

and

(3.15)

the sensitivity matrix being computed with fields that are obtained by solving

equation (3.10). The process is run until convergence is reachedfona given criterion
and a given limit . In practice, the maximum of the ratio between the parameter increment
and its current value is used.

(3.16)

The convergence toleranceis setto

The iterative procedure is shown in the followftayv chart:

Initial
Paameer Guess

A\ 4

from eqn (3.10)

A

A 4

A

from eqn (3.13)

A 4

If Not
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2. Integrated Mechanical Image Correlation using 3D Kinematics

In orderto make the strategy applicable to sheets with finite thickness and elasto-plastic

material behaviour, we need to extend the previous strategy to three-dimensional kinematics.
For this objective, the DIC mesh is extruded along the mean normal direction of its surface

so that the mechanical part of the I-MIC functional is computed in 3D.

2.1 Using a Single CameraA mesh of the specimen in the physical space (i.e., using
physical units) is first generated. Using simple affine transformations this mesh is glued on
the reference image so that its contour coincides with the contour of the specimen. The DIC
analysis is then performed. The direction normal to the sample surface is supposed to be
orthogonal to the camera sensor plane. The 2D mesh is simply extruded along this direction.
The thickness of the specimen is converted from physical units into pixels. This mesh is to be
used for the 3D numerical integration of the mechanical operatond ~ whereas only the

projection of the first node layer onto the sensor plane is accounted for in the integration of
the correlation operator and . A projection operator is defined such that the

projected displacement reads

(3.17)

where is a diagonal matrix. The diagonal term is zero if the corresponding DOF is

held by a node not located on the first layer. Otherwise its value is set to unity if the
corresponding DOF has its components within the sensor plane.

2.2 Using Multiple Cameras The same strategy can be applied to the stereo camera system.

The main difference between mono and stereo camera system is that in later the analysis is
performed in the physical space and not within the sensor space. First a 2D mesh is
positioned within the physical space so that its projection on the images of the two cameras
matches the projection of the specimen. Then the 3D displacement is projected onto the
sensors of the two cameras and the correlation residuals are computed. The projection

operator is different for each camera; it will be denoted a§the camera.

2.3 Problem Formulation: This formulation deals with a sequence of images captured all
along the sample loading. The modified I-MIC3D functional is adapted for the case of
multiple images coming from multiple cameras infilwing way.

(3.18)

In this equation, a subscripthas been added to the image vector to indicate the camera

number. Discrete summation over time and over the cameras has also been added in order to

generalize the functional (3.7) that is dedicated to mono image correlgtierwork of the

internal and external forces is substituted by the sum over time of the power of these forces,
being the increment over time of the displacement vector.
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2.4 Numerical Features The mechanical part of the I-MIC3D functional is written
considering geometrical non-linearities in an updated-Lagrangian framework. In addition, the
numerical integration of the internal forces vector is performed using a reduced integration
scheme.When performing numerical simulations using finite elements with reduced
integration, one has to control zero-energy hourglass deformation modes. In the present case,
the optical part of the functional controls these modes and there is no need to introduce
artificial forces.

Calculation of External Force Vector

Thel-MIC3D functional proposed herein involves the finite element external force

vector . This vector is a priori unknown, only its resultant being measured experimentally.
In practice, we elaborate the following strategy. Given the initial guess of the material
parameters and the displacement field obtained by solving a pure DIC problem, a numerical
simulation is performed using this displacement field as boundary conditions and the initial

constitutive parameters. From this numerical simulation, an external force vectan be

computed in a post-processing step as the reaction forces to the prescribed displacement field
obtained from DICThis gives us a distribution of nodal forces that allows obtaiaing
realistic displacement field since the pure DIC displacement was prescribiesl oesh

boundary.The resultant of is calculatedand then scaled so that it equals the experimental
resultant forceBy multiplying by this scaling factor, a realistic nodal fodistribution

whose resultant is equal to the experimental force mewmsat is obtained and used in
thel-MIC3D functional.
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Application of the Method

In this section we shall apply our new method of I-MIC3D. For these two applications are
considered. The first one is by the means of virtual method. Here the images generated are
artificial and better suited to analyze the affect of various factors on the overall performance
of the Method. The other application is with a tensile test on 304L steel.

In the subsequent pages, we shall describe the performance of the strategy for both DIC as
well as stereo image correlation. In stereo, we can obtain out of plane displacement and it
would be interesting to see the performance of the Method in this scenario with multiple
cameras for more accuracy.

1. Virtual Testing of I-MIC3D

To see the performance of the proposed strategy, a virtual testing procedure is developed.
The interest lies in the fact that the virtual images produced are independent of noise and
hence we can appreciate the effect of various variables like penalty parameter, initial
parameter guess and different identification strategies to the fullest without involving
external factors. We shall see the effect of these variables on the identification, convergence
rate and correlation error evolutiontbg I-MIC3D.

Principle

By using an arbitrary displacement value in pixels, sample geometry and the constitutive law,
a numerical simulation is performed. The initial mesh is glued onto a virtual image (synthetic
or real). Gluing involves operations like translation, rotation and scaling by which we change
the physical units of the mesh into pixels. The deformed mesh obtained as a result of the
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simulation under prescribed displacement is then used to create artificial deformed images
for the purpose of virtual testing. Following figure shows the process:

- Inverse -
Gluing g Mapping
A A
Initial Pixel Map Referencémage Deformedimage
(Synthetic or real)
Numerical Simulation
Initial Mesh Deformed Mesh

Fig.4.3. lllustration of Virtual Testing Procedure.

Given the reference image, we generatso that for a given displacemdigld we have

19)
In this equation, are integer pixel positions. In practice, we want the argument tf be
integer values. The mapping , Where are non-integer position, is
inverted: so that is computed at integer pixel position as a sub-pixel
interpolation of . Given integer pixel position , non-integer position are searched for so
that . A Newton-Raphson procedure is used to obtainand spline-cubic gray
level interpolation is performed to compute . Once the images have been

generated, the proposed identification strategy is run and we study the influence of penalty
parameter and the initial guess of the material parameters.
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1.1 Test DesignA virtual sample with a hole similar to the sample used in real experiments
is used for virtual testing. The analysis of real experiments is done in the next chapter. The
sample width is 20 mm, and its thickness is 8 mm. A hole of 5 mm in diameter is machined
in the centref the sample.

The material considered in the numerical simulation for the virtual testing has elastic-plastic
behaviour. ) RU WKH HODVWLF UHJLPH WKH SDUDPGVVBRUVVBQH V<
ratio  whose values are set to 168 GPa and 0.25 respectively. For the plastic regime, a
nonlinear isotropic hardening is considered. The evolution of the yield stresas a

function of the accumulated plastic strainis parameterized as follows:

(4.20)
where a scaling factor for the accumulated plastic strain.
Considering the following relations
(4.21)
beingWKH <RXQJTV P Ri@&Xndia{ yeld ress(4.20) becomes:
22

is a linear hardening coefficierithe respective values for the parameters are: 1480 MPa
for ,284 MPafor ,7.16 for and 0.042 for . These values are obtained by using

global response of the real experiment. The virtual tests are performed in plane stress as well
as using full 3D analysis. The following figure shows the global response of the virtual
sample.

Fig.4.4.Global response of the virtual test (force v.s. meamstr
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In the Figure 4, we define mean strain by the following relation:

28)

where is the imposed displacement andis number of the imagelhe denominator
signifies the specimen length.

The numerical simulations for the two cases of plane stress or 3D have been carried out using
the mesh shown in the figure>4

For the identification purposes, following three stages will be considered:

Stage 0: contains all the stdpefore the onset of plasticity (first 5 images)

Stage 1: contains all the steps for a maximum accumulated plastic strain upto 4% (20
images).

Stage 2: contains all the steps forupto 30% (38 images).

Figure 45 also shows the equivalent plastic strain distribution for the two cases of plane
stress and 3D.

(a) (b) (c)
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(d) (e) ()

Fig.4.5.Mesh and equivalent plastic strain distribution for the virtual test. Figures (a) and (d)
the mesh used for the plane stress and 3D analysis respectively. Figures (b) and (e) the ec
plastic strain distributbn for stage 1 and figures (c) and (f) the same field for stage 2.

The corresponding images generated as described above are shown/in fig.4

Numerical Simulation ParticularsDuring the numerical simulation of the reference sample
mesh in Abaqus, we have used the option of large displacement theory i.e., Lagrangian
behaviour of model descriptioithe number of elements for simulation in plane stress is 992
using the element type CPS4.is a plane stress linear element prefixed by CPS. For 3D
analysis, the mesh has elements 3968 with type 3D is a 8-node linear brick. Both
element types are used with reduced integration. Hourglass control is activated to avoid the
spurious non-zero energy modes.

For each step in the analysis the Step Manager also indicates whether Abaqus will account
for nonlinear effects from large displacements and deformations. If the displacements in a
model due to loading are relatively small during a step, the effects may be small enough to be
ignored. However, in cases where the loads on a model result in large displacements,
nonlinear geometric effects can become important. Thus the aftidigeom is turned on.

The simulation is performed under arbitrary prescribed displacerbat.objectiveis to
havetheas much plasticity gsossiblewithout reacling deformationsuperiorto 50%.
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Fig.4.6. Virtual Images generated for the reference state, for stage 1 and stag

1.2 Identification: We chose and as parameters to be identified, andis
obtained using4.20) and (421)

-43)

In the following analysis several types of identification are performed:

l. identification of using images of stage 0,
I. identification of using images of stage 1,

[I. identification of using images of stage 2,
V. Simultaneousdentification of and using images of stage 2.

In these analyses, only the parameter to be identified is unknown and all other parameters are

set to their respective actual value. Since the same identification strategy would be used in

the next chapter involving real experiments, it should be noted that order of different

identifications mentioned is imp@ant to follow. Once we have the converged values of
and , we can use them as fixed values in the identification @nd then compare the

global response of this converged system of values with the experiment.
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The meshes used for the I-MIC3D analysis have a lower refinement than those used for the
direct analysis and the virtual images generation. In the following we will focus on the
identification of and

1.3 Influence of Penalty parameter To see the effect of the penalty parametewe
perform the identification of type | and Il for different values of The initial guess for

<RXQJTV OR @xXl@nhx witial yield stress are set to 90% of their actual values as
reported in section.4 from uniaxial experiment. The influence of on the identified value

for and is shown in the figure below. and are the ratio between the current
parameter value and its actual value.

Fig.4.7. Influence of the penalty parameterfor identification of type | and Il in
plane stress.

Starting for  close to 1 (the emphasis is on the DIC part of the functional), the result
progressively improves when decreases. Thus for better results we may choosas

small as possible. The limit when vanishes of the I-MIC strategy consists in performing
direct numerical simulation under prescribed forces and to minimize the DIC part of the
functional with respect to the material parameters. This limit case whe®” will be used

for the rest of the analyses.

1.4 Influence of Initial guess Minimization techniques as mentioned in the previous chapter
are sensitive to initial guess for the searched parameters. In the I-MIC3D, the initial guess
may not only affect the convergence characteristics of the proposed algorithm but also affects
the calculation of the external force vector.Thus it is essential to evaluate the

performance of I-MIC3D with respect to the initial parameter values.

For plane stress and full 3D analysis, figur8 ghows the evolution of of the identified
parameters when the initial guess varies from 80% to 120% of the actual parameter value.
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JRU <R XQdufug tHieRnean deviation (meai O EVROXWH GHYLDWLRQ IURP
mean) is 0.10% for plane stress and 0.0384% for 3D. Concerning its standard deviation we
obtain 0.12% and 0.0412% respectively. For the initial yield stress we have 0.0325% for
mean deviation and 0.0384% for standard deviation. For the 3D case, we obtain 0.0325% and
0.0370% respectively. Concerning the linear hardening modulus in plane stress, the MD is
0.0440% and SD is 0.0559% while in 3D, the MD is 0.0232% and SD is 0.0306%. These
values are all less than 1% and demonstrate that the proposed method has a really low
sensitivity to the initial parameter value.

Fig.4.8. Influence of the initial guess for identification of type I, Il and Il in pl
stress or full 3D kinematics.

In figure 4.8, the results obtained from analysis types I, 1l and IV are compliedshown

that the results are similar for separate as well as simultaneous identification of the
parameters. The major difference is the slower rate of convergence for simultaneous
identification of type IV. As illustrated in figure.9 for a sequential identification, 7 and 4
iterations are required for and respectively whereas convergence is achieved for a

simultaneous identification after 15 iterations. Moreover, for type IV analysis, the analysis is
performed over all 38 images whereas for type Il analysis only 20 images are required. The
cost of sequential identification is thus even less expensive. Fidi(l® 4hows the relative

error with respect to the number of iterations.
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Fig.4.9. Influence of the initial guess for identification of type I, Ill and IVIam@
stress. Also shown in (b) is the relative error evolution.
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Fig.4.10. Evolution of the identified parameters of type I, lll and IV identificatio
based on plane stress assumption during the iterations. The initial guess for bc
parameters is 90%f the actual value.

The fast convergence rate of the I-MIC3D is also shown in the figures below. For different
values of the initial parameter guess, the evolution of the estimated parameter is plotted.
Focussing on the identification of and , we can see the convergence is very fast and

only 3 or 4 iterations are required in almost all cases for an acceptable estimation of the
parameter.
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Fig.4.11. Evolution of the identified parameters of type Il, lll identification base
plane stress assumption during the iterations for various values of the initial gu
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1.5 Correlation Error for DIC and I-MIC3D : The performance of the I-MIC3D which is
based on the DIC concept can also be appreciated by examining the evolution of the mean
correlation errorThe mean correlation error is defined as:

2B}

wheremerror is mean correlation erroroi is the region of interest of the reference image
discis the corrected deformed image, corrected by the previously determined displacement
anddynamicis the difference between maximum and minimum intensities of the reference
image. Thus mean correlation error describes the distance betweenand

divided by the dynamic of . It is observed that as the element size decreases, merror also
decreases as the correlation system is less constraint [55].

For a type Il plane stress assumption, figue £hows the overall mean correlation error as

a function of the iteration for different value of the initial parameter guess. The graph shows
increased initial error when the initial guess spreads from the actual value. However, during
the iterations it decreases rapidly to the minimum value of 1.8% of the image dynamic.
Figure 412 shows the evolution of the mean correlation error with respect to the mean strain
for the converged value of the parameter. The mean error is plotted as a function of the mean
strain for the converged parameter valligis evolution is compared to the result from a pure

DIC analysis. The difference in the values after a strain of 0.5% comes from the boundary
conditions and the external force vector.

Fig.4.12. Evolution of overall mean correlation error (normalized by the dynam
the image) for a type Ilanalysis based on plane stress assumption during
iterations.
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Fig.4.13. Mean correlation error as a function of tiheean strain. The initial
parameter guess ratio with respect to the actual parameter value is varied to O.
and 1 for the IMIC3D analysis.

2 Application to a Tensile Test

After the virtual testing procedure, we move on towards the application of the method to a
tensile test of 304 steel specimen. This will give us the necessary validation results for the
proposed strategy.

2.1 Experimental Devices and Instrumentation

The tests are performed on the Zwick electric tension-compression machine with maximum
capacity of 100kN. An external extensometer is used for the experiment. The loading and
unloading cycles are controlled automatically via the electronic control of the machine. For
the present experiment we have used a single monotonic loading and unloading is used. Two
captors are used for the measurement of force and displacement. One computer bridges the
gap between the user and the electronic control of the machine. It is equipped with the
software testXpelt to program the test as required.

To capture the images existing computer software VicSnap, is used. Since for correlation to
work it is important that the specimen image should have a unique fingerprint of light
intensity values, an artificial random texture of black and white enamel spray paint is
deposited on the two faces of the test specimen. The size of the speckle is random and has
been shown previously to strongly affect the sensitivity and accuracy of the correlation
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technique. As a general rule, the texture should be small and should vary from 1-2 to about 3
pixels[43].

In the experiment we have used a telecentric lens. Most lenses exhibit
for objects at different distances from the lens. The key problems faced by common objective
lenses are:

Magnification changes, due to object displacement

Image distortion

Poor image resolution

Perspective errors

Object edge position uncertainty, due to lighting geometry.

X X X X X

Telecentric lenses reduce or even cancel most of these problems, the most important being
the magnification changes. It enables us to capture images without any influence of out of
plane displacement.

Mechanical parts cannot be precisely positioned because of vibrations or a measurement
must be performed at different depths, or even worse, the object thickness (and therefore the
object surface position) may vary. So, it is diffficult to obtain a perfect correlation between
imaged and real dimensions in case of orthonormal view of the object (i.e, with no object
sides imaging). This can be avoided by the use of telecentric lenses provided the object stays
ZLWKLQ D FHUWDLQ 3SGHSWK RIl ILHOG” RU S WHOHFHQWULF U
within the system: Only those rays whose principal ray is parallel to the opto-mechanical
main axis are collected by the objective.

Fig.4.14 Different magnificatiorior objects at different congates with respect to the
ordinary lens.

Fig.4.15. Constant Magnification by the telecentric.
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Just to get the feeling of how the two different objective types behave, let us think of a
standard lens with a focal lengthf PP LQWHUIDFHG WR D " GHWHFWRU
of height H = 20 mm, placed at a distance s = 200 mm.
Assuming an object displacement of=d$dmm, the change in its dimensions will be around:

dH = (ds/s) ‘H = (1/200) 20 mm = 0,1 mm

,Q D WHOHFHQWULF OHQV WKH PDJQLILFDWIMIRSEHKD QUIRMRGV (
telecentric lenses show an effective telecentric slope theta of about 0,1° (0,0017 rad); this
means that the object dimensions would only change of about

dH =ds- theta= 1 - 0,0017 mm = 0,0017 mm

for each displacement ds of 1 mm. Thus, with telecentric lenses the magnification error is
reduced to 1/10 to 1/100 compared to standard lenses.

Fig. 4.16. The telecentric slope determines the magnification change

7KH FRQFHSW RI B3 WHOHFHQWULF UDQJH" RU 3SWHOHFHQWUL
depth range where magnification remains constant. This is a somewhat misleading
LQWHUSUHWDWLRQ DV LW LPSOL-‘ktMcantk BWZWKOGIHUWRD Y Q3.0UID\
should always be associated with the maximum measurement error caused by the lens within
WKDW VDPH UDQJH $ PXFK PRUH VLJQLILFDQW SDUDPHWHU
DV 3SWKHWD"~ RU 3WHOHFH Qe¢/ thé ed8uremediX értdr du® ddOdbje@ HIL Q
GLVSODFHPHQW QR PDWWHU ZKHUH WKH REMHFW LV SODF
VWUDLJKW™ WKH HUURU ngepen@ewt. LV REYLRXVO\ VSDFH

In order to collect telecentric rays, the front optical components of a telecentric lens must be
at least as large as the object largest dimension; for this reason telecentric lenses are larger,
heavier and therefore more expensive than common optics.

2.1.1. Particulars of the lenses used in the expriemenEor the experiment, three
objectives are used. One is the telecentic lens used with 4 million pixel camera for Mono-
DIC. The other two objectives are for 16 million pixel left and right cameras used for Stereo-
DIC.

Terminology:Before describing the specifications of the En$ollowing terms are defined.
These are important for the understanding and proper usage of the optical devices.

1. Lens elements & Image quality

All but the simplest cameras contain lenses which are actually comprised of several "lens
elements.” Each of these elements directs the path of light rays to recreate the image as
accurately as possible on the digital sensor. The goal is to minimize aberrations, while still
utilizing the fewest and least expensive elements
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Fig.4.17. Lens Composition

Optical aberrations occur when points in the image do not translate back onto single points
after passing through the leds causing image blurring, reduced contrast or misalignment of
colors (chromatic aberration). Lenses may also suffer from uneven, radially decreasing image
brightness (vignetting) or distortion.

2. Lens focal length
The focal length of a lens determines its angle of view, and thus also how much the subject

will be magnified for a given photographic positipivide angle lensg¢ave short focal
lengths, whil@elephoto lensgisave longer corresponding focal lengths.

Fig.4.18. Focal Length

3.Influence of lens aperture or f-number.
The aperture range of a lens refers to the amount that the lens can open up or close down to

let in more or less light, respectively. Apertures are listed in terms of f-numbers, which
guantitatively describe relative light-gathering area (depicted below).

Fig.4.18. f-number
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Aperture opening (iris) is rarely a perfect circle, due to the presence of 5-8 blade-like lens
diaphragms.

4. Depth of Field

Depth of field refers to the range of distance that appears acceptably sharp. It varies
depending on camera type, aperture and focusing distdmz there is no critical point of
transition, a more rigorous term called tecle of confusiaQi$ used to define how much a

point needs to be blurred in order to be perceived as unsharp. When the circle of confusion
becomes perceptible to our eyes, this region is said to be outside the depth of field and thus
no longer "acceptably sharp." The circle of confusion above has been exaggerated for clarity;
in reality thiswould be only a tiny fraction of the camera sensor's area.

Fig.4.19. Depth of field.

Telecentric LensFollowing lines gves the characteristics & geometry of the telecentric used
to get the images for the mono-DIC.

f 2EMHFW VLGH ppttHOHFHQWULF OLJKW

iSpectral range 380...900nm

iMaximum object field diameter 57 mm

imax. diameter of lenses 71mm

t /RZ GLVWRUWLRQ

t (WUHPHO\ ORZ WHOHFHQWULF HUURU

f ODQXDO RSHUDWHG LULVY DSHUWXUH ZLWK IL[LQJ
Tt SREXVW LQGXYVWrodf,BloclepgidflLIJQ G XV W

iC-mount (thread connection)
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Fig.4.20. Telecentric Lens.

The optical axis must be aligned perpendicularly to object level or plane of measurement to
realize exact measurement. The environmental temperature in which the telecentric can
operate is -10°C to 50°C.

In the above figure the value of L1 is 292 mm; L2 is 32 mm and L3 is 82 mm. The weight of
the telecentric is 1150.g

Lens for the stereo-DICThe lens used is AF Micro-Nikkor with a focal length of 200mm.
Two of such lenses are used for the left and right images of the stereo system. The following
Is the list of the specifications of the lens.

Close-up to approx. 0.5m.

ED (extra low dispersionglass elements for higher optical performance

IF (Internal Focusing) technology

260mm working distance

Nine-blade rounded diaphragm blades achieves a natural blur for out-of-focus
elements

X X X X X

Focal length 200mm
Maximum aperture /4
Minimum aperture /32
Lens construction 13 elements in 8 groups
Picture angle 12°20'
Closest focusing distanc 0.5m
No. of diaphragm blade<9
Diameter x length ~ Appproximately 76 x 193m
Weight Approximately 1,190 g
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Fig.4.21. Lens and its construction- used for stereo-DIC.

2.1 Test Setup A uniaxial test is performed on the specimen ofL38%el. The specimen
geometry is the same as used in the virtual tests. Material parameters are identified using the
load displacement curve. These identified values serve as the actual values and used for
comparison with the converged values obtained via I-MIC3D. These actual values are also
used for the initial parameter guess that can vary from 80% to 120% of these values. The
material model is the same as described in equation (3.20) and the values of the material
parameter identified with the uniaxial experiment are the ones that were used in the previous
section.

The following figure shows the specimen geometry used in the tensile test and the overall
experimental setup with instruments for image acquisition:
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Telemetric
lenswith
4M pixel
camera for
DIC.

Mobile
Unit.

16M pixel
cameras for
stereo.

Computer with
TestXpert for
Image ZWic_k Tensile
Acquisition Testh g
system with Machine.
VicSnap.

Fig.4.22 Specimen geometry and Experimental Setup with devices employed.

The global response of the sample is shown in the Fig. 4.14 with all the stages employed as
in the previous section of virtual testing procedure. Stage 0 contains all the steps before the
onset of pPDVWLFLW\ LPDJHV wiR BeQiddhtffie@ Ry hxsé images.
Stage 1 contains the steps for low plastic strain (12 images), the initial yield stiedisbe
identified with this data. For the identification of and , stage 2 contains the steps for

up to 30% (70 images).
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Fig.4.23. Global response (force versus mean strain curve) of the real expefihendifferent
stages of the identification process are also defined on the graph.

2.3 Mono-DIC analysis. Real images acquired via VicSnap are analyzed by custom made
DIC software. As shown in the Fig. 4,18n one side of the sampde pixels

digital camera mounted with a telecentric lens is used. Since we use telecentric lens to avoid
out of plane displacement, Mono-DIC can only measure inplane displacement. However the
mechanical model for the I-MIC3D analysis is 3D in order to account for out of plane effect
obtained because of the finite thickness of the sample and plastic incompressibility.

The three cameras of the experimental setup are all synchronized with the help of a trigger
pulse.The following figure shows the reference image of the camera for Mono-DIC.

Fig.4.24. Rference Image for the experiment. The image is obtained using one camera
telecentric lens.

The images obtained are then analyzed. A VTK mesh of the specimen is generated in GMSH
DQG LV 3tBeXdrage. We mesh has 324 quadrangles. Since the problem is agn-line
aNewton algorithm is used as explained in sectionlfeations are performed to find the
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global minimum as explained in the section 4 of the bibliography. Results are then viewed in
ParaView.

Following figures show the two components of the displaceamhthe meshsed.

Fig.4.25. Displacement field (meters) obtained using Moi®. VTK mesh used for the analysis
also shown for the last analyzénage.

As noted before we have no information about the third component of the displacement from

this analysis. To get information related to the out of plane displacement we move on to
stereo digital image correlation.

2.4 Stereo-DIC analysis On the other side of the sample, two cameras with a
pixel CCD mounted with a 300mm lens are used. They will be used for the
binocular stereovision. The following figure shows the stereovision. is the 3D

point to be measured, and are its stereo-projections in the images,and
are the optical centres of the two cameras. From a pair of images, it is possible to
compute the 3D coordinates of a physical 3D poinTiigngulation assuming that:

1. The geometry of the stereo-rig is known (i.e. the relative position and orientation

of the two cameras) is known. This problem is solved by the off-line camera
calibration procedure.

2. The two image points and  are matched, i.e. identified as corresponding to
the same physical point. This is called the stereo-matching problem.
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Fig.4.26. Binocular Stereovision.

Calibration of the stereovision sensoiThe calibration procedure purpose is the
determination of the imaging parameters of each of the cameras (intrinsic parameters) as well
as the external positions and orientations of the cameras with respect to a global coordinate
system. The system calibration is needed for transforming image positions on the CCDs of
the two cameras of a specimen surface point to the corresponding 3D coordinates, via
triangulation, of that point. Calibration errors are potentially a major source of systematic
evaluation errors limiting the resolution of the results.

The technique used requires the cameras to observe a (planar) pattern shown at a few
different orientations (typically between 10 and 20). Using a photogrammetric bundle
adjustment approach, the intrinsic parameters of each camera, the 3D points of the pattern
and the relative position and orientation between the two cameras are estimated all together.
The following figure shows the pattern used during the system calibration:
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Fig.4.27. Regular pattern used for calibration of the stereo camera system.

Given a point  in image 1, its corresponding point LQ LPDJH starddbUPHG

FRUUHVSRQGHQWY DSSHDUV WR EH DOzZD\V O\LQJ DORQJ D
coordinates of , the relative position/orientation of the two cameras and their intrinsic
parameters: this is the so-called epipolar line associated wi(khown in Figure 4.21). This

geometric constraint inherent to any stele®DJLQJ V\VWHP WHUPHG pHSLSRO

very interesting because it simplifies the search for the stereo-correspondent of a given point
from a 2D search across the entire image to a 1D search along its epipolar line.

Fig.4.28. The camera optical centresand , the 3D point and its images and lie in a
common plane. This plane intersects each image plane in an epipolar line.

Once the system has been calibrated, the problem of stereo-matching can be done using the
same method as detailed in section 4 of the bibliograftigcorrelation algorithm tracks the
observed gray valugatterns for each camera and transforms correspopdiabpositions in

both cameras into 3D coordinates for each step, resulting in a track of each surfaice pixel

3D space. As the surface deformation is measured point-agggacements of individual

surface pointeindsubsequently surface strains can be evaluated.

The following figure shows the reference images of the two (left and right) cameras used in
the stereo vision system:

65



Chapter 3 Application of the Method

Fig.4.29.Reference images of the left and right camera of the stisien system.

The displacement field obtained for the last image obtained is shown in the figure below.
Stereo-DIC also providethe out of plane displacement. The magnitude of the out of plane
displacement is small which shows that the grips are properly aligned. Thus, [Ht€ratso

gives information related to the boundary conditions. The difference that we see between the
mono and stereo DIC is due to errors in the calibration of the stereo image system. One may
also note the difference in the magnification of the mono and stereo images. However the
region of interest chosen for image correlation is almost the sam@sprels).

Fig.4.30. The three components of the displacement field obtained viaBi€eo
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2.5 I-MIC3D with one camera Using the image from the mono-DIC analysis, the results of

the identification are presented in Figure 4.23. Two meshes are tried. Mesh 0 is the mesh
shown in the figure 4.21 with extrusion in the direction normal to the plane with 4 elements
through the thicknes#lesh 1 has been refined once in each direatidm respect to Mesh 0.
Figure 4.23 shows the effect of mesh refinement and the convergence properties of I-MIC3D.
For the identification of and , the convergence takes place in 4 iterations with no affect

of mesh refinement. The convergence otakes place in 5 or 6 iterations for Mesh 1 and
Mesh 0 respectively.

Thus I-MIC3D has negligible sensitivity to the mesh size in terms of estimated parameter
value as well as convergence speed.

Fig.4.31. Evolution of the identified parameters for type I, Il and Il analysis on the tensile tes
using a single camera for different mesh refinement.

2.51-MIC3D with two cameras: Now we see the performance of the algorithm in case of
stereo-DICWe see in Figure 4.32, thagain the sensitivity to mesh size is minimal.
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Fig.4.32. Evolun of the identified parameters for type I, Il and IIl analysis on the tensile
using a two camera system for different mesh refinement. The next figure shows the compi
mono and stereo DIC. The evolution of the identified parameters is plottggbe I, II, Il analysis
on the real experiment.
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2.6 Comparison of mono and stereo I-MIC3DWe can also see that thesults of the two
optical systems are close and thus the proposed strategy is consistent. Figure 4.25 shows the
global response of the two systems, mono and stereo DIC.

Fig.4.33. Comparison of the stress strain curves obtained by a uniaxial experiment al
identification using Mesh 1 and both mono and stereo camera system.

Figure 4.26 allows to compart®e Von misses stress and the accumulated plastic strain for
[-MIC3D analysis using MeshO for the mono and stereo camera system. The fields are
similar which show the consistency of the proposed strategy.
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Fig.4.34. Comparison of Von Misses sses (MPa) and equivalent plastic strain after f
numerical simulations for the mono and stereo camera system.

2.7 Correlation error analysis: In the end we do the correlation error analysis. We compare
two material laws. The first one is the same as given be equation (4.22) with a linear and a
power part. The second with only linear part so that we need to identify only. The

results are compared with the mean correlation error of DIC. It is clear that for the material

law with a power part, the error is close to DIC for the images of stage 0. However, for stage
1 and 2, large differences can be seen. For linear law, the errors are much higher right from
the beginning of the analysis. But interestingly, the global responses of the two laws

considered are almost similar. Thus the correlation error analysis provides for a more

discerning criterion of the better suited material law with comparaties¥gr correlation

error values.
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Fig.4.35. Comparison of the mean correlation error and global response of different material
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Conclusion

Constitutive law identification has been done traditionally with global force and
displacement measurements. The disadvantages of such an approach are the difficulty of
using complex models and intricate specimen shapes in the experiments and the requirement
of uniform state of stress and strain in the specimen. However, by the use of full field
measurements we can have more complex stress states and can identify more complex
models that give us a better idea of the constitutive law parameters. Among the full field
measurements, digital image correlation is the most famous because of the ease of use and
low cost. We need the same instrumentation no matter what the scale of observation is. The
FRVW RI &&' FDPHUDV DQG KLJK VSHHG FRPSXWHUV LV DOV
become the optical method of choice in experimental mechanics. This Ph.D. is a contribution
to the use of this interesting technique in the scope of identification of constitutive law of
materials.

Together with DIC, we need to have suitable numerical strategies for the identification using
digital images. However, all the existing strategies pertain to 2D mechanical models. This
means that for specimens with finite thickness these strategies will not give accurate results
because of the presence of 3D state of stress and plastic incompresEitilityis reason, a

2D mesh for DIC is extruded along the normal to have 3D effects. Numerical integration for
the calculation of internal force vector and stiffness matrix is performed for the nodes on the
surface as well as through the thickness.

The strategy, I-MIC3D, offers many benefits. One or more cameras can be used; incorporates
3D effects to account for plastic incompressibility; numerically robust in terms of noise,
mesh size and initial parameter guess. The strategy is firstly applied to virtual, noise free
images to have a first check on its performance. Finally its application is shownlon rea
images from a tensile test using 304L steel specimens. The results obtained are satisfactory.
We get a matching of the global response (force versus strain) obtained via I1-MIC3D and
experiment. Thus the validation stage is successful.

As a future course, we can incorporate damage and fracture laws in the proposed strategy.

72



References

References

[1]. Pagnacco, E., Moreau, A., Lemosse, D., 200Verse strategies for the identification
of elastic and viscoelastic material parameters using full field measureniatisrial
Science and Engineering: A 4833(0), 737745.

[2]. Cooreman, S., Lecompte, D., Sol, Wantomme, J., Debruyne, D., 20Blasto-
plastic material parameter identification by inverse methods: Calculation of the sensitivity
matrix. International Journal of Solids and Structures: 44, 4329-4341.

[3]. Geymonat, G., Pagano, S., 2003.ldentification of mechanical properties by
displacement field measurement: A variational approsietcanica 38, 535-545.

[4]. Claire, D., Hild, F., Roux, S., 2004. A finite element formulation to identify damage
fields: the equilibrium gap methodnternational Journal for Numerical Methods in
Engineering. 2, 18208.

[5]. Grédiac, M., 1989. Principe des travaux virtuels et identification. Comptes rendus de
OY$FDGpPLH GHV VFLHQFHV 6pULH OpFDQLTXH 3K\VLTXI
Sciences de la Terre 309 (1), 1-5.

[6]. Kavanagh, K., Clough, R., 1971. Finite element applications in the characterization
of elastic solids. International Journal of Solids and Structures 7, 11-23.

[7]. Reéthoré, J., 2010A fully integrated noise robust strategy for the identification of
constitutive laws from digital images. International Journal for Numerical Methods in
Engineering. 84, 631-660

[8]. Lemaitre J., Chaboche J.L., Mechanics of Solid Materials, Cambridge University
Press, 1990.

[9]. Ashby M., Shercliff H., Cebon D., Materials Engineering, Science, Processing and
Design, Elsevier, 2007.

[10]. Zink, A.A.G., Davidson,R.W. ,Hanna,R.B., 199Strain Measurement in Wood
Using a Digital Image Correlation Technique. Wood Fiber Science, 27, 346-359

[11]. Vendroux, G.,Knauss, W.G., 1998.Submicron Deformation Field Measurements:
Part Il, Improved Digital Image Correlation. Experimental Mechanics, 38, 86-92

[12]. Sutton, M.A., Boone, M.L.Ma,F., ,Helm, J.D., 2000. A combined Modeling-
experimental study of the crack opening displacement criterion for characterization of stable
growth under mixed mode I/l Loading in thin sheet metals. Engineering Fracture Mechanics,
66, 171-185

[13]. Reynolds, A.P., Duvall, F., 199Bigital Image Correlation for determination of weld
and base metal constitutive behaviour. The Welding Journal Research Supplement, 78(10),
355-360.

73



Computation Experimental DIC Hybrid Strategy for RobustCBiztile Plastid_aw
Identification

[14]. Chu, T.C., Ranson, W.F., Sutton, M.A., ,Peters, W.H., 188plications of Digital
Image Correlation Techniques to Experimental Mechanics. Experimental Mechanics, 25,
232-244

[15]. Rannou, J., Limodin, N., et al, 20Ihree dimensional experimental and numerical
multiscale analysis of a fatigue crackomputer metods in applied mechanics and
engineering , 199, 1307325

[16]. Vendroux, G., Knauss ,W.G., 1988. Submicron Deformation Field Measurements
Part I, Developing a Digital Scanning Tunneling Microscope. Experimental Mechanics, 38,
18-23.

[17]. Reéthoré, J., Hild, F., Roux, S., 208Rear band capturing using a multiscale extended
digital image correlation technique. Computer methods in Applied Mechanics and
Engineering, 196(49-52):5016-5030.

[18]. Besnard, G., Hild, F., Roux, S., 20Bfite Element displacement fields analysis
from digital images: Application to Portevin-Le Chatelier bartelgperimental Mechanics
46:789803.

[19]. Awvril, S., Bonne, M., Bretelle, A., Grediac, M., Hild, F., Lenny, P., Latourte, F.,
Lemosse, D., Pagano, S., Pagnacco, E., Allix, O., Deu, JF., @088view of identification
methods of mechanical parameters based onfi@ldl measurementsExperimental
Mechanics 48(4): 38402.

[20]. Auvril, S., Pierron, F., 2007. General Framework for the identification of constitutive
parameters from full-field measurements in linear elasticity. International Journal of Solids
and Structures 44(14-15): 4978-5002.

[21]. Giton, M., Caro-Bretelle, AS., lenny, P., 2006/per-elastic behaviour identification
by a forward problem resolution: application to a tear test of a silicone-rubbgain
42:291-297.

[22]. Hoc, T., Gélébart, L., Crépin, J., Zaoui, A., 2003. A procedure for identifying the
plastic behaviour of single crystals from the local response of polycrystals. Acta Mater
51:5479-5490.

[23]. Mahnken, R., 2004. A comprehensive study of a multiplicative elastoplasticity model
coupled to damage to include parameter identification. Comput Struct 74:179-200.

[24]. Pagnacco, E., Lemosse, D., Hild, F., Aimot, F., 2005. Inverse strategy from
displacement field measurement and distributed forces using FEA. In: 2005 SEM annual
conference and exposition on experimental and applied mechanics, Portland, 7-9 June 2005.

[25]. Hild, F., Roux, S., 2006Digital Image Correlation: From measurement to
identification of elastic properties-review.Strain 42:6930.

[26]. Meuwissen, MHH., Oomens, CWJ., Baaijens, FPT., Petterson, R., Janssen, JD., 1998.
Determination of the elasfolastic properties of aluminium using a mixed numerical
experimental method. Maer Process Technol 75:2241.

74



References

[27]. Roux S., Hild, F., 2008. Digital Image Mechanical Identification (DIMI).
Experimental Mechanics 48(4):495-508.

[28]. Reéthoreé, J., Hild, F., Roux 2007 Extended digital image correlation with crack
shape optimization. International Journal for Numerical Methods in Engineering, 73(2): 248-
272 .

[29]. Réthoré, J., Elguedj, T., Simon, P., Coret, M., 2009. On the use of NURBS functions
for displacement derivatives measurement by digital image correlation. Experimental
Mechanics, 50(7): 1099-1116

[29]. Bornet, M., Brémand, F., Doumalin, P., Dupré, J.-C., Fazzini, M., Grédiac, M.,Hild,
F, Mistou, S., Molimard, J., Orteu, J.-J., Robert, L., Surrel, Y., Vacher, P., 2009. Assessment
of Digital Image Correlation measurement errors: methodology and reSufisrimental
Mechanics, 50(7): 1099116.

[30]. Siebert, T., Becker, T., Spiltthof, K., Neumann, I., Krupka, R., 2®For
estimations in digital image correlation technique. Applied Mechanics and Materials vols.7
8: 265270.

[31]. Lecompte, D., Smits, A., Bossuyt, S., Sol, H., Vantomme, J., Van Hemelrijck, D.,
Habraken, A.M., 2006. Quality assessment of speckle patterns for digital image correlation.
Optics and Lasers in Engineering 44: 1132-1145.

[32]. Chu, T.C., Ranson, W.F., Sutton, M.A., Peters, W.H., 1985. Applications of Digital
Image Correlation Techniques to Experimental Mechanics, 25(3), 232-244.

[33]. Triconnet, K., Derrien, K., Hild, F., Baptise, D., 2009. Parameter choice for optimized
digital image correlatiorOptics and Lasers in Engineering 47: 728-737.

[34]. Triconnet, K., Derrien, K., Hild, F., Baptise, D., 2009. Parameter choice for optimized
digital image correlation. Optics and Lasers in Engineering 47: 728-737.

[35]. Bui, H., Constantinescu, A., Maigre, H., 2004. Numerical identification of linear
cracks in 2D elastodynamics using the instantaneous reciprocity gap. Inverse Problems 20,
993.

[36]. Grédiac, M., Pierron, F., Avril, S., Toussaint, E., 20Di6e virtual fields method for
extracting constitutivparameters from fullield measurements: a revie®train 42(4), 233
253.

[37]. Grédiac, M., Pierron, F., Avril, S., Toussaint, E., 2006. The virtual fields method for
extracting constitutive parameters from full-field measurements: a review. Strain 42(4), 233-
253.

[38]. Leclerc, H., Perie, J., Roux, S., Hild, F., 2009. Computer Vision/ Computer Graphics
Callobration Techniques. Springer, Berlin, Ch. Integrated Digital Image Correlation for the
Identification of Mechanical Properties.

75



Computation Experimental DIC Hybrid Strategy for RobustCBiztile Plastid_aw
Identification

[39]. Réthoré, J., Hild, F., Roux, S., 2009. An extended and integrated digital image
correlation technique applied to the analysis of fractured samples. European Journal of
Computational Mechanics 18, 285-306.

[40]. Madsen, K., Nielsen, H.B., Tingleff, O., 2004. Methods for-hoear least square
problems. Informatics and Methamatical Modelling, Technical University of Denmark.

[41]. Quarteroni, A., Saleri, F. Scientific Computing with Matlab and Octave, Springer,
2006.

[42]. Lecompte, D., Smiths, A., Sol, H., J., Vantomme, J., Van Hemelrijck, D, R08&d
Numerical-Experimental Technique for orthotropic parameter identification using biaxial
tensile tests on cruciform specimehgernational Journal of Solids and Structures: 44, 1643-
1656.

[43]. Lecompte, D., Smiths, A., Bossuyt, S., Sol, H., J., Vantomme, J., Van Hemelrijck, D.
Habraken, A.M., 2006.Quality assessment of speckle patterns for digital image
correlation.Opics and Lasers in Engineering: 44, No 11, 1132-1145.

[44]. Orteu, J.-J., Cutard, T., Garcia, D., Cailleux, E., 2@@plication of stereovision to
the mechanical characterisation of ceramic refractories reinforced with metallic Gimies.
and Lasers in Engineering: 44, No 11, 11325,

[45]. Sun, Y., Pang, J., Wong, C., Su, F., 2005. Fel¢éenent fomulation for a digital
image correlation method. Applied Optics 44 (34), 7357-7363.

[46]. Sutton, M., Wolters, W., Peters, W., Ranson, W., McNeill, S., 1983. Determination of
displacements using an improved digital image correlation method. Image Vision Computing
1(3), 133-139.

[47]. Wu, T., Coret, M., Combescure, A., 2011. Strain localization and damage
measurement by full 3d digital image correlation: Application to 15-5ph stainless steel.
Strain 47 (1), 49-61.

[48]. Bui, H., Constantinescu, A., Maigre, H., 2004. Numerical identification of linear
cracks in 2d elastodynamics using the instantaneous reciprocity gap. Inverse problems 20,
993.

[49]. Genovese, K., Lamberti, L., Pappalettere, C, 2005. Finite element analysis of a new
customized composite post system for endodontically treated teeth. Journal of Biomechanics
38(12): 2375-2389.

[50] Levenberg, K1944. A method for the solution of certain nonlinear problems in least
squares. Quarterly of Applied Mathematics 2(2): 164-168.

[51] Oomens, C., Ratingen, M., Janssen, J., Kok, J., Hendriks, M, 1993. A numerical-
experimental method for a mechanical characterization of biological materials. Journal of
Biomechanics, 26: 617-617.

[52] Réthoré, J., Roux, S., Hild, F, 2006. Noise-robust stress intensity factor determination
from kinematic field measurements. Engineering Fracture Mechanics 75(13): 3763-3781.

76



References

[53] Réthoré, J., Roux, S., Hild, F, 2009. An extended and integrated digital image
correlation technique applied to the analysis of fractured smmfiduropean Journal of
Computational Mechanics 18: 285-306.

[54] Réthoré, J., Besnard, G., Vivier, G., Hild,, FRoux, S, 2008. Experimental
investigation of localized phenomena using digital image correlation. Philosophical
Magazine 88(28, 29): 3339-335

[55] Leclerc, H., Périe, -N+LOG ) O5RX[ 6 &RUUpODWLRRIGTLPDIHV
limites a la résolution spatiale ?°10olloque National en Calcul des Structures, 9-13 Mai,
SUHVTXTLOH GH *LHQV 9DU

[56] Hild, F., Raka, B., Baudequin, M., Roux, S., Cantelaube, F, 2002. Multi-scale
displacement field measurements of compressed mineral wool samples by digital image
correlation. Applied Optics 41 (32) 6815-6828.

[57] Xavier, F., Sylvian, C., Francois, H., 20@ontrolling testing madhes with digital
image correlationExperimental Techniques 31, (3)-63.

[58] Leclerc, H., Perie, J.N., Roux, S., Hild, Z009. Integrated Digital Image Correlation
for the Identification of Mechanical PropertieSIIRAGE 2009 - 4th International
Confaence on Computer Vision/Computer Graphics Collaboration Techniques. Vol 5496.
Pages 161171

[59] Senseny, P. E., Brodsky, N. S., De Vries, K. L., 1993. Parameter Evaluation for a
Unified Constitutive Model. Journal of Engineering Materials and Technology 1151847

[60] Réthoreé, J., Besnard, G., Vivier, G., Hild, F., Roux, S. 2008. Experimental
investigation of localized Phenomena using digital image correlation. Philosophical
Magazine; 88(28,29): 3339-3355.

77



List of Figures

List of Figures

Fig.2.1.Hardening Test __________ . 8
Fig.2.2.Creep Test and subsequent recovery - - - - - 8
Fig.2.3.Relaxation Test -------- oo 9
Fig.2.4.Multiple Hardening-Relaxation test--- - - - - - - - - - oo 9
Fig.2.5.Cyclic Test under prescribedload - - - - -~ - - 10
Fig.2.6.Cyclic hardening curn@------------ - - - oo 10
Fig.2.7.Zwick Tensile testing machine used during experiments - - - - __. 12
Fig.2.8.Specimen for a tension test--------------- oo 12
Fig.2.9.Extensometer attached to a tensile test specimen-- - - - - ____. 13
Fig.2.10.Variation of the cost function along the search-ling ---- - - - - - - 21
)LJ (YROXWLRQ RI WKH LGHQWLILHG 3RLVV.RQS$Y UDWLR D\
Fig.3.2.Effect of coupling weightand different amplitude of applied forces on
identified yield stress in virtual testing using I-MIC - - - - .. 37
Fig.4.3.1llustration of Virtual Testing Procedure - - - - - - - - oo oo 43
Fig.4.4.Global response of the virtual test (force v.s. mean strai) - - - - - - 44
Fig.4.5.Mesh and equivalent plastic strain distribution for the virtual test--------. 46

Fig.4.6.Virtual images generated for the reference state, for stage 1 and stage- 247
Fig.4.7.Influence of the penalty parameterfor the identification of type |

and Il in plane stress- - - - - . 48
Fig.4.8.Influence of the initial guess for identification of type I, Il and Il in plane
Stress or full 3D kinematies----------------------------ooo 49
Fig.4.9.Influence of the initial guess for identification of type I, Il and Il in plane
Stress. Also shown in (b) is the relative error evolution -----------—--- oo~ 50
Fig.4.10.Evolution of the identified parameters of type Il, lll and IV identification
based on plane stress assumption during the iterations. The initial guess for both
parameters is 90% of the actual value.- - - - - - - - 51
Fig.4.11.Evolution of thedentified parameters of type Il, Il identification based

on plane stress assumption during the iterations for various values of the initial
JUE S S - - - - oo o oo o oo 52
Fig.4.12.Evolution of overall mean correlation error (normalized by the dynamic

of the image) based on plane stress assumption during the iterations - ---------. 53
Fig.4.13.Mean correlation error as a function of the mean straip-------——— - - 54
Fig.4.14.Different magnification for objects at different distances with respect to
ordinary lens--------- - oo oo 55
Fig.4.15.Constant magnification by the telecentric- - - - - _______. 55
Fig.4.16.Lens CoOMPOSItiON - - - - - - - - - oo oo oo 57
Fig.4.17.Focal Length ______________ .. 57
Fig.4.18f-number ________ .. 57
Fig.4.19.Depth of field - - - 58
Fig.4.20.Telecentric Lens_ - .. 58
Fig.4.21.Lens and its construction-used for stereo-DIC - - - - - oL 59
Fig.4.22.Specimen geometry and Experimental setup with devices employed--- 61
Fig.4.23.Global response (force versus mean strain curve) of the real expt----- 61
Fig.4.24.Reference image for the experiment. The imag®amed using one

camera with a telecentric lens - _____. 62
Fig.4.25.Displacemnt field(meters) obtained using Mono-DIC- - - - - - - ________. 62
Fig.4.26.Binocular Stereovision - - - . 63
Fig.4.27.Regular pattern used for calibration of the stereo camera system------- 64
Fig.4.28The camera optical centres &d G, the 3D point P and its images

p and plieinacommonplane_- .- . 64




Computation Experimental DIC Hybrid Strategy for RobustCBiztile Plastid_aw
Identification

Fig.4.29.Reference imags of the left and right camera of the stereo-vision system65
Fig.4.30.The three components of the displacement field obtained via stereo-DIC66
Fig.4.31.Evolution of the identified parameters for type I, Il and 11l analysis on the
tensile test using a single camera for different mesh refinement ----------------- 66
Fig.4.32Evolution of the identified parameters for type I, Il and Il analysis on the
tensile test using two camera for different mesh refineréetnext figure shows

the comparison of mono and stereo DIC. €kelution of the identified

parameters is plotted for type I, Il, Il analysis on the real experiment.- - - - - --- 67
Fig.4.33Comparison of the stress strain curves obtained by a uniaxial experiment
and the identification using meshl1 and both mono and stereo camera_system____68
Fig.4.34.Comparison of Von Misses stresses( MPa ) and equivalent plastic strain

after the numerical simulations for the mono and stereo camera system ... _. 69
Fig.4.35.Comparison of the mean correlation error and global response of different
Material laws - - - - - - - o 70

79



Appendix

Appendix

Example Mono-DIC Program

clear paraml modell

t=cputime;

filexp= '- 107

filres=[ 'dic-  mono',filexp];
0=1580 - 460;

pix2m=20e - 3/(l0);

images=[1:10,12:2:20,25:5:440];
roi(1)=400 -0;
roi(2)=1600+10;
roi(3)=410+10;

roi(4)=1620 - 10;

yc=0.5*(1140+880)+10;
xc=0.5*(1130+890);

paraml.reference_image= '‘304L_monotonic - 0000 _O0.tif"
imdefs=cell(1,length(images));
if length(images)>1

for iim=1:length(images)

filim=sprintf('304L_monotonic - %04d_0.tif',images(iim));
imdefs{iim}=filim;
end
else
filim=sprintf('304L_monotonic - %04d_0.tif',images(1));
imdefs=filim;
end

paraml.image number=images;
paraml.deformed_image=imdefs;

paraml.roi=roi;
paraml.result_file=filres;

paraml.analysis=  'correlation’;
paraml.pixel_size=1;
paraml.regularization_type= tiko"

paraml.restart=0;

paraml.iter_max=30;
paraml.convergance_limit=1.e -3
LoadParameters(paraml);

nscale=3;
mesh_size=ones(1,2)*32;
modell.nscale=nscale;
modell.basis= ‘fem’;
modell.mesh_size=mesh_size;

modell.mesh_file= 'trou-  10.vtk’;
glue{l,:}={ 'scale’,[0;0;0],1/pix2m};
glue{2,:}={ ‘rotate’,[0;0;1],[0;0;0],pi/2 - pi/150%};

glue{3,:}={ ‘translate’,[xc;yc;01};
modell.gluing_parameters=glue;

LoadParameters(modell,1);
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Referencelmage();

LoadMeshes(1);

%%

LoadMask(1);

mscale=nscale;

for iscale=mscale:- 1:1
disp(sprintf( 'Pre- processing scale %d...' Jiscale));
CreateBasisFunction(iscale,1);
ComputeGradFPhi(iscale,1);
AssembleCorrelationOperator(iscale,1);
end

CreateGradBasisFunction(1,1);
%%
U1=(];

for iscale=mscale:- 1:1
Uini=InitializeSolution(U1,iscale,1);

[U1]=Solve(Uini,iscale,1);
end
%%

u=U1,;
unix([ ‘cp TMP/1_error_0.mat" filres, ‘- error.mat?);

load(] 'TMP/1 _mesh_ 07,'Nnodes', ‘Nelems', 'xo', 'yo', ‘'conn', ‘el ,'ng, ‘'select
ed);

param=paraml;

model=model1;

nmod=1;

save([filres, “mat','U’' , 'roi, ‘Nnodes', 'Nelems', 'xo', 'yo' ,'param’, 'model,
'nmod' , ‘conn’, ‘elt, 'ng’);

if length(images)==1

postpro(filres);

end

postproVTK(filres);

%%

found=find((~selected)&(abs(xo- max(x0))<50));
Uxmin=mean(U(found,:),1);
Uymin=mean(U(length(xo)+found,:),1);

Xmin=mean(xo(found));

Ymin=mean(yo(found));

found=find((~selected)&(abs(xo - min(x0))<50));
Uxmax=mean(U(found,:),1);
Uymax=mean(U(length(xo)+found,:),1);
Xmax=mean(xo(found));

Ymax=mean(yo(found));

n=[(Xmax - Xmin);(Ymax- Ymin)];

Ir=norm(n);

n=n/Ir;

Emean=abs((Uxmax - Uxmin)*n(1)+(Uymax - Uymin)*n(2))/(Ir);

save([filres, "mat],'Emean’, - append);
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Example Mono-IMIC- 3D

close all
clear all
%%
%Preparation

%Output file

%images to be used for identification
%loading input force vector
%defining parameters

t=cputime;

filexp= '- 10,

fildic=[ 'dic-  mono',filexp];
filexp=  '-r-0- linear’;

filreso=[ 'mic- mono- swift-  step',filexp];
computeall=0;

%images=[5:5:350];

i mages=[1:10,12:2:20,25:5:300];
ime=[1:5];

imsy=[1:12];

load( ‘force_mono’, 'Fim");
load(fildic);

Uini=U;

clear U

imagesO=param.image_number;
imdefs=param.deformed_image;
keep=[];
for iim=1:length(images)
id=find(imagesO0==images(iim));
if ~isempty(id)
keep=[keep,id];
end
end
Uini=Uini(:,keep);
Fim=Fim(:,keep);
imdefs=imdefs(keep);
param.image_number=images;
param.deformed_image=imdefs;
param.result_file=filreso;
param.update_max=50;
param.helper= ‘'abaqus’;
param.abaqus_cpus=4;
ro=2.5e -3;
pix2m=20e - 3/(1580- 460);

param.pixel_size=pix2m;
%param.under_relaxation=2;
param.compute_fint=false;

param.restart=1;

param.iter_max=20;
param.regularization_type= ‘none' ;

param.search_convergance_limit=1e -3

LoadParameters(param);
%%

%lnitial value of Parameters
%Material model
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%Elastic Plastic behaviour choice

%Output variables from Abaqus simulation

%

Eo0=168e9;

nuo=0.25;

mu=0.5*Eo/(1+nuo);

lambda = nuo*Eo/((1.+nuo)*(1. -2.*nuo));  %DP
Sy=284e6;

H=1.48e9;

d=0.042;

C=d*Sy/(Eo - H);
B=Sy*C~( - d);
mu=0.5*Eo/(1+nuo);
matmod.mu=mu;
matmod.lambda=lambda;
matmod.young=Eo;
matmod.nu=nuo;

matmod.hardening= 'swift’;
%matmod.hardening='lin";
matmod.delta=d;
matmod.H=H;
matmod.Sy=Sy;
matmod.B=B;
matmod.C=C;

model.material_model= ‘elastic_plastic_homogeneous_isotropic';
model.material_parameters=matmod;
model.reduced_integration=true;

model.nlgeom=true;

model.abaqus_output={ 'LE, 'S, 'PEEQ'}
LoadParameters(model,1);

%%

%Loading VTK mesh file

Referencelmage();

LoadMeshes(1);

%%

%Creating basis functions,calculating their derivatives & type of
%regularization.

load(] 'TMP/1_mesh_07,'selected' , 'X0', 'yoY);
%Uinif=RefineMesh(1,1+0,Uini);

Uinif=Uini;

CreateBasisFunction(1,1);

ComputeGradFPhi(1,1);
AssembleCorrelationOperator(1,1);

%%

%selecting boundary nodes

load(] 'TMP/1_mesh_ 07,'xo’, 'yo' , 'selected);
top=(~selected)&(abs(xo - max(x0))<50);
ytop=yo(top);xtop=xo(top);

figure

plot(xo,yo, 'X')

hold on

plot(xtop,ytop, 'ro’)

y1l=min(ytop);x1=xtop(find(ytop==y1));
y2=max(ytop);x2=xtop(find(ytop==y2));
plot(x1,y1, 'ms")

83



Appendix

plot(x2,y2, 'ms'

%%

%defining specimen sections in pixels
%extrusion parameters

Ir=20e - 3/pix2m,;

er=8e - 3/pix2m;

lo=abs(x2 - x1+1i*(y2- yl));
eo=er*lo/lr;

Sr=Ir*er;

So=lo*eo;

extr.nlayers=2*2*1+1;
extr.thickness=ceil(eo);
model.extrusion_method= '3d;
model.extrusion_parameters=extr;
LoadParameters(model,1);

[U3Dini,Mp]=ExtrudeModel(1,Uinif);
CreateGradBasisFunction3D(1,1);

%%

%Application of DIC displacement as boundary condition
%Performing numerical simulation under prescribed displacement
%Comparison of experimental and numerical force

load(] 'TMP/1_3d _mesh_ 07,'Nnodes' , 'Nelems', 'xo', 'yo', 'zo', ‘conn', ‘elt,

, 'selected' );
L=[ones(length(x0),1),zeros(length(xo),1),zeros(length(xo),1),yo,zeros(leng
th(xo),1), - 20;...

zeros(length(xo),1),ones(length(xo),1),zeros(length(xo),1), -
X0,z0,zeros(length(xo),1);
zeros(length(xo),1),zeros(length(xo),1),ones(length(xo),1),zeros(length(xo)

:l)v - yO,XO];

Urbm=L\ U3Dini;

Ubcs=0*U3Dini;

top=find((~selected)&(abs(xo - max(x0))<50));
Utop=[U3Dini(top,:);U3Dini(top+prod(Nnodes),:)];
L=[ones(length(top),1),zeros(length(top),1),yo(top),zeros(length(top),1);

zeros(length(top),1),ones(length(top),1), - xo(top),yo(top)];
Urbmtop=L*(L \ Utop);

Ubcs(top,:)=Urbmtop((1:length(top)),:);
Ubcs(top+prod(Nnodes),:)=Urbmtop(length(top)+(1:length(top)),:);
top=find((~selected)&(abs(xo - min(x0))<50));
Utop=[U3Dini(top,:);U3Dini(top+prod(Nnodes),:)];
L=[ones(length(top),1),zeros(length(top),1),yo(top),zeros(length(top),1);

zeros(length(top),1),ones(length(top),1), - Xo(top),yo(top)];
Urbmtop=L*(L \ Utop);
Ubcs(top,:)=Urbmtop((1:length(top)),:);
Ubcs(top+prod(Nnodes),:)=Urbmtop(length(top)+(1:length(top)),:);

found=find(~selected);
indi=[found;found+prod(Nnodes)];
found=find((~selected)&(zo==0));
indi=[indi;found+2*prod(Nnodes)];
indj=1:length(indi);
C=sparse(indi,indj,1,3*prod(Nnodes),length(indj));
Up=U3Dini(indi,:);

Fo=zeros(3*prod(Nnodes),1);

[U,Fu]=SolveNL(1,Fo,C,Up);

'ng
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Fx=0.5*sum(abs(Fu((1:size(Fu,1)/3),:)))*pix2m"2;

figure

plot(Fim/(Sr*pix2m”2), 'bY)
hold on

plot(Fx/(So*pix2m”2), 'ro")

found=find(~selected);
Fo=zeros(3*prod(Nnodes),size(U,2));
Fo(found,:)=Fu(found,:);
Fo(found+length(xo),:)=Fu(found+length(xo),:);

Fo=Fo*diag((Fim(1:length(Fx))/Sr)./(Fx/So));

found=find(~selected(’));

first=find(selected, 1, first");
indi=[found+2*prod(Nnodes);first;first+prod(Nnodes)];
last=find(selected,1, last’);
if abs(xo(first) - xo(last))>abs(yo(first) - yo(last))
indi=[indi;last+prod(Nnodes)];
else
indi=[indi;last];
end

indj=1:length(indi);
C=sparse(indi,indj,1,3*prod(Nnodes),length(indi));
Up=U3Dini(indi,:);

Urbmall=Urbm;
Upall=Up;
Foall=Fo;

%%

%Parameter Identification of Young's Modulus
Urbm=Urbmall(:,ime);

Up=Upall(:,ime);

Fo=Foall(:,ime);

save( 'UpdateUField', ‘Up', 'C', 'Fo' ,'Urbm?;

parame=param;
parame.image_number=param.image_number(ime);
parame.deformed_image=param.deformed_image(ime);
LoadParameters(parame);
model.searched_parameter={ 'E'}
LoadParameters(model,1);

Pini=[1.];

[U1,Pe]=SolveMIC(Pini,1);

load(fullfile( “TMP',sprintf('%d_solvemic_%d' ,1,0)),'Phist’ , 'Ehist’,
load( 'TMP/1_sens_0.mat";

save([ 'mic- mono-swift- step’, '-r-O-

e', “mat'" ],'Phist, 'Ehist’, ‘niter' , 'sens’);

paramO=param;
UpdateMaterial(1,Pe);

load( 'TMP/1_param', ‘'param’);
model=param;

‘niter")
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param=param0;

%%

%Parameter Identification of Initial Yield Stress
Urbm=Urbmall(:,imsy);

Up=Upall(:,imsy);

Fo=Foall(:,imsy);

save( 'UpdateUField’, ‘Up', 'C', 'Fo' ,'Urbm?;

paramsy=param;
paramsy.image_number=param.image_number(imsy);
paramsy.deformed_image=param.deformed_image(imsy);
LoadParameters(paramsy);

model.searched_parameter={ 'Sy'};
LoadParameters(model,1);

Pini=[1.];

[U1,Psy]=SolveMIC(Pini,1);

load(fullfile( "TMP',sprintf('%d_solvemic_%d' ,1,0)),' Phist’ , 'Ehist’, 'niter")
ioad( "TMP/1_sens_0.mat";

save([ 'mic- mono-swift- step’, '-r-O-

sy, ‘'.mat’],'Phist, 'Ehist’, ‘niter’, 'sens’);
paramO=param;

UpdateMaterial(1,Psy);

load( 'TMP/1_param', ‘'param’);

model=param;

param=paramO;

%%

%Parameter Identification of Linear Hardening Slope
Urbm=Urbmall;

Up=Upall;

Fo=Foall;

save( 'UpdateUField’, ‘Up', 'C', 'Fo' ,'Urbm?;
LoadParameters(param);
model.searched_parameter={ ‘HY}
LoadParameters(model,1);
Pini=ones(length(model.searched_parameter),1);
[U1,Ph]=SolveMIC(Pini,1);

load(fullfile( "TMP',sprintf('%d_solvemic_%d' ,1,0)), Phist’ , 'Ehist’, ‘niter’)
load( 'TMP/1_sens_0.mat’);

save([ 'mic- mono-swift- step’, ‘'-r-O-

h', “mat' ],'Phist, 'Ehist’, 'niter’ , 'sens');

paramO=param;

UpdateMaterial(1,Ph);

load( 'TMP/1_param', ‘'param’);
model=param;

param=paramO;

%%

%%Parameter ldentification of Power exponent
Urbm=Urbmall;

Up=Upall;
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Fo=Foall;

save( 'UpdateUField’, ‘Up', 'C', 'Fo' ,'Urbm?;
param.result_file=filreso;

LoadParameters(param);
model.searched_parameter={ 'd};
LoadParameters(model,1);

Pini=[L.];
[U1,Pd]=SolveMIC(Pini,1);

filexp= '-r-0- H;

filres=[ 'mic- mono-swift-  step'filexpl;
param.result_file=filres;
LoadParameters(param);

model.searched_parameter={ 'Sy, 'd, 'H, 'EY
LoadParameters(model,1);

P=[Psy;Pd;Ph;Pe];

u=uU1,;

paramO=param,;

UpdateMaterial(1,P);

load( 'TMP/1_param', ‘param);

model=param;

param=paramoO;

unix([ ‘'cp TMP/1_error_O.mat"' filres, ‘- error.mat’);

unix([ ‘'cp TMP/1_sens_O.mat"' filres, - sens.mat’);

load(] 'TMP/1_3d _mesh_07,'Nnodes' , 'Nelems', 'xo', 'yo', 'zo', ‘conn', ‘elt, 'ng'
)i

load(fullfile( "TMP',sprintf('%d_solvemic_%d' ,1,0)),' Phist’ , 'Ehist, 'niter")

nmod=1;

save([filres,".mat],'’Fim’, ‘P, 'Phist, 'Ehist’, ‘niter’, ‘U, rol ‘Nnodes',

Nelems' , 'xo', 'yo', 'zo', ‘'param’, 'model, ‘'nmod, ‘conn’, ‘el ,'ng);

postproAbaqus(fiIres,,l);

found=find((~selected)&(abs(xo - max(x0))<50));
Umin=mean(U(found,:),1);
found=find((~selected)&(abs(xo- min(x0))<50));

Umax=mean(U(found,:),1);
Emean=abs(Umax- Umin)/(lo);

found=find((~selected)&(abs(xo - max(x0))<50)&(zo==min(z0)));
Uxmin=mean(U(found,:),1);

Uymin=mean(U(length(xo)+found,:),1);

Xmin=mean(xo(found));

Ymin=mean(yo(found));

found=find((~selected)&(abs(xo- min(x0))<50)&(zo==min(z0)));
Uxmax=mean(U(found,:),1);

Uymax=mean(U(length(xo)+found,:),1);

Xmax=mean(xo(found));

Ymax=mean(yo(found));

n=[(Xmax - Xmin);(Ymax- Ymin)];

Ir=norm(n);

n=n/Ir;

Emean2=abs((Uxmax - Uxmin)*n(1)+(Uymax - Uymin)*n(2))/(Ir);
save([filres, "mat],'Emean’, ‘Emean2' , - append’);
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