François Hild 
email: francois.hild@ens-paris-saclay.fr
  
Amine Bouterf 
email: amine.bouterf@ens-paris-saclay.fr
  
Stéphane Roux 
email: stephane.roux@ens-paris-saclay.fr
  
Measurement of kinematic elds via DIC for impact engineering applications
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Two dynamic Brazilian tests are analyzed via digital image correlation for acquisition rates equal to 5 and 10 million frames per second. Displacements of the order of 1 mm, velocities of the order of ±250 m/s, and accelerations as high as ±4 × 10 7 m/s 2 are measured with spacetime DIC. Uncertainty quantications enable spacetime DIC to be compared with instantaneous analyses. The gains provided by the temporal regularization are very signicant for the acceleration elds. The observed levels are consistent with a priori estimates.

Introduction

In impact engineering, as in other areas of solid mechanics, the understanding and quantication of the loading conditions is one key point to be addressed.

One of the most used loading devices to characterize the material behavior at high-rate loadings is split Hopkinson pressure bars [START_REF] Hopkinson | A method of measuring the pressure produced in the detonation of high explosives or by the impact of bullets[END_REF][START_REF] Kolsky | An investigation of the mechanical properties of materials at very high rates of loading[END_REF]. For many years the analysis of such tests relied on the use of strain gauge data and thus requires long bars to be used. These strain data then enabled the loading conditions to be inferred on the interfaces between the bars and the studied sample. This situation may eventually change with the use of full-eld measurements that enable the experimentalist to focus more on the sample itself.

Among various optical techniques, Digital image correlation (DIC) and its 3D extension for measuring 3D deformations via stereocorrelation [START_REF] Sutton | Image correlation for shape, motion and deformation measurements: Basic Concepts, Theory and Applications[END_REF] is gradually emerging as suitable and reliable for high rate deformation and shock studies [START_REF] Field | Review of experimental techniques for high rate deformation and shock studies[END_REF][START_REF] Hild | On the Use of Digital Image Correlation for the Analysis of the Dynamic Behavior of Materials[END_REF]. DIC, which was introduced in the early 1980s [START_REF] Peters | Digital imaging techniques in experimental stress analysis[END_REF][START_REF] Sutton | Determination of displacements using an improved digital correlation method[END_REF], was very quickly applied to the study of cracking under dynamic loading. As early as 1985, a rst series of results was reported for a 3-point exural test on Araldite B samples [START_REF] Peters | A study of dynamic near-cracktip fracture parameters by digital image analysis[END_REF]. The authors used a Cranz-Shardin camera, measured displacement elds and compared them to the static solution for the estimation of stress intensity factors. A good agreement was found when these results were compared with those given by the analysis of caustics. This type of analysis was continued with improved experimental conditions as well as post-processing procedures [START_REF] Chao | An experimental study of the deformation elds around a propagating crack tip[END_REF].

With the advent of digital high speed cameras [START_REF] Etoh | Evolution of High-Speed Image Sensors[END_REF], the number of studies have broadened and are no longer exclusively devoted to defense applications (e.g., see Refs. [1119]). In the International Journal of Impact Engineering, the rst (and as of today [20], the most cited) paper on image correlation was published by Tiwary et al. [START_REF] Tiwari | Application of 3d image correlation for full-eld transient plate deformation measurements during blast loading[END_REF]. Displacement, velocity, acceleration, strain and strain rate elds were reported. All of them were based on instantaneous stereocorrelations with a commercial code. The measured displacement elds were subsequently processed in order to compute all dierentiated elds. The subsequent publications [2226] reported only strain elds, which is a standard output of instantaneous DIC codes. In the following papers [2729], the displacement elds were always reported, and sometimes the strain and velocity elds. The uncertainty were evaluated by Besnard et al. [START_REF] Besnard | Analysis of necking in high speed experiments by stereocorrelation[END_REF] for deformed shape measurements and strain rates. Strain elds were then the primary kinematic data that were discussed in the following publications [3134].

The year 2014 saw no papers using DIC being published in the Journal (Figure 1). Over the previous ve years a total of 14 papers was published. Over the next four years (2018 included), a total of 39 papers was published. Of those, only a few [3541] did not only report displacement and/or strain elds, which required additional processing when instantaneous analyses were performed. It is worth noting that uncertainty quantications were not reported for any of the last 39 papers. From this short literature review, it is concluded that virtually all studies used existing (and mostly commercial) DIC codes. It follows that most of the reported kinematic elds were those directly provided by the latter ones (i.e., displacement and strain elds). Further, all reported DIC analyses were based on instantaneous registration, namely, the registration of image(s) of one single deformed conguration with respect to the reference conguration. As already mentioned, when the analyses required strain rate, velocity or acceleration elds, additional post-processing had to be performed [START_REF] Tiwari | Application of 3d image correlation for full-eld transient plate deformation measurements during blast loading[END_REF][START_REF] Besnard | Analysis of necking in high speed experiments by stereocorrelation[END_REF]3541].

An alternative route to instantaneous analyses is to perform local time interpolations in order to measure directly strain rate elds [START_REF] Broggiato | Full-eld strain rate measurement by white-light speckle image correlation[END_REF]. Global spatiotemporal analyses were also introduced [START_REF] Besnard | A space-time approach in digital image correlation: Movie-DIC[END_REF][START_REF] Besnard | Analysis of image series through digital image correlation[END_REF] in which displacement and velocity elds were a priori interpolated along the time axis in the registration procedure, not a posteriori as would be performed with instantaneous DIC. Such techniques were applied to videos acquired with a camcorder [START_REF] Besnard | A space-time approach in digital image correlation: Movie-DIC[END_REF] or high speed cameras [START_REF] Besnard | Analysis of image series through digital image correlation[END_REF]. Because the reference image played a central role in such analyses, the gain in displacement uncertainty was not shown to be as high as expected with noiseless references [START_REF] Besnard | Analysis of image series through digital image correlation[END_REF]. A denoising procedure was introduced very recently to address this particular point [START_REF] Berny | On the analysis of heat haze eects with spacetime DIC[END_REF].

In the following, instantaneous and spacetime DIC analyses will be compared.

Two dynamic Brazilian tests performed in split Hopkinson pressure bars and monitored with an ultra-high speed camera will be analyzed. The acquisition rate was set to 5 and 10 million frames per second. Five dierent kinematic elds will be reported namely, displacement, velocity and acceleration elds on the one hand. From these elds, the mean crack opening displacement, velocity and accelerations will be discussed. On the other hand, strain and strain rate elds will also be studied. In order to understand the dierences between instantaneous and spacetime DIC, the uncertainties on the ve kinematic data will be analyzed thanks to the fact that movies with no motions were available for both experiments.

Instantaneous and spacetime DIC

Two dierent approaches will be compared herein, namely, instantaneous and spacetime DIC. The rst one consists in registering pairs of images whereas the second one performs the registration over whole videos (i.e., series of pictures).

Instantaneous DIC

In the following, a global approach will be used for the spatial registration.

The displacement eld u(x, t) is discretized by using nite element shape functions [START_REF] Besnard | Finite-element displacement elds analysis from digital images: Application to Portevin-Le Chatelier bands[END_REF] 

ϕ i (x) u(x, t) = υ i (t)ϕ i (x) (1) 
where υ i (t) are the nodal displacements to be determined by minimizing the global residuals over the considered region of interest (ROI)

R(t) = ROI ρ 2 (x, t) (2) 
with respect to the unknown amplitudes υ i (t), which are gathered the column vector {υ(t)}, where

ρ(x, t) = f (x, t) -f 0 (x) (3) 
denotes the gray level residual computed for any pixel x of the ROI, f (x, t)

the gray level picture of the current conguration (at time t), and f 0 (x) the reference picture.

A priori estimates of the displacement and strain uncertainties for instantaneous analyses have been proposed [START_REF] Hild | Comparison of local and global approaches to digital image correlation[END_REF]. Since the outputs of DIC analyses are displacement elds, the covariance matrix of the measured degrees of freedom has to be evaluated for characterizing measurement uncertainties [START_REF]ASD-STAN prEN 4861 P1 Aerospace series-Metrological assessment procedure for kinematic elds measured by digital image correlation[END_REF].

In global approaches, each degree of freedom is not determined independently of the other ones. Consequently, they are correlated (in a statistical sense)

and the covariance matrix is required to fully characterize their variances and covariances. For local (i.e., subset-based) approaches, as soon as interrogation windows overlap, the displacement measurements are no longer independent (i.e., some correlations exist since part of the pixels are shared by neighboring windows). It was shown that the covariance matrix [C υ ] of the measured degrees of freedom {υ(t)} is related to the Hessian at convergence of the min-

imization scheme [M ] [C υ ] = 2σ 2 f [M ] -1 (4) 
where σ 2 f is the variance of acquisition noise.

When a time series of pictures is analyzed, instantaneous DIC is usually run [START_REF] Sutton | Image correlation for shape, motion and deformation measurements: Basic Concepts, Theory and Applications[END_REF].

For each new image, the initial displacement estimate is that of the converged solution of the previous image pair. In the following analyses, three-nodednite elements will be considered (i.e., linear displacement interpolations within each triangular element). Further, the reference image will not be the rst image of the time series but will be denoised [START_REF] Berny | On the analysis of heat haze eects with spacetime DIC[END_REF][START_REF] Berny | Model Reduction for Space-Time DIC[END_REF]. Once the nodal displacements are determined, the strain elds are evaluated by exact dierentiation of the spatial shape functions. The nodal velocities are determined by forward nite dierences of the nodal displacements, and the nodal accelerations by forward nite dierences of the nodal velocities. The strain rates are obtained by using the nodal velocities and the exact derivatives of the shape functions.

Spatiotemporal DIC

An alternative route to the previous approach is to consider global analyses in time [4345,[START_REF] Berny | Model Reduction for Space-Time DIC[END_REF]. Instead of performing a series of instantaneous minimizations of instantaneous residuals, a single spatiotemporal minimization is run, and the following gray level residual

R = t R(t) (5) 
is minimized with respect to the kinematic parameters. Dierent parameterizations of the displacement elds have been discussed [START_REF] Besnard | Analysis of image series through digital image correlation[END_REF]. In the following, space/time separations are assumed

u(x, t) = υ ij ϕ i (x)φ j (t) (6) 
where υ ij denote the spatiotemporal unknowns to be determined. In the present study nite element discretizations will also be used for the temporal shape functions φ j (t). The modal decomposition introduced in Ref. [START_REF] Berny | On the analysis of heat haze eects with spacetime DIC[END_REF], which enables instantaneous DIC codes to be extended to spacetime analyses in an non-intrusive way, was implemented.

The a priori uncertainties can also be estimated by extending the previous results to spatiotemporal analyses [START_REF] Besnard | Analysis of image series through digital image correlation[END_REF]. It is rst based on the spatiotemporal Hessian [N ], which is constructed with the spatial Hessian [M ], and the temporal matrix [Φ] such that

N ijkl = M ik Φ jl (7) 
with

Φ ij = t ϕ i (t)ϕ j (t) (8) 
It follows that the covariance matrix of spatiotemporal degrees of freedom becomes

C(υ ij , υ kl ) = σ 2 f Φ -1 jp Φ p Φ -1 lq Φ q + Φ -1 jl M -1 ik (9) 
with

Φ k = t ϕ k (t) (10) 
2.3 Reference picture f 0

In the sequel, high speed experiments will be analyzed. With the ultra-high speed camera used herein, a full video will be acquired prior to the experiment per se. Consequently, there exists a set of images with no motions. This series of images is averaged time-wise for each pixel to form a denoised reference picture f 0 . There is no need to follow the denoising procedure proposed in When considering a denoised reference image, the factor 2 in Equation ( 4)

no longer appears. The direct consequence is that the standard displacement uncertainties are divided by a factor of 2 for instantaneous analyses. Further, the rst term in Equation ( 9) vanishes for denoised reference pictures [START_REF] Besnard | Analysis of image series through digital image correlation[END_REF].

Consequently, the covariance matrix

C(υ ij , υ kl ) is equal to σ 2 f Φ -1 jl M -1 ik . It fol-
lows that the displacement uncertainties will be inversely proportional to the square root number of pictures when linear interpolations are used.

Uncertainty quantications

Before reporting any measurement, it is important to evaluate the corresponding uncertainties [START_REF] Iso | Guide to the Expression of Uncertainty in Measurements (GUM), International Organization for Standardization[END_REF]. This type of analysis was carried out on time series for which no motion occurred.

Dynamic Brazilian tests

Brazilian tests enable the tensile strength of brittle materials such as concrete and rocks to be assessed [START_REF] Carneiro | Um novo método para determinacão da resistência à tração dos concretos[END_REF][START_REF] Carneiro | Une nouvelle méthode pour la détermination de la résistance à la traction des bétons[END_REF]. They consist in performing compression tests on disks or cylinders. In each reported test, a 72 mm in diameter and 10 mm thick disk made of Ductal concrete was loaded up to failure under impact.

The dynamic tests were carried out via Hopkinson bars [START_REF] Kolsky | An investigation of the mechanical properties of materials at very high rates of loading[END_REF] made of aluminum alloy. The loading system consisted of a pressurized air gun, a 60 mm in diameter and 80 mm long projectile, an input bar with the same diameter and a length of 4.5 m, and an output bar with a length of 2 m. The speed of the input bar was equal to about 6 m/s. In both tests, the observed sample surface was speckled by random spraying of black and white paints.

One spot light (Dedolight , maximum power: 400 W) and two light heads (Dedocool , maximum power: 250 W) were switched on just before starting the tests to avoid heating. Such lighting power was needed because of the very high acquisition rates used herein. It enabled for enhanced contrast in the acquired videos, which allows the measurement uncertainties to be lowered [START_REF] Hild | Comparison of local and global approaches to digital image correlation[END_REF].

A Shimadzu HPV-X ultra-high speed camera was used to record the deformation of the specimen surface during the tests. Image videos with denition of 400 × 250 pixels were acquired. The lens used with the camera was a 50 mm Nikon F-Mount. The physical size of one pixel was set to 360 µm, which maximized the number of pixels of the monitored sample surfaces.

5 Mfps video

First, an acquisition rate of 5 million frames per second (fps) was selected.

The (xed) exposure time was equal to 110 ns. A video of 256 images was recorded. The reference image was then constructed as the temporal average for any pixel x. From this picture, the root mean square (RMS) dierence was computed for each time. This quantity evaluates the noise level of the camera.

Figure 2 shows the change of the RMS dierence. The average level is equal to 147 gray levels, which is 0.2 % of the dynamic range (i.e., 65500 gray levels).

This level is extremely low in comparison with high speed or even low speed cameras [START_REF] Hild | On the Use of Digital Image Correlation for the Analysis of the Dynamic Behavior of Materials[END_REF]. Instantaneous and spatiotemporal analyses were then run with this set of pictures. A nite element mesh was adapted to the actual sample geometry (Figure 3). The mean element edge was equal to 3 pixels (or 1.1 mm). In order to lter out spatial uctuations of displacement elds, a regularization length equal to 10 pixels was selected [START_REF] Tomi£evi¢ | Mechanics-aided digital image correlation[END_REF]. For spatiotemporal analyses, linear interpolations are considered along the temporal axis. Because of acquisition noise, each nodal displacement is a random variable with variances and covariances.

For the sake of simplicity, the temporal uctuations of measured nodal displacements are only characterized by the corresponding standard deviation in time. The measurement uncertainty is then dened in the following analyses as the spatial average of all standard deviations. In Figure 4, the measurement uncertainties are reported for displacements, velocities, principal strains and their rates. All these quantities are plotted as functions of the time interval over which the DIC analyses are performed.

The lower level (i.e., 0.2 µs) corresponds to instantaneous DIC. For all the reported quantities, the larger the time interval of the interpolation, the lower the uncertainties. This trend is to be expected since it corresponds to stronger temporal regularization. When the reference picture is denoised, it is anticipated that the standard displacement uncertainty σ u is inversely proportional to the square root of the number of pictures per interval [START_REF] Besnard | Analysis of image series through digital image correlation[END_REF], or equivalently to the time interval t . This trend is depicted by the green dashed line in Fig-

ure 4(a) as the best log-t. This assumption is not totally satised. It can be understood by noting that there are correlated temporal uctuations in acquisition noise (see Figure 2). The blue dashed line correspond to the a priori estimates constructed with the Hessian of instantaneous DIC. The diagonal terms correspond to the variances of each measured nodal displacement. Its average is then computed, from which the a priori estimate corresponds to its square root, namely, the a priori standard displacement uncertainty. In the present case, the a priori estimate virtually coincides with the log-t. The velocity uncertainty σ v is equal to √ 2σ u / t . From the previous analysis, this leads to the green dashed line shown in Figure 4(b), which slightly overestimates the actual levels. However, the general trend is very well captured. This is also true for the a priori estimate (blue dashed line). The strain uncertainty, which depends on the displacement interpolation [START_REF] Hild | Comparison of local and global approaches to digital image correlation[END_REF], is proportional to the displacement uncertainty divided by the regularization length r [START_REF] Tomi£evi¢ | Mechanics-aided digital image correlation[END_REF]. As for the displacements, this interpolation underestimates the standard strain uncertainties (for the same reasons, see Figure 4(c)). Last, the strain rate uncertainty σ ∆ is equal to √ 2σ / t , which is depicted by the green dashed line in Figure 4(d). Again a very good agreement is observed. The same observations apply for the a priori estimates.

Since acceleration elds will be sought, linear shape functions were not sufcient. Six cubic B-splines were selected instead to model the displacement elds for the rst 150 pictures of the video. With the chosen parameterization (see below), there were 6 degrees of freedom to be compared with 150 for instantaneous DIC. Consequently, it is expected that the measurement uncertainties will be lower for spacetime DIC when compared with instantaneous analyses (Table 1). The gain in uncertainty is rather small (i.e., ≈ 4 on average) for displacements and strains, becomes more important (i.e., ≈ 4 3 ) for velocities and strain rates, and very signicant for accelerations (i.e., ≈ 4 5 ).

For the latter, the cubic interpolation and the continuity of the accelerations yield very signicant gains (i.e., three orders of magnitude). The results of Table 1 show that signicant gains in terms of measurement uncertainties can be achieved thanks to spatiotemporal analyses. This is particularly true for acceleration elds (i.e., three orders of magnitude in the present case), and to a lesser degree for velocity and strain rate elds (i.e., two orders of magnitude). Such performances are made possible thanks to higher order interpolations in the time domain.

10 Mfps series

The second series was a sequence of 128 frames, which were acquired at a rate of 10 million fps. The (xed) exposure time was equal to 50 ns. Once the reference picture was constructed, the noise level of the camera was estimated.

Figure 5 shows the change of the RMS dierence with time. The average level is equal to 192 gray levels, which is 0.3 % of the dynamic range. Even though higher than in the previous case, this level is very low given the very high acquisition rate. As for the previous case, the temporal uctuations are not totally uncorrelated. A nite element mesh (average element edge equal to 3 pixels or 1 mm) was also adapted to the actual sample geometry (Figure 6). For spatiotemporal analyses, only linear interpolations were considered along the temporal axis (since no acceleration elds will be analyzed hereafter). For comparison purposes with the previous results, the measurement uncertainties are reported for linear interpolations in Figure 7. When compared to Figure 4 the overall levels are higher. This is to be expected since the acquisition rate is higher and the associated noise level as well [START_REF] Hild | On the Use of Digital Image Correlation for the Analysis of the Dynamic Behavior of Materials[END_REF]. The displacement and strain uncertainties also decrease with t but not with a -1/2 slope in a log-log plot. Conversely, the velocity and strain rate uncertainties have a variation with t described by a power law of exponent -3/2. These new results are consistent with those reported for the 5 Mfps video. All these uncertainty quantications showed that the levels of the investigated kinematic variables can be made very small even though the acquisition rate was very high. All the general trends to be expected by time regularization were observed. Last, the a priori estimates were very close to the power law ts of the raw uncertainties. When comparing the uncertainties corresponding to the two acquisition rates, the dierence in level is directly related to acquisition noise (Figures 2 and5), namely, the higher the acquisition rate, the higher the noise level, and the higher the measurement uncertainties. Conversely, for acquisition rates less than 5 Mfps, it was shown that the measurement uncertainties could be further decreased [START_REF] Hild | On the Use of Digital Image Correlation for the Analysis of the Dynamic Behavior of Materials[END_REF].

It is worth remembering that the present uncertainty quantications were performed with videos that were acquired under the very same conditions of the actual experiment (i.e., surface of interest, optical setup, illumination, acquisition rate) but with a motionless sample. Thus, such quantications do not account for blur induced by the motions of the sample during the time exposure (e.g., 50 ns for an acquisition rate of 10 Mfps). As will be discussed farther down, the displacement amplitude for a maximum velocity of 20 m/s is about 3×10 -3 pixel. For the lower acquisition rate, the maximum velocity is higher, 200 m/s, and the exposure time longer, hence the displacement during the acquisition time is of order 0.06 pixel at most. The eect of motion blur is thus expected not to be a limiting factor in the present experiments.

10 Mfps series

The rst analyzed video consisted of 128 frames acquired at a rate of 10 Mfps.

The acquisition was started after the specimen had already been fractured (Figure 8). It is therefore expected that most of the kinematics is associated with a free ight condition (i.e., constant velocity). In order to account for the presence of the dominant crack, a node splitting technique was followed to enable displacement discontinuities to occur. The following steps were considered:

• a rst instantaneous DIC analysis was run for the rst frame of the video, namely, that for which only the dominant crack was present. The initial mesh was considered in which no displacement discontinuity was accounted for (Figure 6)

• From the gray level residual map, the crack path was easily selected (Figure 9) since the crack opening is signicant (Figure 8). The advantage of using the residuals instead of the deformed image was that the crack was positioned in the reference frame (consistent with the Lagrangian description used herein).

• The mesh was then adapted to the crack path so that displacement discontinuities were enabled. Given the fact that a node splitting technique was used, the nodal crack opening displacements and velocities could be directly computed as dierences of twin nodes. The dimensions are expressed in mm

Figure 10 shows displacement elds for the last frame of the video when different temporal discretizations were considered. There is virtually no eect of the discretization for this eld. Since one of the DIC calculation was performed with a single (linear) temporal element, it proves that the hypothesis of vanishing accelerations was satised (i.e., free ight of fragments). Further, the displacement discontinuity is clearly visible for all displacement elds. This observation was further conrmed by analyzing the mean RMS residuals reported in Figure 11. The fact that they were independent of the discretization level proves that the use of a single temporal element was sucient to describe the temporal history of the test. Conversely, their mean level was 4 times higher than that associated with noise, which indicates that the spatial discretization was not fully consistent with the experiment (i.e., only one crack was explicitly accounted for in the present case whereas a more complex crack pattern was taking place).

In Figure 12, the horizontal velocity elds are reported for the last frame and for dierent temporal discretizations. Contrary to the previous case, velocity uctuations are observed. Their origin can be understood by the fact that rigid body rotations occurred at the very end of the video, which were not fully captured by the spacetime interpolations. From the measured displacement elds and corresponding velocity elds, the crack opening displacement and velocities were obtained as mean averages of the displacements (or velocities) of the two halves of the sample. Figure 13 shows their temporal history for dierent discretization levels. For the crack opening displacements (Figure 13(a)), the eight temporal discretizations lead to very similar results, which was expected from the gray level residuals (Figure 11). This is no longer the case of the crack opening velocities (Figure 13(b))

for which only the last three discretizations yield consistent results of 37 m/s. The major principal strain eld is shown in Figure 14 for the last frame and dierent discretizations. These results are in line with displacement elds. This is to be expected since they were obtained by spatial dierentiation only.

Their levels being signicantly higher than the corresponding uncertainties (Figure 7(c)), no signicant dierence is expected provided the captured kinematics was consistent with the experiment (Figure 11). The acquisition rate was reduced to 5 Mfps to make triggering easier. The specimen remained motionless for about the rst 50 frames. Then a complex multiple cracking pattern occurs (Figure 16). The cracks do not initiate simultaneously, namely, a rst pair emanating from the bottom contact zone initiates after the 50th frame, while a third one between the rst two appears at about the 120th frame. A fourth crack again vertical but located on the right side emerges from the free surface. As for the previous case, one of the major cracks was explicitly accounted for by following the above-described node splitting procedure. Given the temporal complexity of the cracking phenomena, it was expected that the temporal discretization would have a much more important eect. It was indeed observed that the mean gray level residuals depend on the discretization, namely, the smaller the time interval, the lower the overall residuals (Figure 17). This trend can be understood by analyzing the crack opening kinematics shown in Figure 18. A rather ne discretization was required in order to capture all the temporal details of the cracking phenomenon. This is particularly visible on the crack opening velocities (Figure 18(b)) that show dierent regimes and levels of velocities. However, with piece-wise linear interpolations, the acceleration elds cannot be estimated (without posterior smoothing process that was not performed herein). The measurement uncertainties are too high to provide any meaningful result (Figure 18(c)). Consequently, higher order interpolations are required. In the following, cubic B-spline interpolations were used. This choice allowed displacement and velocity elds to be continuous by construction. The continuity of the acceleration was also assumed during the whole analyzed sequence.

Further, for the rst temporal element the medium was assumed to be initially motionless (i.e., the displacement, velocity and acceleration vanish at the initial time). For the last element, a natural spline was also implemented (i.e., the acceleration was assumed to vanish at the last frame). Six elements were considered. When all the previous conditions were accounted for, only 6 temporal degrees of freedom needed to be measured. With such parameterization, the gray level residuals were very close to those observed with a larger number of degrees of freedom (Figure 17). The crack opening displacements (Figure 18 Only spacetime DIC provided acceleration elds that were meaningful (i.e., their levels were signicantly higher than the measurement uncertainties). The results of instantaneous DIC would have to be ltered to compute acceleration elds. Levels as high as ±4 × 10 7 m/s 2 were reached in the reported eld. cipal strains and strain rates were also evaluated with the previous technique.

Maximum displacements of the order of 1 mm, velocities up to ±200 m/s, and acceleration levels of ±5 million g's were obtained. Similar levels were observed from the mean crack opening kinematics.

Uncertainty quantications were performed with videos acquired prior to each experiment. With this information at hand, a denoised reference image could be constructed for each analyzed test. Further, the standard uncertainties were evaluated for the ve kinematic quantities. With the selected camera, the acquisition noise was observed to be very small for 5 and 10 million frames per second videos. As a result, very low uncertainties were achieved even though ultra-high acquisition rates were used. Very signicant gains were observed when spacetime discretizations could be used in comparison with standard (i.e., instantaneous) analyses, especially for the acceleration elds.

It is worth noting that such uncertainty quantications are very useful not only when analyzing impact tests as was illustrated herein but also for comparing or selecting a camera [START_REF] Hild | On the Use of Digital Image Correlation for the Analysis of the Dynamic Behavior of Materials[END_REF]. This approach is very generic and complies with the ASD-STAN prEN 4861 procedure for metrological assessment of kinematic elds measured by digital image correlation [START_REF]ASD-STAN prEN 4861 P1 Aerospace series-Metrological assessment procedure for kinematic elds measured by digital image correlation[END_REF].
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  (a)), and more importantly crack opening velocities (Figure18(b)) are in good agreement with the other discretizations except for the nal time where the natural spline condition prescribes a constant velocity (which is probably not valid here). Further, the crack opening acceleration has a complex history (Figure18(d)), which is consistent with the crack opening velocity history. Levels as high as 3 × 10 7 m/s 2 were reached.
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 19 Figure 19 compares two kinematic elds at the end of the video obtained via instantaneous DIC and when the B-spline interpolation is selected in the spacetime analyses. The displacement elds are very similar in both cases (Figure19(a-b)). For the velocity elds, the dierences are more pronounced (Figure19(c-d)). Interestingly, spatial uctuations appear in the velocity eld measured via spacetime DIC. They are less resolved with instantaneous DIC.The acceleration elds, which correspond to the time for highest crack opening acceleration) are signicantly dierent for both methods (Figure19(e-f)).

  Fig. 19. (a,b) Horizontal displacement elds (expressed in µm). (c,d) Horizontal velocity elds (expressed in m/s). (e,f ) Horizontal acceleration elds (expressed in

Table 1

 1 Standard uncertainties for instantaneous DIC (i.e., t = 0.1 µs) and spline interpo-

	lation with six degrees of freedom		
	Standard uncertainty	instantaneous DIC	spatiotemporal DIC	ratio
	σ u (µm)	2.1	0.6	3.5
	σ v (m/s)	15	0.2	65
	σ a (m/s 2 )	1.3 × 10 8	1.1 × 10 5	1200
	σ	4.7 × 10 -4	1.3 × 10 -4	3.7
	σ ∆ (1/s)	3.3 × 10 3	36	91

The acquisitions at 5 and 10 Mfps show temporal uctuations (Figures

and 5) that explain the deviations observed in Figures4(a,c) and 7(a,c) with respect to the expected trends. It is worth noting that these eects are less pronounced when temporal derivatives are applied (see Figures4(b,d) and 7(b,d)).
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