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ABSTRACT. The determination of relevant constitutive crack propagation laws under dynamic
loading is a rather challenging operation. In dynamic impact cases, the variations of
propagation parameters and exact crack positions are difficult to control. This paper focuses
on different techniques for measuring accurate crack tip position histories in dynamic crack
propagation experiments. Two different methods are considered: very accurate crack tip
localization by optical displacement sensors is first described for transparent materials; then,
an automatic method based on digital image correlation is presented for crack localization in
all brittle materials whatever their opacity.

RESUME. L obtention de lois pertinentes de propagation dynamique de fissures reste délicate.
Dans les cas d’impacts dynamiques, 1’évolution des paramétres de rupture et la position
exacte de la fissure sont difficiles a contréler. Ce papier présente différentes techniques pour
mesurer précisement la position du front d’une fissure dans le cas d’expériences de
propagation dynamique. Une méthode de localisation trés précise du front de fissure en
utilisant un capteur optique de déplacement est tout d’abord décrite pour des matériaux
transparents. Ensuite, une méthode automatique basée sur la corrélation d’images
numeériques est présentée pour la localisation de fissure dans tout matériau fragile, quelle que
soit son opacité.
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1. Introduction

The risks due to crack propagation under dynamic loadingttaifficult to es-
timate. Unlike quasi-static cases, where the loading aadkgposition can be easily
established, in dynamic impact cases, loading conditipmgagation parameter vari-
ations and exact crack positions are difficult to controle Tetermination of relevant
constitutive crack propagation laws from dynamic crackpaigation experiments is
thus a challenging operation. Consequently, the first stepdsessing dynamic crack
propagation laws is the development of numerical simutatimls. Some numerical
tools are now able to represent dynamic crack growth buethamerical results have
to be compared with experimental results to ensure thatithreenical laws introduced
are physically consistent.

Although many experiments have already been carried otdjrabg experimen-
tal results in dynamic crack propagation cases under mixede loading is still dif-
ficult. The accurate measurement of the velocity of a cradeumighly transient
mixed-mode conditions is problematic. Strain gages (Oeteal., 1998), thin metal
layer evaporated onto one specimen face (Finebead, 1991; Staldeet al,, 1983),
common electrical or optical techniques are traditionafigd with contrasted results.

In a previous work (Grégoiret al., 2007), crack tip position histories have been
determined by standard optical tools. The test rig was aldplpkinson pressure bar
(SHPB) and the specimen geometry was chosen in order todeotiect conversion
between impacting compressive waves and tensile waves wi¢hnity of a machined
notch. Since the material used (PMMA) was transparent, éauneras with a very
short exposure time, connected through a delay line, wezd tes provide pictures
of the propagating crack tip. By checking that the resultsengghly reproducible,
five experimental tests were carried out by shifting theedéht shooting times. All
crack tip positions were collected to obtain the crack tigifion history. Three dif-
ferent phases were observed: two propagation phases vpenased by a crack arrest
phase. These three phases occurred during a highly trapsiase and these condi-
tions provided a challenging test of the reliability of thenmerical simulations. Using
an eXtended Finite Element Method (XFEM), numerical sirtiales were performed
and both the crack path and the crack position historieslfitte experimental results.

This kind of comparison allowed the validation of a dynamiaak growth cri-
terion but only in a unigue case of loading. The next step & diinamic crack
propagation laws assessment should be to show how the dyraatk growth cri-
terion depends on the loading conditions. However, withaddad optical tools such
as cameras, the previous process leads to a large expesimenber for obtaining
different crack tip position histories corresponding tffedent loading rate. Moreover
the loading rate influence on the transient propagationgshas arrest and restart can-
not be represented accurately if several experiments a@edeto obtain a crack tip
position history. Therefore new experimental methods egeiired to assess relevant
constitutive crack propagation laws from experiment.
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Firstly, a very accurate crack tip localization method gsin optical displacement
sensor is presented for transparent materials. Secomdiyt@matic crack localiza-
tion method based on digital image correlation is descriloeall brittle materials
whatever their opacity.

2. Crack tip localization using the optical displacement sesors
2.1. Description of the test rig and the specimen

The test rig is a split Hopkinson Pressure Bar (SHPB) testldged by Kolsky
(1949) and primarily used for the measurement of a mateyiahdhic behavior. It
is schematized in Figure 1. The test specimen is made of mhytmethacrylate
(PMMA), a transparent brittle material. The mechanicalgperties of nylon and
PMMA are quite similar. Therefore, the bars are chosen médwlon in order to
guarantee both a good wave transmission on their interfaiteshe specimen and
an elastic strain gage response. Details on the experiirs@ttgp are presented in
(Grégoireet al,, 2007).

1004 em | 305 cm ) 191.5 em |
\/ | Striker bar| | Input bar Specimen Outputbar |
Z40mm 151 em 39.5 cr.
ettt
<>

Figure 1. Test rig

There is no standard for dynamic fracture tests. Therefemaple, but distinctive,
geometry designed is chosen to obtain transient propagphiases as crack arrest
and restart. The compressive waves must be converted mgidetevaves, in order to
obtain fracture opening modes at the crack tip. Therefaegt@mngular specimen with
a circular hole is used to provide both the direct wave caigarwithout producing
any friction at the specimen-bars interfaces and the craekiszone. An initial notch
is machined at the border of the hole in order to initiate tiaek as shown in Figure 2.
Fracture occurs in pure mode | when the initial notch is maettion the specimen
symmetry axis.

2.2. Measurement

The use of SHPB is attractive in our case because it proviokhsam accurate mea-
surement of the applied loading and the global responseedtetst specimen during
the transient experiment, thus enabling good control ofjtiedity of the experimen-
tal tests. Reliable experimental data is necessary to eribat the simulations are
physically meaningful. This is one of the keys to successoimgaring numerical
simulations with experiments.
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Figure 2. Specimen geometry under pure mode | loading condition

Figure 3 shows a sketch of the test rig. One can identify:

— the striker bar, input bar and output bar and the specimivelea the bars;
— 2 strain gages connected to their amplifiers;
— 1 optical displacement sensor:
Zimmer100H — 116: measuring rang20 mm, working distancel1.1 mm;
— 1 standard light;
— 1 data acquisition adaptet €¢hannels] M H z);
— 1 optical sensor connected to an oscilloscope;
— 2 computers.

Since PMMA is transparent, optical displacement senserssed. A Zimmer ex-
tensometer converts the movement of a black and white targesin analogical signal
(£5V) proportional to the displacement of the black and whitetiasted border. The
measurement range is determined by the adaptive lens. Tia&ti extensometer was
primarily used to measure the macroscopic displacemerasofly by sticking on it
a black and white target. Since the light reflects on the cpatk and passes through
the specimen sound part, an analogical signal proporttortak crack tip position is
obtained. The resolution, the working distance, the uag#st and the width of the
measure as well as the maximum tracking velocity depend®mtmsurement range
linked to the lens choice. The characteristics of the optisplacement sensor are
collected in Table 1.

The loading is adjusted via several experiment paramdterstriker bar velocity,
length and shape enabled to control the amplitude, theidarahd the shape of the
loading. Two different experiments are performed with thecimen geometry cor-
responding to pure modeinitiation. The experimental conditions are described in
Table 2.
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Figure 3. Experimental test rig (SHPB)

Table 1. Characteristics of the optical displacement sensors

| Zimmer | 100H — 116 |
Measurement range 20 mm
Working distance 41.1mm
Measurement width 1mm
Resolution 0.002 mm
Uncertainty +0.04 mm
Maximum tracking velocity| 1670 m/s

Table 2. Experimental conditions

| Experiment] Initiation | Striker length| Striker velocity |

Testl

Model 1.004m

9.5m/s

Test2

Model 1.004 m

7.4m/s
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To limit waves superposition, the gages are generally émtat the middle of the
bars (Figure 1). Consequently, the waves have to be shiftéuet specimen-bar in-
terfaces to obtain forces and velocities at the specimessfad/aves dispersion and
attenuation due to the viscous behavior of nylon and gegnedfiects are taken into
account in the shifting as in (Zhaat al,, 1995) in order to obtain more accurate mea-
surements. The same process is performed for each expéaintest. For instance,
raw data corresponding to tesare shown in Figure 4.
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Figure 4. Unprocessed gage signals of test

2.3. Results

This section presents the experimental results obtaingdthé specimen geome-
try under pure modé loading (see Figure 2). Two experiments have been performed
with different impact velocities (Tedtand tes® in Table 2).

During these experiments, a Zimmer extensometer (see Tahkve been used to
obtain the crack tip position history. Since the measurdmagge i20mm, the crack
propagation history cannot be obtained entirely. The tirhemthe optical displace-
ment sensor starts producing a signal is chosen as the meéetiene. Furthermore,
the X-coordinate reference corresponds to the left-haceldathe specimen (after the
initiation, the crack grows from = 75 mm).
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Since the signal delivered by the extensometer takes irtoust the specimen
solid body displacement in addition to the crack tip displaent, a correction is pro-
cessed in order to obtain the real crack growth. Moreovergtttensometer signal is
shifted in order to adjust the crack arrest with the positiceasured on the crack path
postmortem view.

2.3.1. Testl (Striker velocity:9.5 ms)

Figure 5 shows the propagating crack tip position histontlie testl and three
different propagation phases are observed:

— firstly, the crack grows at constant velocily & 170 m/s);

— secondly, the crack stops during approximaé&ly.s;

— finally, the crack restarts at constant velocity & 180 m/s).
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Figure 5. Crack tip position history for the test(striker velocity:9.5 m/s)

Figure 5 reveals that this method based on optical displanésensor measure-
ment provides accurate crack tip localization, even dutireghighly transient prop-
agation phases such as arrest and restart. Therefore,diigpossible to study the
influence of the loading rate on these transient propagatiases.
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2.3.2. Test2 (Striker velocity:7.4 ms)

Since the initiation strongly depends on the initial notblae, the experimental
test2 was performed in two stages. First, short crack propagéliémm) is obtained
by impacting the specimen at a low velocity. Then, the speaniis submitted to a
second higher impact. Therefore, the initial notch shaginidar to the propagating
crack tip shape during the propagation. This technique ealinked to the fatigue
crack growth initiation for metallic materials.

Figure 6 shows the propagating crack tip position histontlie test2 where the
striker velocity was lower than the striker velocity of téstour crack arrests are now
observed. After the initiation, the cracks grows durijus at a constant velocity
of (V. =~ 150 m/s) and then stops during7 us. Afterwards, there are three short
propagating phases separated by crack arrests before dharfiast. Therefore, this
kind of experiment provides a challenging test of the reliigtof the dynamic crack
propagation numerical tools as well as a mean for assesswwgcanstitutive crack
propagation laws.
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Figure 6. Crack tip position history for the test(striker velocity:7.4 m/s)

Finally, a new experimental technique is developed for dyinarack tip localiza-
tion under mixed-mode loading in transparent materials.
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2.4. Numerical comparison

This section presents the numerical comparison with therxgntal results ob-
tained for the test and2 in pure model. The eXtended Finite Element Method
is chosen for the simulations because the cracks are natiltled@xplicitly by the
mesh. Furthermore, the implicit description of the cracrgetry is compatible with
any crack path, even if this pathaspriori unknown. This method consists in using
enrichment to the classical finite element approximatioarofer to capture the dis-
continuity and singularity of the strain field at the cragk tit was first developed for
quasi-static analysis in (Moé&s al,, 1999) and then used for dynamic crack propaga-
tion in (Grégoireet al,, 2007) in the light of (Réthorét al,, 2005).

The numerical simulations are carried out using the inpldoity collected from
the experiments as a boundary condition at the input barfate and an impedance
condition is used to model the contact between the outpuah@the specimen.

Even if the PMMA is known to be viscoelastic, a linear elab&bavior is assumed
with a dynamic elastic modulus fitted with the velocity of #lastic waves measured
during the experiments.

As developed in (Réthort al., 2005; Réthoré, 2005) a domain-independentinte-
gral is used to calculate dynamic stress intensity fadtaf&’", K7v"). Afterwards,
the intensity of the loading near the crack @ and the preferential propagation
directiond* are calculating using the Equations 1 and 1 as in (Grégbiag, 2007).

1 K" hm
0" =2arctan | - I__ _ sign(Kdyn) 8+ ( I )2D [1]
dyn 11 dyn
(4 [Kﬁ’ Kif
* 3 6* dyn 3 * . * 7-dyn
K* = cos 7<K1 >—§COS?SIHG Ky [2]

where< K}iy" >, the positive part oK}iy”, avoids any closure effect.

Finally, the dynamic crack propagation criterion is:

K* < Ky (no initiation)
K* = Ky (initiation) 3]
K*> K, = K*t,a)= % (propagation)
°R

where K7, is the dynamic crack initiation toughnesk}, is the dynamic crack
arrest toughness; is the velocity of the crack tip andg is the velocity of the
Rayleigh waves, namely the theoretical maximum velocita @fack in a homoge-
neous medium.

2.4.1. Testl

The mesh is the same for each numerical test and it is showgume=7. It consists
of 1377 four-node elements witH integration points. The numerical calculation of
the testl requiresl 20 time steps with a step size chosen/sis= 5 ps.
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Figure 7. Mesh and initial notch for the tegt

Figure 8. Mesh and numerical crack path for the tést

The numerical crack path is shown in Figure 8. Since theainitbtch is machined
in such a way that fracture occurs in pure mddéhe crack stays near the specimen
symmetry axis all over the propagation.

Figure 9 shows the comparison between the experimental amanical crack
tip position histories. The dynamic crack propagationeciitn (Equation 3) have
been used with<;; = 1.66 M Pa+/m and Ky, = 1.22 M Pa+/m. As explained in
(Grégoireet al.,, 2007), the higher value df; has two explanations: firstly, the radius
of the initial notch tip is larger than the propagating criapkadius in the experiments;
secondly, the crack initiation point is intrinsically nat the curve characterizing the
dynamic crack growth criterion;ig% K*(t,a) # K14 in EQ.3 as it has been noticed

by Ravi-Chandar (2004).



Dynamic crack localization 265

140 T
Experimental == ===

130

Numerical

e

120 f/f/
110

100 R /
90 /
] e

70

Crack tip abscissa (mm)

0 100 200 300 400 500 600
Time (us)

Figure 9. Comparison of crack tip position histories for the tést

On Figure 9, there is a good matching of the crack positiototies, even the
crack arrests occurred at the same time and in the samedncatiowever, before
the crack arrest, the numerical crack position historyaeer than the experimental
history. Therefore, the numerical velocity of the craclois important during the first
propagation phase and the criterion has to be improved.

2.4.2. Test2

The mesh still consists of377 four-node elements with integration points
(Fig 10) but the initial notch is different from the tesin order to take into account
the first propagation at low striker velocity as explainegant 2.3.2. The numerical
calculation of the tes? require200 time steps with a step size chosensis= 5 ps.

The numerical crack path is shown in Figure 11. The crackstlys near the
specimen symmetry axis all over the propagation but the fin@dst occurs in the
middle of the specimen.

Figure 12 shows the comparison between the experimentalandrical crack tip
position histories. The dynamic crack propagation ciiterfEquation 3) have been
used withK4 = 0.95 M Pa/m andK;, = 0.85 M Pa+/m. Since the initial notch
radius and the propagating crack tip radius are similary#thee of K1, and K1, are
very close. It remains a difference because the crack ioitigooint is intrinsically
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N [

Figure 10. Mesh and initial notch for the teat

e

Figure 11. Mesh and numerical crack path for the t@st

not on the curve characterizing the dynamic crack growtteigan as explained by
Ravi-Chandar (2004).

On Figure 12, there is a good matching of the crack positistohies and the
numerical and experimental first crack arrests occur ataheegime and in the same
location. The following crack arrests are well located iaspbut not in time. The
criterion (Equation 3) is not enough accurate in order td vegiresent this complex
phases similar to the stick-slip phenomenon. By only caréid) a macroscopic point
of view, these results are already satisfying.
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Figure 12. Comparison of crack tip position histories for the t@st

3. Crack localization based on digital image correlation
3.1. General principle of digital image correlation

The principle of image correlation was developed mainly ytfonet al.,, 1983;
Suttonet al,, 1986). Two digital images corresponding to a referencesadeformed
state are described by a discrete function representirgyélydevel of each pixel. The
discrete functions are related by the following relation:

fTx7) = f(x+d(x)) (4]

where f and f* are respectively the discrete functions of the referencktha de-
formed state and(x) is the displacement field (Figure 13).

The optimal displacement field determination consists érttinimization of the
cross-correlation coefficient on a set of initial image fExealled a subset):

Sans FX) f(x +d(x))dx
\/fAM fAx)Ax [, f2(x 4+ d(x))dx

whereA M is the initial image subset surface.

C=1-

(5]
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Figure 13. Reference and deformed images

The displacement field is then decomposing on an appropguattional basis on
a subset (Equation 6).

d(P) =3 _ni(P) vy (6]

whereu; are the displacement unknowf,is a point of the subsed(P) is given by
the minimization of Equation 5 angj; are the functions chosen.

According to the numbers of unknowns introduced in the dgmusition, the Equa-
tion 6 is written as many times as needed to have a problempaskd.

Finally, the problem consists in inverting a matrix (Eqoati’).
D=[M|U [7]

where D is the vector of the optimal displacements obtained by theimization
of Equation 5,[M] is the matrix of the functional basis aid is the vector of the
displacements unknown.

In practice, a bilinear displacement fielth( } = {z, y, zy, 1}) and a cubic spline
interpolation are used as in (Touchal-Mguil, 1997). Figideshows a subset before
(ABC D centered orP) and after 4* B*C* D* centered or?*) deformations on the
same axis for better understanding.

For each point of a given subset, the displacement field is:

{dm(x,y) = U1 T+ us Y+ usITy+ ug 8]

dy(z,y) = usT+uey+urZy+us

wherez = =4 andy = ¥4 are the homogeneous coordinates in a subset

Hence, there are eight unknowfis;) and the Equation 8 is written for each point
A, B, C'andD. The resolution consists in inverting tRedimensional matrix equation
7.

Finally, the algorithm is carried out on each subset of thigirfigure in order to
obtain the full-field displacement with a resolutionlgfl00 pixel.
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Figure 14. Initial subset and deformed subset

3.2. Crack localization algorithm

The latter image correlation technique is very efficientiides to obtain the full-
field displacement of a continuous body. Since the functibasis in Equation 6
contained only continuous terms, the method cannot evathat displacement field
in case of a discontinuity (material or geometric). Héfdal. (2006) propose to enrich
the functional basis with the linear fracture asymptotiediions in order to introduce
a discontinuous term. Since the asymptotic displacemddsfaepend on the polar
coordinate of the crack tip, the crack geometry has to be krtovnitiate the process.
Here, a method based on digital image correlation is prapaserder to localize
discontinuities even if there positions are totally unknow

3.2.1. General framework

Two pointsM and N are considered in the reference image (Figure 15). Then, a
displacement fieldd (x), is applied in such a way that the corresponding points in the
deformed imageN/* andN*) are separated by a discontinuity.

A measurement of the discontinuity between the two paldtand N is denoted
M QN and defined in Equation 9.

—_— —
MRN = |M*N* — MN]|| 9]
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Figure 15. Discontinuity between two poinfd and N

Therefore, sinc®(M, M*) O*M* = OM + d(M), the expression of the disconti-
nuity between two points is rewritten in Equation 10.

M2N = [[d(N) — d(M)] [10]

whered(P) is still given by the minimization of Equation 5.

From the latter definition of the discontinuity between tvairpis (Equation 10), a
criterion of discontinuity in a subset (Figure 14) is giverBquation 11.

K(P) = max(AQC;BRD)

masx (|d(C) - d(A)]; [d(D) — d(B)]) [L1]

Figure 16. Different positions of a discontinuity in a subset
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As shown in Figure 16, the latter criterion permits to cagttire discontinuity,
whatever is its position in the subset. However, in caseafggtions or distortions, a
discontinuity is located whereas the deformation is carirs. Thus, this criterion of
discontinuity in a subset is available if the elongationd tre distortions stays lower
than the displacements due to the discontinuities, namehei case of brittle fracture.

3.2.2. Implementation

In this part, the method is performed on an artificial imagtodeed under an
asymptotic displacement field.

Figure 17 shows a reference image (256x256 pixels) and tmesponding image
deformed artificially under an asymptotic displacemendf{pure modd). The crack
tip is located in the reference image center,, y..;,) = (128, 128)) but the end of
the crack is not visible since the displacement is sub-pixel

. Reference image
(256x256 pixels) Pure mode 1

Figure 17. Reference image and artificial image deformed under an astioplis-
placement field (pure mode (zip, yrip) = (128,128))

Firstly, the two images are loaded and the subset size ioh(@%9 pixels) equal
to the grid size corresponding to the position of the subseter. The grid is repre-
sented in Figure 20. Secondly, the criterion of discontinin a subset (Equation 11)
is evaluated all over the image as shown in Figure 18. Thittky latter criterion is
thresholded0 for the sound subsets$,for the cracked subsets and for the subset
containing the crack tip as shown in Figure 19. Finally, thaeck is represented on
the deformed image by joining the cracked subset centetipsibalanced as shown
in Figure 20. The crack tip position i$a;,, y1:p) = (126, 126)). Since the grid i9
pixels width, the resolution of the latter positionsl pixels.
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A (2ip, yiip) = (126, 126) 4 pixels

Figure 20. Result of the crack localization for the artificial test (selx 929 pixels,
grid: 929 pixels)

3.2.3. Comparison with a standard digital image correlation tool

In order to show the interest of the method developed, théce¢displacement es-
timated with a standard digital image correlation tool ¢lafs, developed by (Touchal-
Mguil, 1997)) is shown in Figure 21 with the same grid and stiltharacteristics.
Whereas the crack position can be localized in the sub-gigsebntinuous subset, the
vertical displacement estimated on the subset containdigcantinuity larger than
pixel is absurd. Moreover, the crack tip position localiaatis very problematic with
the standard method.

Figure 21. Vertical displacement estimated with a standard digiteg® correlation
tool (subset9x9 pixels, grid: 929 pixels)
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3.2.4. Influence of the grid size

The same test is carried out with different grid and subsatastteristics (subset:
626 pixels, grid:2x2 pixels). The resulting crack position is shown in Figure 2Be
crack tip position is (z+:p, yiip) = (127,128) £1 pixels).

The theoretical crack position {1, yiip) = (128, 128). As shown by Figure 20
and Figure 22, the finer is the grid, the better is the accurdadys, the method
developed is convergent and consistent.

SR

ey

By e ;
T !

. o

i .
T

A (24, yp) = (127,128) +1 pixel

Figure 22. Result of the crack localization for the artificial test (selx 626 pixels,
grid: 222 pixels)

3.3. Application: dynamic crack propagation under mixed-mode loading

In this part, the method is applied on dynamic crack propagaxperiment under
mixed-mode loading.

3.3.1. Experimental procedure (Te3}

The specimen is similar to the specimen tested in part 2 oBHRB (same ma-
terial, same geometry). However, the specimen is now ingolloy a fast jack and
the initial notch is machined in order to increase the miitigcts at initiation. The
specimen geometry is represented in Figure 23. The spedsainectly impacted by
the fast jack and the compressive loading is converted émtsile loading in the vicin-
ity of the initial notch by the circular hole. As developed Gyégoireet al. (2007),
the crack initiation depends on the initial notch radiuse Tiner is the initial notch,
the more similar is the crack before and after the initiatiblence, a sharp notch is
introduced at the tip of the pre-notch by tapping a razor dlathis technique was
developed in (Saad-Gouideral., 2006).
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10 mm
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Figure 23. Specimen geometries under mixed-mode loading g)est

The experimental test rig is sketched in Figure 24. One cantify:

- 1 fast jack (travek 300 mm, speed< 10 m/s) and its control unit;

- the specimen and a gage to detect the initiation;

- 1 optical sensor (Zimmer 200H) to control the displaceniapbsed;
- 1 load sensor connected to its amplifier;

- 1 data acquisition adaptet ¢hannels] M H z);

- 1 ultra-fast camera (Cordin 550-3R2)00x1000 pixels,400000 frame/s;
- 2 flash units (Cordin 605);

- 3 computers.

The PMMA optical properties are not used and the specimepeiskded in order
to use the digital image correlation technique. The ulast-fotating mirror camera
is triggered by the breaking of a gage stuck ahead the imtitdh and takes the3p
images of the crack propagation.

One experiment is carried out with a fast jack velocityl6fm /s and the crack
propagation history is represented in Fig 25. The experirderation is200 ps, the
frame rate isl61616 frame/s and the duration between two frames js. Since the
specimen displacement is imposed, no crack arrest occurgdhe propagation but
the crack turns towards the symmetry axis correspondinggtotaximum stress zone.
The mean crack tip velocity 800 m/s.
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Figure 24. Experimental test rig (Fast jack)

3.3.2. Crack localization

Since there arg2 different CCD channels in the ultra-fast camera, the catieh
cannot be carried out between two successive frames. A setiofl specimen frames
is taken before the experiment in order to obtain the refarémage for each CCD
channel. The crack localization is thus performed betwessfexence image taken
before the experiment and a deformed image taken duringcterienent.

Fig 26 shows the crack localization results for the twehtieame taken at the
time 124 us. Different crack path results for different grid sizes aresgnted. This
results show again the consistence and the convergence ofdéthod. Nevertheless
the Fig 26 points out that it is difficult to obtain accuratblyth the crack path local-
ization and the crack tip position in case of mixed loading.

In the crack tip vicinity, the finer is the grid; the betterl®taccuracy (Fig 26f). It
leads to a large number of subsets and the grid has to be ctalsealize the entirely
crack path (Fig 26¢ and Fig 26d). Moreover, if the grid is fithem the crack opening,
it leads to wrong results for the subset which are locateddsen the crack lips. In
case of pure mode | or straight crack propagation, the grgitipo can be adapted
to minimize this effect. In case of dynamic crack propagatioder mixed loading
conditions, the phenomenon is increased and the grid siztoh®e chosen in order to
have a good compromise between the localization of theedpntirack path and the
crack tip position.
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Figure 25. Crack propagation history for the te8t
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a) reference image b) deformed image

c) grid/subset: 15x15 pixels
(@tip, Ytip) = (753, 441) 7 pixels

d) grid/subset: 12x12 pixels
(@tip, Yrip) = (756, 444) 6 pixels

e) grid/subset: 9x9 pixels f) grid/subset: 6x6 pixels
(Z4ip, Yrip) = (751,441) +4 pixels (@tip, Yrip) = (748, 442) +3 pixels

Figure 26. Crack localization results for different grid sizes for ttest3

The dynamic conditions lead to other difficulties: the imagannot be all treated
by the crack localization algorithm. As shown by Fig 25, thminosity is not con-
stant during the experimental test and it is not constanvden the reference and
the deformed images. The mean luminosity effects are dmdduy using the cross
correlation coefficient but there are moving light spotschipenalize the correlation
algorithm.
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All the 32 images have been treated by the crack localization algoriEigure 27
shows the propagating crack tip position history. In thisifeg data are plotted with
the error bars corresponding to the resolution of the crac8lization algorithm for
each image treated-( pixels corresponding te-0.28 mm).
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Figure 27. Crack tip position history for the test(fast jack velocity:10 m/s)

3.3.3. Numerical comparison

This section presents the numerical comparison with therxgntal results ob-
tained for the tess.

The eXtended Finite Element Method (see the section 2.4)llislsosen for the
simulation and the mesh still consists 177 four-node elements with integration
points. The mesh,the initial notch and the new boundary itiond due to the change
of the test rig are shown in Fig 28. The numerical calculateouires70 time steps
with a step size chosen dst = 5 us.

Since the crack initiates in mixed-mode, the mixity at thi¢iation is used to
determine the dynamic crack initiation toughnésg as explained in (Grégoiet al,,
2007). An initiation anglé. = 76° is measured on the postmortem crack path. Then,
a numerical simulation of the dynamic response of the speiwith an initial fixed
notch is performed and the evolutionséf and6* (see Equation 1 and Equation 2)
versus time are calculated. The valugf; = 1.65 M Pa+/m is obtained.
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V=10 m/s

VN YV

Figure 28. Mesh and initial notch and new boundary conditions for thst 3e

I

Figure 29. Mesh and numerical crack path for the t&st

The dynamic crack propagation criterion Equation 3 havenhesed withK; =
1.65 M Pay/m and K1, = 1.25 M Pay/m.

The numerical crack path is shown in Figure 29 and Figure 8Wslthe compar-
ison between the experimental and numerical crack tip ipoditistories.

On Figure 30.b, there is a good matching of the crack tip abadiistories. How-
ever, if the crack turns towards the axis of symmetry (maximsiress zone) on Fig-
ure 29, the mixity seems more important on the experimendakopath (Fig 30.a) all
over the propagation.

Finally, an automatic method based on full-field displacetneeasurement is de-
veloped for crack localization in brittle material whatetteeir opacity.
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a) Crack paths
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b) Crack tip position histories
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Figure 30. Comparison of the crack tip position histories for the test
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4. Conclusion

The two methods presented before permit the localizatiarcofck under both dy-
namic and mixed-mode loading. The method based on optispladiement sensors
provides a highly accurate crack tip position history ewemighly transient propa-
gation phases as crack arrest and restart. It should be aségkfing the reliability
of numerical simulation tools and for assessing new loacditg dependant dynamic
crack growth criteria.

Nevertheless this technique cannot be applied to nongeaaat material. For
these kinds of materials, another method based on digitdéntorrelation has been
presented. However the accuracy regarding the latter isrlathis method has the
benefit to be based on full-field displacement measuremdrefore, the algorithm
could be improved to evaluate dynamic stress intensitypfadirectly from dynamic
crack propagation experiments and a method for assessirapdy crack growth cri-
teria directly from experimental results could be devetbpe
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