Submitted to Experimental Mechanics, December 2000
Revised, September 2001

Analysis of a Multiaxial Test on a C/C composite
by Using Digital Image Correlation

and a Damage Model

by

Jean-Noél PERIE, Sylvain CALLOCHChristophe CLUZEL and Francois HILD

LMT-Cachan
ENS de Cachan / CNRS-UMR 8535 / Université Paris 6

61, avenue du Président Wilson, F-94235 Cachan Cedex, France

"“To whom correspondence should be addressed
Fax: +33 1 47 40 22 40, Email: calloch@Imt.ens-cachan.fr



Analysis of a Multiaxial Test on a C/C composite
by Using Digital Image Correlation

and a Damage Model

by

Jean-Noél PERIE, Sylvain CALLOCH, Christophe CLUZEL and Francgois HILD

Abstract

The 'planar' digital image correlation techniquedse® single CCD camera to acquire the surface
patterns of a zone of a specimen in the undeforanelddeformed states. With these two images,
one can determine in-plane displacement and streidsf The digital image correlation
technique used herein is based on Fast Fouriersfimans, which are very effective in reducing
the computation cost. Its performance is assessedistukssed on artificial signals and in a real
experimental situation. The technique is utilized to analyze experimestdts of a plane shear
experiment and validate a damage meso-model desgrithifferent degradations in a C/C

composite material.



1. INTRODUCTION

With the development of complex thermomechanicaledrpents, displacement and
strain field measurements are often needed (etrpjnslocalization in materiafs, strain
concentrations around edges and notéhssain and displacement singularities in cracked
bodied®. High temperature tests are very demanding onemtional strain measurements (i.e.,
the use of an extensometer is usually the uniglugico). Other applications concern soft solids,
not to mention fluids, where strain gauges may iffecdlt to position (e.g., glass wodlpaper
and wood polymeré®. In recent years, the development of efficienblgofor full-field
velocimetry, specially designed in the context of fluid flows, has beda goportant, and the
fast evolving capabilities of digital image acquisition andveaxfé for image analysis prompts us
to resort to such techniques for full-field disgatent measurements. Particle Imaging
Velocimetry (PIV*° has proven to be a very efficient tool with veppust capacities in the
context of fluid flow visualizatior!

These techniques can also be adapted to evaluate 3D displacement fields of the
surface of solids. On the one hand, the experimeats be performed with a controlled
illumination device (i.e., laser) for which hologhap or shearing interferometry, ESPI and laser
speckle photography are some meadrBhese techniques often require careful preparatinds a
are not always suitable for experiments in a conventional testing lab. @th#rehand, white
light can also be used in fringe projection methaslsvell as moiré or speckle photography. For
the latter, by acquiring pictures for different loagtels and using one Charge-Coupled Device
(CCD) camera, it is possible to determine the smpldisplacement field by matching different
zones of two pictures. The simplest image-matchirgggdure is cross-correlation that can be
performed either in the physical sp&c& or in Fourier spacE*° It consists in looking for the
maximum correlation between small zones in the me¢od and reference images. The
translation, which corresponds to the maximum correlatian, thus be extracted for different
positions of the zone of interest. The extensive ok Fast Fourier Transforms (FFT) is very
effective in reducing the computation cost.

Digital Image Correlation (DIC) technigues can be used umdgous circumstances.
First, it is useful in controlling priori the actual boundary conditions (e.g., their umifity in a

biaxial compression test on shape memory alloys iwasoved by using this technigtle



Second, the inception of localized phenomena can be monitoradatey (e.g., strain
concentrations in composit&snecking in metalé? crack initiation in different materi&ty.
More generally, full-field measurements constitate opportunity to bridge the gap between
experiments and simulations allowing for comparisdgretween measured and computed
displacement and strain fields. The aim of the papé¢o ishow how the DIC technique can be
used to validate a damage model in a multiaxial exant for which the strain field is, by
essence, heterogeneous. Section 2 is devoted to tlemaiteen of the correlation technique used
herein. The basic tools of the method are introducehe algorithm is then discussed. Its
performance is assessed with artificial 1D sigreatsl 2D images. Section 3 deals with an
application of the digital image correlation teajue under multiaxial loading conditions. First, a
damage model to be validated is introduced. Thangéy of a specimen loaded in shear is
designed by using the afore-mentioned damage mdd. testing machine and its control
system are presented. The performance of the techisigfuen evaluated in the shear experiment
on a C/C composite material. A comparison betwegremxents and simulations by using the
damage meso-model is performed. Two possible gieteare compared to couple displacement

field measurements with finite element simulations.

2. DISPLACEMENT AND STRAIN FIELD MEASUREMENTS

The displacement and strain fields are determiryedidital image correlation. By using a
CCD camera, pictures at different stages are recodiiring the test. The specimen is usually
coated by a random black and white pattern. Sonestithe natural texture of the observed
surface is sufficient to use the technique withaoating. The in-plane displacement map is

computed with a correlation technique between an initial picture and a subsequent one.

2.1. Preliminaries: Image Correlation

One considers a sequence of sub-images (i.e.aescegion) which will be referred to as
zone of interest (ZOI). The aim of correlation noeths to match the zone of interest in the two
images (Fig. 1). The displacement of one ZOI wigpezt to the other one is a two-dimensional

shift of an intensity signal digitized by a CCD caia To estimate a shift between two images,



one of the standard approaches utilizes a correlation function. One considers signalstgch

are merely perturbations of a shifted cop$ fC. S y) of some reference signal,f()

9, )=1(S .S ) +b(, ) (1)
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y
), one may minimize the norm of the difference bemw&Sx, S y) and g(, ) with respect to x

andy

r)f("y llg - f(Sx,.Sy)IF. (2)

where ‘.’ denotes a dummy parameter. If one choosies usual quadratic norm

Il = 33(, )d d , the previous minimization problem &quivalentto maximizing the
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quantity h(x,y)
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where denotes the cross-correlation operator. Furtherymeteen b is a white noise, the
previous estimate is optimal. The computation of@ss-correlation can be performed either in

the original space or in Fourier space, by using an FFT
g f=FFTSL (FFT[g] FFTI) @)

where the complex conjugate is overlined. The use of the ‘shifting’ propegkles one to
‘move’ a signal. For the sake of simplicity, let e@nsider the shift operatory Tefined for 1D

signals and defined by

[Tafl( ) =f(Sd) ®)
where d is the shift parameter. The FFT gf becomes

FFT[ T f] = Eq FFT[f] (6)



where the modulation operatogig defined by
[Eafl( )=exp (-2 jd )f() (7)

These two results constitute the basic tools fogenzorrelation.

2.2. Correlation Algorithm for Two-Dimensional Signals: CORRELI?°

Two images are considered. The first one, refeiweas ‘reference image’ and the second
one, called ‘deformed image.’ Figure 2 shows the #@lgorexplained below. One extracts the
largest value p of a region of interest (ROI) oesi x 2 pixels centered in the reference image.
The same ROI is considered in the deformed imagérsA FFT correlation is performed to
determine the average displacement ¥ = of the deformed image with respect to the refezenc
image. This displacement is expressed in an integember of pixels and is obtained as the
maximum of the cross-correlation function evaluated for each pixel of the R®. fifst
prediction enables one to determine the maximumheunof pixels that belong to the two
images. The ROI in the deformed image is now cedtat a point corresponding to displaced

center of the ROI in the reference image by an amoyniAJ.
The user usually chooses the size of the zones of in{&@§t by setting the value of s <
p so that the size iS & 2° pixels. To map the whole image, the second pameichoose is the

shift x (= y) between two consecutive ZOlIs: 1 x 25 pixels. These two parameters define
the mesh formed by the centers of each ZOIl usednt@lyze the displacement field. The
following analysis is performed for each ZOI indeg@ently. It follows that parallel computations
can be used in the present case. A first FFT correlaioarried out and a first value of the in-
plane displacement correctiotJ, V is obtained. The valuesU, V are again integer numbers
so that the ZOl in the deformed image can be digpldby an additional amountJ, V. The
displacement residues are now less than 1/2 pixehch direction. A sub-pixel iterative scheme
can be used.

To get good localization properties of the Fourier transformcémsidered ZOl is then

windowed by a modified Hanning window

Z0l
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where ZOI denotes the windowed ZOI, the dyadic product and H the one-dimensional

modified Hanning window
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The value 82 is an optimal valu to minimize the error due to edge effects and to have a
sufficiently large number of data unaltered by Wiadow. A cross-correlation is performed. A
sub-pixel correction of the displacemefd, V is obtained by determining the maximum of a
parabolic interpolation of the correlation function. The interpolation is performed by congideri
the maximum pixel and its eight nearest neighborerdfore, one obtainssub-pixelvalue. By
using the ‘shifting’ property of the Fourier transform, one can move tfended ZOI by an
amountS U, S V. Since an interpolation was used, one may incree errors requiring to re-
iterate by considering the new ‘deformed’ ZOI urdilconvergence criterion is reached. The
criterion checks whether the maximum of the interpolated correlation fonctioeases as the
number of iteration increases. Otherwise, the iteration schienstopped. The proceduf,
CORRELFP, is implemented in Matldf§.°

2.3. Performance of the Algorithm

The first results are analyzed for 1D synthetic signalandom pattern is generated (it is
based on a Poisson Point Process for the center of segments of size éqpatei$?) and a
second displaced signal is created with no noise En. (2) with b=0). However, digitization is
accounted for and the whole scale is used. In rpaagtical situations, CCD cameras produce 8-
bit pictures. Some more sophisticated ones lead to 10-bit, Ti2-biten 16-bit codings. Let us
first assume that the analyzed signal is 8-bit coded. Qaesdly, any displacement less thah 2
pixel cannot be observed by an 8-bit camera (i@ gney level variation is obtained). Figure 3
shows the change in average relative error betwgamescribed and measured displacement as a

function of the prescribed displacement. Above mhi@imum observable value, the average



relative error is of the order of 3.5% for any \@ahf the displacement. The minimum measurable
displacements become smaller as the number of ibiteeases. Figure 3 illustrates this
phenomenon. A lower bound is given b)?’ dixel, for a b-bit signal. Therefore, if the
measurement of small displacements and strains issae, CCD cameras with high values of b
are recommended. Furthermore, the variation of brightmedsontrast may lead to an artificial
change in coding. Instead of using the whole rasfghe coding, only a fraction is actually used.
Consequently, the average error in displacementiggtization-independent (see Fig. 3).
However, the minimum detectable displacement is strorgghgident upon the coding range.
The previous results have a direct influence on iieasurable strains. The strain
measurement is performed by considering two adjamemters of ZOI (a distancex apart) and
the displacement derivative is then evaluated. Hat tcase, an estimate of the minimum

measurable strain_ .. (assumed to be constant over the gauge lengttijestly related to the

minimum detectable displacement incremept dor one fifth of the gauge length

min §5% (10)
where L denotes the gauge length (i.e., the maxirdistance between the centers of the ZOl).
This result is consistent with numerical simulatidas which values as low as ¥ocould be
achieved when the gauge length was on the order & fig@ls and 64 ZOI where analyZé¢s
= 6, X = 64 pixels). Equation (10) shows that to detexly small strains, one needs to increase
the size of the gauge length, which may prevent fsom detecting fluctuations or even
discontinuities. A good compromise for 1024-pixgr&ils is a 32- to 64-pixel long ZOIl. For an
8-bit camera, these values are mainly indicatidnh@® general performances of the correlation
algorithm. The procedure is now used with real imagew/Ffich noise has to be considered (e.g.,
photon noise, readout noise, dark current or thenmia€®) as well as digitization.

Figure 4 shows the sub-pixel measurements obtaigetthé correlation technique. The
C/C composite specimen to be introduced in Section 3.2 was used. The surface wasbgprayed
B/W paint to obtain a random texture (Fig. 10a)e §ample was moved with a micrometric
screw and the displacement was measured by an Lfiiakimum range: +fim). Because of a

mean absolute error less than 3/100-th piXelisplacements less than the latter cannot be



measured accurately. This value has to be augmdaytebout 1/100-th pixel to account for
digitization errors (since the full-scale of digdtion is almost never achieved). It follows tha th
results of Fig. 4 are in agreement with the previous ptiedi In the present case, displacements
as small as 1um can be measured with a very goagacy, since the order of magnitude of the
minimum displacement is 0.5pum.

In Fig. 5, strain measurements by using strain gaugesarpared with predictions of the
correlation technique. Longitudinal and transverse strains are evalnatedrisile test of a 2024
aluminum alloy specimen. A special set-up is used to asmidous flexuré’~*® A long-distance
microscope is utilized to monitor a surface of 4mifhe average strain is computed over the
total observed surface (i.e., 1008 x 1016 pixeétgkst, the displacement field is interpolated by
cubic B-spline functions. The strain field is therrided and the average is computed. As
expected, it is shown that a ZOI size of 64 pixels leadsetter results than that with 32 pixels.
The average absolute error is less than 3 0the first case and 7.6 $an the second case.
Strains as small as 5%@an be measured accurately in the first case atfdrithe second case.
Furthermore, it can be noted that the average Stesns (negligibly small with the set-up) are
found to be equal t&8 10" and 165, respectively, with an average absolute error 238 40d
3.8 1§5, respectively. In Section 3.2, the same analysis will be performed when the stram field
heterogeneous.

When a sequence of more than two images is analyzed, two routes can be followed. The
first one consists in considering the same referentage. It follows that the errors are not
cumulated but there exists a maximum strain leveValhich the method fails. For a ZOl of 64
pixels, the maximum observable strain is of theeoraf 5% for a 1 Mpixel image. The second
one considers that the reference image is the mefibimage of the previous step so that the
displacements are added. Under these hypotheses, therees himitation, apart from the fact
that the errors are now cumulated, and strains higher than 100%utnelyoobserved in a full-

field assessmefit.

3. USE OF FULL-FIELD MEASUREMENTS TO ANALYZE A MULTIAXlI AL TEST

The aim of this part is to validate a damage magelising a multiaxial test. Instead of
assuming (perfect) boundary conditions, the disprecd field measured by the DIC technique is

used as an input for the FE simulations.



3.1. Damage Meso-Model

A biaxial test is developed within the context lo¢ tmodeling of the mechanical behavior
. ® . . . " . ® .
of Multirex materials submitted to complex loading conditioMultirex materials are

carbon/carbon composites manufactured by SNECMA EnDimision?® Multirex® preforms are
either planar or axisymmetric. They are obtained by stacking eithéirectional plies or satin
layers made of carbon yarns. Yarn fibers can be continuous or dismrg. A needling process
transfers some fibers along the third directiorrppadicular to the layer (Fig. 6a). These fiber
reinforcements forbid delamination propagation. A Chemical Vapor Infiltration depbsits
matrix in the preform made of discontinuous fibélrkis type of material is specially designed
for thermostructural applications such as brakes or strucpand$ of a rocket engine. The
investigation concerning the thermomechanical behaia C/C composite focuses first on a
series of uniaxial tension and compression tests in diffedirections on a [0,9Q]satin
composite. These tests show an anisotropic behavior with damage andcisaiaisis for tensile
tests at 0° and +45°. A different damage kinetiebnveen tension and compression in both
loading directions has been observ&d.

Constitutive equations based on an anisotropic damaodet' written on a meso scale
(i.e., that of a ply) is used to describe the mairratdgtion mechanisnf&=*? The model is based
on the laminate theory and accounts for non litieariin each ply. Because the laminate
thickness is negligible in comparison with other eéisions, a state of plane stress and a
Kirchhoff-Love kinematics are assumed. Satin pliesraodeled by a stacking of two orthogonal
unidirectional elementary plies made of non-continuobier§. For each ply, the degradation is
assumed to be anisotropic and dictated by the fiber direction. Therefodgrttage meso-model
is written in the ply coordinate system (1: fibaredtion; 2: transverse direction). The elastic
behavior of the'f ply can be written as

ne A8l A

=K (11)

with
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where ”; is the elastic strain tensor in Voigt's notations, the corresponding in-plane stress

tensor, andéi the stiffness tensor expressed here as a function of the initiat @lasgierties of

the material (denoted by the exponént For layers made of continuous fibers, the same
framework has been used to model the mechanicalvimhof laminates such as carbon/exy

or carbon/carboll composites. For layers with non-continuous fibers, an additional damage
variable (d) is introduced in the fiber direction to descrii#fness loss in that directiofi.Such
models are able to predict a degradation distribution for variousgeoafions®® Damage
kinetics is then described by using the elastic eneeggity of the damaged layer. For a plane
stress state, this energy densigyckn be written as

IS SN . %

_1- 4.
S 2%(1Sd1) E; E(lSd) El oz 12(1Sd12)3y(13)

with

f), =f if £ 0,{f), =0 otherwise
(14)
) =f if £ 0,(fH;=0 otherwise

The damage variables;(db, di») are assumed to be piecewise constant within the differest plie
The difference between tensile and compressive beh@svtaused by the opening and closure of
micro-cracks. This aspect is accounted for by splitting the elastic esengp a 'tensile’ energy
({2,) and a 'compressive' enerdy (). The kinetic laws of the damage variablesdi et ¢, are

written as

11



d,(t)= dl(Ydl( )’Ydlz( )’de( ), t)
Ao () =iy (Y, (0 Ye ()Y () 1) (15)

d,(t) =d, (Ydl( ) Ydlz( )'de( ) t)

where Y,;, Y, Yq, are the corresponding thermodynamic forces

R =Y I )
“Td] 28 (18d)
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By following previous analyses the kinetic laws for transverse damagedd shear damage.d

are governed by the same coupled forge+ by, . Furthermore, the damage kinetics in the fiber

direction d is not coupled with transverse and shear damage

d(t)=g (Ydl( ), t) if d <1, d =1 otherwise
d,()=0(Y..()+bY,() t) if d,<L d,=1 otherwise (17)
d,)=b (¥, ()+bY, () t) if d,<landy, <Y{™, d,=1 otherwise

As a first approximation, the functions g and ¢ assumed to be linear when written in terms of

the square root of the driving forc¥s andY, +bY, , respectively

o= wna 9T as)

The load history can be taken into account by using the following relationships

12



Ydl(t)=sup tYdl( )
Ydlz(t):SUP tYdlz( )
Y, (t) =sup tde( )

(19)

Inelastic strains on the ply level are assumed toetsed to frictional phenomena. They are

described by a plasticity model with isotropic hardening. The coupling betwekastic strains

and damage is performed by using effective straiasid stresses defined by

TPy =Tr(".Y)
with,
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The yield surface is described by the following function

f(C,R) =y d, o +a, 5+a, » SR(P)SR, 0

The plastic flow is given by

R+R,
[} 1 oo~
b _ =2 12
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_2 azzp/R-I-_Ro

where }§ is the rate of cumulative plastic strain

= \/aiz (%) +aaz (%) +a (%)

13

(20)

(21)

(22)

(23)

(24)



A complete identification requires loading the pliessarious directions. However, the number

of sequences available for the material is limitédnsequently, the identification is restricted to

the more significant terms of the strain enetfg¥he identification is performed in two steps.
First, elastic coefficients for both meso-constituents have been iddntifth tensile tests on a
[0,90], hybrid composite made of both continuous and non-continuous fibers. Second, non-linear
parameters have been identified thanks to teresks it 0° and +45° on a [0,98atin composite

made of non-continuous fibet$For each test, several loading/unloading cycles are performed to
evaluate the damage parameters (i.e., stiffness loss) and inelastis. gtnhad hocidentification

strategy has been used to determine the whole set of material fasim@he identified

parameters are shown in Table 1 for a Mult(?rmaterial. These parameters are implemented in a
damage post-processBrThe input to the post-processor is the in-plane macroscopic strain tensor
measured, by say a DIC technique, or the in-plane macroscopic stress tensor computed by a FE
analysis. The Kirchhoff-Love kinematics yields strains or stresses on thevply(ile., meso

level). The output is the dual macroscopic field (i.e., stress or steapectively) and the internal
variables (e.g., damage) in each ply. The tensile tests performed on thg $af0omposite

and used during the identification stage are simulated. Expedheamd simulated strain/stress
curves including various loading/unloading cycles are superimposed (Fjguidh& good

agreement allows us to validate the tuning of the model parameters and the post-processor.

3.2. Shear Experiment on a C/C Composite

The previous constitutive equations need to be validated with experimental redults tha
have not been used in the identification stage. This is the role of thal st discussed herein.
This test is simulated with a 2D Finite Element (FE) analysis by using the alemimmned
constitutive equations and post-processor. Different degradation mechanisms are modeled by the
three damage variables, @, and d,. Consequently, if this model is realistic, it should allow for
the determination of the onset of overall failure by computing various damage fields: a damage
localization usually corresponds to macro-crack initiation. Therefore, the comparison between FE
simulations and experimental results enables us tohegpredictive capacity of the model to

describe crack initiation and to determine whickchamism led to crack initiation.

14



The test presented in this paper has been cartedr a multiaxial testing machine
(ASTREE, see Fig. 8a). This testing machine has six servohydraulic actuatarsvertical
actuators, linked with the mobile crosshead and the base, respectiveya h@ad capacity of
250 kN and a stroke range of 250 mm. Four horizontal actuators have a load capacity of 100 kN
and a stroke range of 250 mm. For protection purposes of the actuators at specimen failure
(which can cause extremely high side and twist loads), additional hydraatiodseare installed
in front of each actuator. Closed loop control for each actuators is provided by a digital controller
(Schenck 59 serial Hydropuls). The digital controller allows each actuator to be driven
independently or in centroid mode. The centroid mode uses a relationship between two opposing
actuators along the same axis to maintain the cehtbe specimen motionless. By ensuring that
the center of the specimen and loading frame cdéthe user can prevent off-axis loadings that
would damage the other actuators. Figure 8b illustrates how the centroid control algorithms work
for a load-controlled test. For each axis pair.(eYgr Y-), the controller uses the sum of the
forces and the difference of the displacements along the considered axis. The performance of the
centroid mode has been evaluated by using the DIC technique and a cross-shaped specimen. The
results show that the centroid mode maintained theecemtthe specimen within £10 um from
its initial position (i.e., less than 1 pixel in eadihection). This centroid mode has been used in
the multiaxial test presented hereafter.

Tabs are glued on the face of each connecting arm of the specimen (Fig. 6b). The yarns
are parallel to the bisectors of the loading diretioAna priori FE analysis of this geometry,
using the above-mentioned damage model, shows that the shesgedfield ¢, is confined in
the central part of the specimen (Fig. 9). Because of the initial anisotropy of théahvait
respect to the loading axes, the central part @fsghecimen is the most loaded zone in terms of
damage ¢ as well as strain&.

Three strain gauges are glued on one face of the specimen, positioned at 0°, 45° and 90°,
respectively (Fig. 10a). The strain field measurement is performed on the same face of the
specimen. The specimen is maintained in the gnp% B8 screws (Fig. 6b). For comparison
purposes, the responses of two strain gauges@i.end 90°) are considered. Figure 10b shows
the gauge response and the average strain over thee &&ive surface deduced from digital
image correlation during the cyclic load historyig(FLOc). A mean absolute error of 4Gs

obtained for this heterogeneous strain field. Thisulteis consistent with the observations

15



reported in Section 2.3. In the present case, it can be noted that, contrary to Section 2.3., the
displacement and strain fields are not homogeneous. Figure 11a shovsplheachent field on
the surface of the specimen just before the failure of the specimen. One cahengteod

symmetry of the displacement field about the two loading directions.

3.3. Analysis of the Shear Experiment by the DIC Technique Coupled With FE Simulations

To analyze the experimental results, two different approaches are developed. On the one
hand, one uses all the experimental points within the ROl {lleéhe centers of the ZOls). The
strain field is directly deduced from the measured displacement field by a ocahasiivation.

The damage post-processor is subsequently used to compute damage maps in the plies. On the
other hand, one uses only the information on the boundary of the ROI. The displacements of
these points are then used as boundary conditions for a FE computation. Aapmpfogtmation,

an elastic (orthotropic) computation is performed and followed by a post-processing analysis to
obtain the damage field. Figures 11b-c show the strain fieldpuieoh for the last image before

failure. The strain field maps obtained by the two approaches are similar. Its symmetry with
respect to the loading axes validates the qualithefapplied loading. The extreme strain levels

are comparable: the minimum is of the ordeSp6™ and the maximum of the order 810%.

This a posterioriresult confirms the FE computations used to designsipecimen geometry and

the fact that the central part of the specimen plays a key role in this shear experimavertliow

one can note that the strain field evaluated with the feild-fdisplacement measurement is more
heterogeneous than the one computed by using the measured displacement boundary conditions.
This is a first indication that the material is not log@neous on the scale of the measurements

(of the order of 2-3 mm). It is worth remembering that the emelated to the correlation
technique are negligible for strains of the order of.IDnherefore, it can be stated that the strain

field fluctuations are induced by material imperfections.

As mentioned earlier, the damage fields can be used to predict thebfaslktre related
to the degradations in both plies. The damage field inside each layer thghROI is obtained
by a computation by using the above-mentioned damage post-processa.1Rigirows shear
damage fields (d) in the +45° and -45° plies. The fields obtained by the two approaches are
again similar. As anticipated by thepriori computations (Fig. 9b), shear damage increases more

in the central part of the specimen than near the edges. The damagerfipldted with the first

16



approach is more irregular. This field indicates a high degradation of the matrix, even more
important (i.e., 0.6) than that observed in a ten®st at £45° (i.e., 0.5). However, this damage
field does not correspond to the actual failure pattern (Fig. Maatyix damage is probably not

the prevalent mechanism leading to the final failure of the specimen.

To predict failure, the relevant variable to coesits damage in the fibers;jdi.e., fiber
breakage is likely to be the mechanism responsible for theféiihare. Figures 13a-b show the
damage field for the two ply orientations. This time, the two approachkks waey different
damage patterns. For the approach only using the measured boundary conditionsficemsign
degradation in the fiber directions is obtained within the ROI (i.e., < 0.25). On the contrary, for
the full-field approach, it can be noted that the analysis of the damage contours in both ply
directions can reproduce the overall failure pattern (Figures 13c). This failure paitetuciesd
by the anisotropy of the material, and fiber breakage caused by the undulations of the fiber (Fig.
6a) on the scale of the measurements.

These results show that a damage meso-model iscabépture the overall failure pattern
(i.e., damage maps in both ply directions) and to conclude that fibers in both direstons
damaged at the inception of a macrocrack. It is efgportant to note that these conclusions can
be drawn only thanks to a full-field strain measurement (on a macro scale) usgdita® ia
post-processor to evaluate the damage variables on the valy (lee., on the meso scale).
Therefore, this test constitutes a first validatadrthe damage model for a material on the scale

of its use in practical applications.

4. CONCLUSIONS

It has been shown that digital image correlation is a well-suited techiwiguoeechanical
investigations. In particular, no special preparation of the surface is needed except for some
applications that require a coating by a random black and whitgmpah addition, the technique
is not very sensitive to the illumination of the specimen. From both tiearanalyses and
experimental comparisons with conventional strain gauges, tbkittes of the technique is
shown to be equal to 5 *dor strains by using an 8-bit CCD camera.

Interactions between experimental data and mechanical investigatotieardiscussed
on the design of a shear experiment on a C/C composite material. The full dmspiadeld has

been considered in a numerical simulation to derive experimeraa field. A damage post-
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processor has been applied to the experimental results to compute different damage fields. The
approach is able to reproduce the observed failure pattern caused by fiber breakage in the
experiment. A full-field assessment was needed to account for matet@ébgeneities on the
scale of the observations.

Even though the present technique is suitable for planar suritacas,be noted that it is
also applicable to cylinders when the radius istootsmall in comparison with the size of the
region of interest’ The present digital image correlation technique was wsd to monitor a
high temperature thermomechanical experiment on aluminum tubeghion the texture was
simply created by high temperature black and white faiBen higher temperatures can be

reached by using black and white ceramic powtfers.
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FIGURE CAPTIONS

Figure 1: ZOlI in the initial (a) and ‘deformed’ (imhage.
Figure 2: flowchart of the sub-pixel correlation algorithm.

Figure 3: Average relative error between measured and prescribed displacements rlseghresc

displacement for different digitizations of an artificial 1D sign

Figure 4. Measured vs. prescribed displacement for an 8-bit camera. Theaefarage is

shown in Fig. 10a.

Figure 5: Strains measured by gauges and predicted by digital image correlation (DIC) with two

ZOl sizes in a tensile test on an aluminum specilbaded in tension.

Figure 6: View of the material microstructure (a) and a shear experiomea composite plate

(b).

Figure 7: Predicted (dashed line) versus experimental (solid line)/strasscurves for tensile
tests on a C/C composite at 0° (a) and +45° (b).

Figure 8: Multiaxial testing machine ASTREE (a) and schematic of the centroid control system

for one axis (b).

Figure 9: Schematic of the shear experiment (a) and shear damage contours in onefquarter o

either ply of the specimen (b).

Figure 10: Location of the strain gauges (whitetaegles) and region of interest for the DIC
analysis (a), comparison between two gauge responses and measurements by the DIC technique

(b), load history (c) in a shear experiment on a C/C composite.

Figure 11: Displacement map prior to failure (a). An amplification factor of 30 is used for the in-

plane displacement vectors. Straip, maps deduced from: (b) a full-field displacement
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measurement and a direct strain derivation, (c) the measured boundary conditions and an elastic

computation.

Figure 12: Matrix damage contours,dn both ply directions predicted by the damage post-
processor using strains deduced from: (a) a full-field displacement measurement and a direct

derivation, (b) the measured boundary conditions and an elastic computation.

Figure 13: Fiber damage contours id both ply directions predicted by the damage post-
processor using strains deduced from: (a) a full-field displacement measurement and a direct

derivation, (b) the measured boundary conditions and an elastic computation. Final failane patte

().
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Figure 1
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TABLE CAPTION

Table 1: Material parameters of the damage model at room temperature for a @4Sitam
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Table 1

1

52GPa 16.7GPa 6.9GPa 0.35 0.41 6.2 kPa 0.59 MPa 4.1 kAa64 MPa

ay, a, A R,

1 15 1 0.52 1480 7 MPa
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