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An analysis of specific experimental problems encountered in the testing of concrete and con crete-like materials under impact loading, using the split Hopkinson pressure bar test (SHPB) or the so-called direct impact Hopkinson bar test (DIHB), is presented in this paper. On the one hand, in data processing, it is shown that recent improvements such as wave dispersion co"ection and exact time shifting are indispensable to obtain accurate measurements in those tests. On the other hand, the conventional analyses of those two kinds of tests are investigated with the aid of transient numerical simulations. It is concluded that only one of the conventionally used formula offers a good estimate of stress-strain curve for concrete-like materials. It is also illustrated that the usual assumptions of DIHB analysis are not reliable for the concrete-like specimen. An inverse approach is nevertheless possible to give more accurate results.

INTRODUCTION

tests, drop weight tests, etc. A review of those works is given by Green. 1 However, the 'state of the art' report of RILEM committee2 has given a comparison of results obtained from different loading devices, showing important gaps among different techniques. This is not only because of the heterogeneous nature of concrete-like materials or of different specimen dimensions. It is also because of the unavoidable impreci sion of those loading and measuring devices.

The technique using split bars, which offers an accurate result under impact loading, has then been applied to the testing of those con crete-like materials. The use of the compressive Split Hopkinson Bar (SHB) to determine the rate sensitivity of concrete has been reported in recent works. 3•4 The less frequent application of the tensile SHB arrangement to concrete speci mens has been also reported. [START_REF] Reinhardt | The split Hopkinson bar, a versatile tool for the impact testing of concrete[END_REF] The direct impact Hopkinson bar test (DIHB) is used to perform the tests at medium strain rates.6 There also exists the possibility to impose load ing-unloading cycles at high strain rates. 7 As those techniques using bars are initially developed for testing metals, its application in the case of concrete-like materials raises some specific problems.

This paper presents a study of those specific problems. On the one hand, in order to ensure The behaviour of concrete and concrete-like the accuracy of experimental devices, measuring materials under impact loading is involved in imprecision due to the wave dispersion in split the study of safety requirements of structures in bars and due to the error in the time shift is an extreme situation such as earthquakes, acci-discussed and an optimal data processing is prodental impacts or explosions. The early posed. On the other hand, the analysis of the experimental data of those materials under measured data (the forces and the velocities at dynamic loading are obtained with pendulum the faces of specimen) is reconsidered. Trans-

Pro,�le

Inp) bar Spe\imen Ou,ut bar When the waves are known at bar-specimen interfaces, the forces and the velocities at both faces of the specimen are given by the following eqn [START_REF] Green | The impact testing of concrete[END_REF].
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where S8, E and C0 are respectively the bars' cross-sectional area, Young's modulus, and elas tic wave speed.

The use of an input bar implies a limitation of the maximum force for a given impact velo city because of the linear relation between stress and particular velocity for a wave. The SHPB then fails to smash the concrete speci men at medium strain rates. A current solution is to strike the specimen dirrectly. A scheme of the arrangement of such a so-called direct impact Hopkinson bar (DIHB) test is shown in Fig. 2. As measurements are only made at the output side, supplementary assumptions must be made for the input side. The usual method assumes an equilibrium state of the specimen so that the input force is equal to the output one. This method assumes also that the input velo city makes an instantaneous jump from zero to the measured initial velocity, V 0 , of the project ile, and decelerates afterwards by the reaction force applied by the specimen on the project ile.9 -12

The velocity at the impacting face is then calculated by the following equation.

if NT �t<(N + I)T ( 2 
)
where S P , p P , C P are respectively the cross-sec tional area, the density and the wave velocity of the projectile. N = int(t/7), T being the charac teristic time (time needed for the wave to perform a round trip in the projectile).

From those basic experimental data (forces and velocities at input and output sides), the conventional analysis assumes the axial uni formity of stress and strain fields in the specimen. An average strain and an average stress are then given by eqn [START_REF] Gong | Disper sion investigation in the split Hopkinson pressure bar[END_REF].

Youtput(f)-Vinput(t) B8(t) = ------- fs (3)
where /5, Ss denote respectively the length and the cross-sectional area of the specimen.

An optimal data processing for accurate measurements Experimental results reported in the literature on concrete-like materials show often relatively important dispersions, partly due to the measur-ing imprecision of experimental devices. As to the technique using bars, the main difficulty of the measurement lies in the fact that the three basic waves are measured at sections other than the bar-specimen interfaces. They have to be shifted from the strain gauges to the specimen faces, in time and distance. This shifting leads to two different perturbations. Firstly, waves change in their shapes (wave dispersion) on propagating along the bar. Secondly, one has to find the exact time shift for the three waves, so that the shifted waves at the bar-specimen interfaces correspond to the same time origin.

To avoid shifting errors, the correction of such so-called wave dispersion effect should be made. It consists of using an analytical solution of the harmonic wave propagation in an infinite cylindrical bar,3• 1 3 -1 5 which gives theoretical dis persion relation (wave velocities versus frequencies). An accurate determination of time shifts can be obtained by a method based on the simulation of the specimen response. 1 6 In fact, one can simulate numerically, for an elastic specimen, the fictitious reflected and trans mitted waves. The exact origins of those simulated waves are then known. If the real specimen is supposed elastic at the early stage of the test, the comparison between simulated and real waves at this early stage allows for the determination of their exact origins.

In order to show the influence of the data processing, a typical test on concrete using a 40 mm diameter bar is used as an example. Raw signals (1 m from bar-specimen interfaces) are compared with the signal after the dispersion correction (Fig. 3a). Even if the correction is not visually significant for the waves, it does for the final result (Fig. 3b ). It is noted that the dispersion effect could be more important if a bar of a larger diameter (80 mm bars for the larger aggregates) is used. As to the influence of the time shift, if an error of 3 µs is deliber ately made for the reflected wave, which is nearly unavoidable in an arbitrary visual deter mination (one can see the visual difference between the real and the broken lines is very small in Fig. 4a), the induced error in the aver age stress-strain curve is important (Fig. 4b ).

Perturbations due to the measuring impreci sion can be eliminated by the careful data processing. Indeed, a series of tests on a micro concrete (the part of dispersion due to the heterogeneity of specimens is limited) is per formed to illustrate the testing reproducibility.

It is shown in Fig. 5 that both Young's modulus and the failure strength show only a small dis persion and the efficiency of the improved data processing is indirectly proved.

Application of those improvements in the data processing allows for more accurate results. They are particularly important for the accuracy in the range of small strain. Conse quently, such an optimal data processing is indispensable not only for the concrete speci men but also for many materials, wherever the behaviour at small strains is the most desired (ceramics, 1 7 composite, 1 8 etc.).

AN ALYSIS OF ME ASURED FORCES AND VELOCITIES IN CONCRETE TESTING

Techniques using split bars provide, then, accu rate dynamic measurements at the faces of the specimen (forces and velocities). However, those measurements do not provide immedia- tely the stress-strain relation of the specimen. At first, the stress-strain curves calculated by eqn (3) are correct only when stress and strain fields in the specimen are homogeneous. This is never true, because of transient effects in the specimen. For example, when the input side of the specimen is loaded, the output side remains at rest until the wave goes through the speci men. Furthermore, the average stress-strain curve is obtained under the one-dimensional assumption while the three-dimensional effects due to the radial inertia and to the friction could induce errors. In this paper, only the transient effect is discussed, knowing that three dimensional effect problems have been studied in past decades and corrections are pro posed. 1 9-2 1

In order to investigate if the non-homo geneity of the stress and strain fields introduce important error on the estimate of the stress strain relation, one has to know both the behaviour of the specimen and the waves in the test. A natural method to do this is to simulate a test on a specimen of concrete-like materials. For this purpose, a constitutive law should be supposed for the specimen.

Chosen constitutive law of concrete, numeric simulation using the method of characteristics

A rate-dependant crack model is adopted to describe the rate-dependence and softening behaviour of a concrete-like material, because it is simple and successfully applied in the wave involved application. [START_REF] Sluys | Wave propagation and localisation in rate-dependant cracked medium-Model formulation and one-dimensional example[END_REF] In this model, it is supposed that the behaviour is purely elastic when the total strain e is smaller than a crack threshold es.

When the total strain is larger than the threshold, it is assumed to be the sum of the elastic strain ee and a so-called crack strain e cr due to the opening of the micro-cracks cumulat ing in the concrete. Using a simple linear dependence of the stress on the crack strain and the crack strain rate, a four-parameter model is formulated (eqn (4)).

with the two parts defined in the following: [START_REF] Tang | Rate effects in uniaxial dynamic compression of concrete[END_REF] where <J, e, ecn es are respectively the stress, the total strain, the crack strain, and the crack threshold. E, k, 17 are coefficients associated with elasticity, linear softening and viscosity.

The one-dimensional governing equations and the constitutive law are written as follows,

o<J(x,t) ox oe(x,t) 0v(x,t) =p ot 0v(x,t) ---= ---
or ox [START_REF] Reinhardt | The split Hopkinson bar, a versatile tool for the impact testing of concrete[END_REF] where <J, e, v are the stress, the strain, and the particle velocity in the specimen. p is the mass density.

The governing equation (eqn [START_REF] Reinhardt | The split Hopkinson bar, a versatile tool for the impact testing of concrete[END_REF]) is hyper bolic, and it can be then solved by the method of characteristics. Because of the form of con stitutive law ( eqn ( 4) ), the characteristic network is composed of families of straight lines in this case. [START_REF] Zhao | A study of specimen thickness effects in the impact tests on polymers by numeric simulations[END_REF] The three families of character istic lines and the characteristic relation that must be satisfied along those lines are given in eqn [START_REF] Gary | Resume des resultats experimentaux sur mini-beton, essai de compression[END_REF].
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where C 0 is the wave speed.

With a regular discretisation grid, the govern ing equations (eqn ( 6)) with the boundary conditions are numerically integrated.

SHPB test simulation

Using the presented numerical technique, fic titious tests can be simulated. However, it is more convincing to simulate a fictitious test close to a real one. Indeed, on applying the velocities measured in a real test, corresponding simulated forces can be calculated with any arbitrary set of parameters of the model. The comparison between simulated forces and mea sured ones allows for an adjustment of the It is then supposed that the simulated data gives a reasonable representation of this real test. In this way, one has the complete data of an idealised test where not only the three basic waves as in a real test, but also the specimen behaviour are known. The average stress-strain curve is then calculated from the waves with the classical formula (eqn (3)). Its comparison with the stress-strain curve given by the imposed model at the same strain rate history shows that this classical formula does not give a good esti mate (Fig. 7).
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However, another possible average formula 24 ( eqn ( 7)) has been used in the literature, which consists of calculating the stress by the average of the input and output forces.

Voutput(t)-Vinput(t) es(t) = ------- ls (7)
Fortunately, this formula can offer an accept able result of the stress-strain relation (Fig. 7), and it should then be used in the analysis of tests on concrete-like materials.

DIHB test simulation and discussions, inverse approach

In DIHB tests, velocity and force at the input side are obtained with supplementary assump tions because of the elimination of the input bar. Therefore, the quality of the formula eqn (7) strongly depends on those assumptions which are not analysed in the literature, prob ably because one has no evident means to obtain an experimental measure to check them.

One tries here to investigate those assump tions by simulation. Indeed, a fictitious test can be simulated with the imposed boundary condi tions as the force and velocity measured at the output side in a real DIHB test, knowing that the integration of the Cauchy problem by the method of characteristics is also stable. [START_REF] Rota | Application de methode inverse au depouil lement de l'essai aux barres de Hopkinson[END_REF] If the simulation is performed with the realistic con crete-like model, the simulated test is supposed to be representative for a real DIHB test on a concrete specimen. Therefore, the force and the velocity at the input side are known in this real istic fictitious test. Comparisons between the simulated data at input side and those assumed by conventional DIHB analysis provide an esti mate of the accuracy of DIHB supplementary assumptions.

The measured force and velocity at output side for the same kind of microconcrete speci men as previously used are obtained in a DIHP system ( 40 mm diameter aluminium output bar, 100 mm diameter steel projectile) with an initial projectile velocity of 7 m/s. The same model and parameter as those used in the previous simulation are applied to simulate input data.

It is shown in Fig. 8 that both the simulated force and the simulated velocity are quite dif ferent from the assumed values, which could not be due only to an eventually improper con stitutive model. Consequently, the usual DIHB assumptions are not reliable for concrete-like materials, especially the assumption of the initial input velocity jump, because this infinitely small rise time implies an important error on the strain and the strain rate.

One has to know the rise time for the input velocity to obtain an acceptable accuracy. How ever, there is no evident measuring method and an assumption of an arbitrary rise time is not precise because it depends on the uniformity of contact between projectile and specimen at the instant of contact. 9

Nevertheless, it is possible to develop a more accurate analysis by an inverse approach such as those proposed for SHPB. 1 6 Indeed, an inverse ... =:: .. ::: .. �. "C • •.:.::: - method is possible when the superabundant data exists. In Fig. Sb, the assumed velocity after initial rise is reasonable and it is super abundant information. If an appropriate form of the material behaviour is supposed known with some parameters to be determined, input velocity can be simulated for a given set of parameters from the measured data at the out put side. The comparison between the simulated input velocity and the assumed one for the period after initial rise offers a possi bility to identify the optimal set of parameters.

CONCLUSIONS

In this paper, the accuracy of tests at high strain rate on concrete-like material is investigated. On the one hand, the shifting of waves, which are the only directly measured data, will not introduce significant error provided that the wave dispersion correction and exact time shift are carefully taken into account. On the other hand, a transient numerical simulation is developed using a method of characteristics and a realistic crack model. For the SHPB test, this simulation permits for the validation of stress strain relation given by one of the conventional analyses. For the DIHB test, it is shown by the simulation that the usual assumption is not accurate and an inverse approach can probably offer more accurate results.
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 1 Fig. 1. Split Hopkinson pressure bar (SHPB) test.
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 2 Fig. 2. Direct impact Hopkinson bar (DIHB) test.
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Fig. 3 .

 3 Fig. 3. (a)Visual difference of the wave dispersion cor rection. (b) Stress-strain curve, influence of the wave dispersion correction.

28 Fig. 4 .

 284 Fig. 4. (a) Visual difference of a 3 µs error in the delay setting. (b) Stress-strain curve, influence of 3 µs error in the delay setting.

  Fig. S. Reproducibility of tests on micro-concrete speci men.
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 386 Fig. 6. Comparison forces (SHPB).

  measured parameters to obtain an optimised matching between them.For instance, a real concrete test is per formed with aluminium bars (length 2 m, diameter 40 mm). The specimen is a micro concrete one (36 mm diameter, 36 mm length).An excellent matching is found (Fig.6) for this test with an optimised set of param eters (E = 2 x 101 0 Pa, k = 1.5 x 101 0 Pa, 17 = 8.5 x 10 5 Pa.s ).
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 7 Fig. 7. Average stress-strain curves compared with the given behaviour (SHPB).
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 28 Fig. 8. (a) Comparison between simulated and assumed data (DIHB), input force. (b) Comparison between simu lated and assumed data (DIHB), input velocity.