C Dano 
  
M Sharifipour 
  
Experimental observations relative to repeatability of wave propagation tests

Keywords: bender elements, wave propagation, repeatability, coherence

The results of a prospective experimental study of wave propagation into granular materials using bender -extender elements are presented. The experiments mainly focus on the repeatability of the pulse tests into multiple samples, which has not been so much investigated until now, in order to assess the degree of relevance of a frequency analysis of the signals. The repeatability is first assessed by multiplying the pulse tests into one sample: that method is currently carried out to decrease the level of noise in the electrical signals. More interesting is the repeatability of pulse tests into two samples prepared in the same conditions and presenting the same macroscopic parameters (void ratio in particular). The interaction between the wave and the granular assembly induces two distinct parts in the output signals: (i) the coherent part, usually contained in the first period of the output signals, representative of the continuous effective medium and similar in different samples and (ii) an incoherent part attributed to differences into the fabric and evolution of the fabric of distinct samples. The main conclusion is that time analysis which doesnot consider the content of the output signals is highly repeatable whereas frequency analysis depends on the sample fabric.

INTRODUCTION

Wave propagation is a quite common method to characterize the stiffness of soils or rocks either in the field or in the laboratory. Among the devices which can be used in the laboratory, bender elements have known an increasing interest to determine shear moduli mainly because of the simplicity in their use. However, the spreading of that method has somewhat been slowed down by disagreements or discussions still opened about the interpretation of wave propagation test results [START_REF] Jovicic | Conditions for rigorous bender element test in triaxial cell[END_REF].

Briefly, bender elements are piezoceramics set up in geotechnical devices such as triaxial cells to propagate a shear wave through a specimen. The travel time of the wave is then determined to calculate wave velocities and subsequently soil stiffness. The travel time is identified either by a time analysis which consists in pointing out the delay between the outset of the input signal and the arrival of the wave on the receiver [START_REF] Viggiani | Interpretation of bender element tests[END_REF][START_REF] Brignoli | Measurement of shear waves in laboratory specimens by means of piezoelectric tranducers[END_REF][START_REF] Lee | Bender elements: performance and signal interpretation[END_REF], or by a frequency analysis which consists in calculating a group velocity and a phase velocity [START_REF] Viggiani | Interpretation of bender element tests[END_REF][START_REF] Greening | Comparison of shear wave velocity measurements in different materials using time and frequency domain techniques[END_REF] for instance). The first interpretation method is unaware of the content of the received signal, contrary to the second one. However, none of them takes into account the granular nature of the tested material and the consequences on the received signal.

The prospective study presented in this paper aims at precising the effect of the granular structure on the waves. More precisely, the repeatability of the pulse tests into a single sample, then in two similar samples from a macroscopic point of view gives a potential way to characterize changes in the microstructure.

EXPERIMENTAL SET-UP

The bender elements used in this experimental study are in fact a couple of bender -extender elements previously described by [START_REF] Lings | A novel bender/extender element for soil testing[END_REF] and nowadays manufactured by GDS Instruments. The manufactured origin of the device prevents the authors to provide more details about the elements, all embedded into a package. The piezoceramic plates are coated for protection by a thin layer of epoxy. They are installed into the top and bottom pedestals of a standard triaxial cell in which soil samples of 100 mm in diameter and 200 mm in height were reconstituted by air pluviation. Soil specimens are separated from the confining fluid by a latex membrane, 0.5 mm thick. The protrusion of the elements into the sample is 2.5 mm. That length is substracted from the total height of the sample to determine the travel length of the shear wave. The thickness of the bender-extender elements is 1 mm and their width is 10 mm.

A chart of the initiation of the wave, its propagation and its recording is shown in Figure 1. The characteristics of the input shear wave (amplitude between 0 and ± 7 Volts, sinusoidal or square shape, frequency between 3 and 10 kHz) are defined at the computer level. The input electrical signal is composed of a single period, so that the test can be qualified of pulse test, but it is also composed of a relatively wide range of frequencies between 0 and about 20 kHz. Note that the acoustic signal representing the mechanical movement of the transmitter is different from the input electrical signal because of inertial effects, as proved by [START_REF] Lings | A novel bender/extender element for soil testing[END_REF], [START_REF] Kawaguchi | Empirical method for determination of shear wave trave time in bender-element test[END_REF] and [START_REF] Rio | Advances in laboratory geophysics using bender elements[END_REF]. The vibration of the transmitter induces the propagation of a shear wave through the sample, which is in some circumstances disturbed by near-field effects. Near-field effects are responsible for the propagation of wave components at a velocity of a compressional wave masking the arrival of the shear wave. Near-field effects (see Arroyo, et al., 2006 for an extensive discussion about near-field effects), but also waveguide effects and mode conversions [START_REF] Fratta | Wave propagation in soils: multi-mode, wide-band testing in a waveguide device[END_REF][START_REF] Lee | Bender elements: performance and signal interpretation[END_REF][START_REF] Leong | Measuring shear wave velocity using bender element[END_REF][START_REF] Rio | Advances in laboratory geophysics using bender elements[END_REF], make the time analysis of the signals sometimes difficult. That is the reason why frequency analysis based on Fast Fourier Transforms has been developed. However, because of the previous shortcomings (multiple scattering, multiple propagation modes), the use of a frequency analysis can be rightly criticized [START_REF] Lee | Bender elements: performance and signal interpretation[END_REF]. 

TESTED MATERIALS

The wave propagation tests were conducted in three different granular materials, all tested in dry conditions. The first soil was a Toyoura sand (mean diameter d = 0.17 mm, uniformity coefficient U = 1.6, minimum void ratio e = 0.628, maximum void ratio e = 0.968, specific weight γ = 25.85 kN/m ) (Yamashita, et al., 2004), which was used for the international parallel test organized by the TC-29 of the ISSMFE (2003) on the measurement of the maximum shear modulus G using bender elements. The second "soil" was composed of spherical glass beads with a relatively uniform diameter of 1 mm. These two first soils were deposited through air pluviation, with a constant fall height. The third "soil" was composed of almost spherical lead beads with a mean diameter equal to 1.12 mm. The lead beads were deposited and densified manually by tamping. Wave propagation tests can be sensitive to environmental disturbances (noise, electromagnetic disturbance, …) of random nature. These disturbances can be technically minimized (use of damping devices under the loading frame, pause of any loading during pulse tests, …). They can also be reduced by averaging many output signals resulting from the same input signal, as currently and rightly done in many bender elements testing devices.

In our device, multiple triggers were imposed, all other parameters fixed, in order to assess the noise level and the repeatability. The average output signal were subsequently calculated. Figure 2 shows the result of ten pulse tests on a dry Toyoura sand sample (e 0 = 0.690) under a mean isotropic effective stress p' equal to 100 kN/m 2 . The input signal was a single sinusoidal pulse with an amplitude of ± 5 V and an apparent frequency of 10 kHz. The resulting output signals are shown in Figure 2(a). The amplitudes and phases of the power spectrum are represented respectively in Figure 2(b) and Figure 2(c).

More than the fact that the initial noise can be efficiently decreased by averaging, the main result is (i) the constant frequency content and (ii) only very low differences in the amplitudes of the output signals. Likewise, the variability in the output signals doesnot affect the first deviation and therefore it doesnot have any effect on the identification of the wave travel time using time analysis. On the contrary, an average technique should be used since a frequency analysis based on the full output signals is performed.

The quality of the repeatability test is obviously due to the fact that the shear wave induces very small strains into the granular material, as indicated in the litterature. Indeed, strains were assumed to be lower than a value of 10 -6 , which was not enough to cause irreversible displacements of grains from one test to another. 

REPEATABILITY OF WAVE PROPAGATION IN TWO SIMILAR SAMPLES

In the previous section, the effect of noise is notable only in the signals amplitude, not in the frequency content. In this section, the repeatability of pulse tests is investigated on two distinct samples of 1 mm dry glass beads reconstituted in the same conditions (Figure 3). To authors's knowledge, such a procedure has not been carried out until now. The aim is mainly to show that the results obtained from a frequency analysis can be dependent on the sample fabric. Indeed, a frequency analysis involves the full output signal content: if that content is different from one sample to another, it means that the phase velocity or the group velocity are also dependent on the sample.

In the tests presented in this section, the initial void ratios were respectively equal to 0.653 and 0.658. The sample heights were slightly different, respectively 197.7 mm and 197.6 mm. Therefore, in order to match the arrival of the shear waves on the receiver and make the comparison of the signals visually easier, a time shift equal to (197.7x10 -197.6x10 ) / V is applied to the output signal on the longer sample. The velocity of the shear wave V is determined using a time analysis and is found to be equal in the two samples (V = 270 m/s).
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The waves are shown in Figure 3 in the case of an effective mean effective stress equal to 200 kN/m and an input shear wave of sinusoidal shape and a frequency of 10 kHz. Similar observations are made at other stress levels and other frequencies of the input signals. They are also independent of the number of pulse tests, that is the reason why only one output signal is reported for each sample. Similar experiments were carried out in two samples of dry loose Toyoura sand with close initial void ratios respectively equal to 0.81 and 0.83 (Figure 4).

Comparison of output signals in two samples reveals that their initial part, more precisely the first period, fits well, with only a small gap between the two signals. Beyond the first period, some variations in both the signal amplitude and signal frequency occur, even if those variations are of the second order of magnitude. The power spectrum magnitude vs. frequency diagram therefore presents a slight scattering not due to noise but due to specimens, even if differences are of the second order of magnitude too. Similar conclusions were obtained concerning the phase of the respective power spectrums. Since magnitude and phase power spectrum are involved in a frequency analysis, the relevance of such an interpretation can be questioned. Until now, fluctuations were assigned to a random noise. When noise cannot be involved to explain differences between the signals, the factors causing variations can be changes in the specimen geometry, assumed to be negligible in the present study, and changes in the microstructure of the granular assemblies, due to the deposition mode. They could also be attributed to different input signals parameters, that is the reason the shape, the frequency and the amplitude of the input signals are kept constant, so that near-field effects are minimized.

In bender element testing, the input signal frequency is chosen so that the wavelength of the incident wave is larger than the maximum size of particles but lower than the sample height or sample diameter. If a representative case is considered (shear wave velocity V = 300 m/s, input frequency f = 10 kHz), the calculated wavelength λ = V / f is about 30 mm. That value is greater than the maximum grain size of the tested materials, close to 1 mm. Nevertheless, the previous experimental results show that the wave during propagation interacts with the granular assembly, necessarily different from one sample to another: even if the macroscopic parameters are the same, the individual grains are deposited differently. In physics, the concept associated with that phenomenom is the coherence. The coherent part of an acoustic signal resulting from the propagation of a wave into a granular material is the part of the signals which is not dependent on the configuration of the granular assembly. In other words, signals perfectly match, they can be superimposed without any gap between them [START_REF] Gilles | Acoustique des milieux granulaires: propriétés du contact entre grains et effets du désordre[END_REF]. The coherent part is usually limited to the first oscillations corresponding to the propagation of a wave in an effective continuous medium [START_REF] Gilles | Acoustique des milieux granulaires: propriétés du contact entre grains et effets du désordre[END_REF][START_REF] Jia | Ultrasound propagation in externally stressed granular media[END_REF]. The following oscillations beyond the coherent part, then vary from one pulse test to another: they represent the incoherent part of the signals which is dependent on the microstructure of the material or materials properties. The importance of the incoherent part could be measured using cross-correlation for instance. Physically, some components of the incident wave interacts with the grains seen as a default or an interface and are consequently scattered (Figure 5). The origin of incoherence could also be the elastic wave causing by frictional displacements between grains. As a conclusion of this section, the microstructure could be potentially characterized using the incoherent part of the signals. However, if it is possible to identify evolution of damage in cementitious materials with a method based on multiple scattering [START_REF] Chaix | Caractérisation non destructive de l'endommagement de bétons -apport de la multidiffusion ultrasonore[END_REF], the search of relevant information about the fabric of granular assemblies seems uncertain at the present state of knowledge and with the present technology used in bender elements testing. The experimental procedure can also become important since it requires to test many specimens in similar conditions.
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COMPLEMENTARY EXPERIMENTS

Previous tests were conducted on samples constituted of the same material and prepared in similar conditions. Additional experiments were carried out to highlight the influence of grains morphology and grains compressibility to assess whether the degree of signals coherence is more significant.

Effect of grains morphology

Following the previous experimental procedure, two samples of glass beads, 1 mm in diameter, were prepared and submitted to pulse tests. The first sample is composed of beads which surface is very smooth as shown by scanning electron microscope observations (Figure 6(a)). Those beads were subsequently degraded by hydrofluoric acid [START_REF] Blair | Force distributions in threedimensional granular assemblies: effects of packing order and interparticle friction[END_REF]. The initially smooth surface of the beads then appears as constituted of small faces, giving a rough profile to the particles (Figure 6(b)). Their diameter was slightly reduced.

The initial void ratio of the two samples is equal to 0.65. As sample lenghts are slightly different, a shift along the time axis is applied to make the arrival of the shear wave on the receiver coincident. The input signal is a sinusoidal pulse of 10 kHz in frequency. Figure 7 shows the results for an effective isotropic stress equal to 450 kN/m .
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The first oscillations are quite similar, reinforcing the idea that the coherent nature of the wave can be associated with an effective continuous medium. However, the incoherent part is not significantly discriminant in comparison with tests presented in section 5.

A measure of plastic deformation ?

The incoherent part of an acoustic signal mainly characterizes differences in the fabric of the granular assembly. For instance, differences can occur because of irreversible movements of grains under shearing or deformation of grains themselves under isotropic loading.

Isotropic loading and unloading in Toyoura sand samples, from a mean effective stress of 100 kN/m to 500 kN/m , do not induce significant changes in the output signals when the signals are compared to a constant reference mean stress of 150 kN/m . The range of stresses is probably not large enough to cause irreversible displacements of grains or particle crushing. Therefore, two methods were envisaged to create plastic strains. The first method consisted in gradually and plastically shearing the sample and coming back to an isotropic reference stress: such test results are not presented here. The second one presented here was to use deformable dry lead beads, 1.2 mm in diameter. The plasticity of the granular assembly involves a clear decrease of the wave travel time during loading, whereas this travel time is hardly changed during unloading. It is worth noting that the shape of the output signals also vary with the stress applied in the laoding stage, whereas they are relatively similar during the unloading stage. This is particularly notable on the value of the first period of output signals (or the principal frequency component of the power spectrum). Microstructural changes are assumed to be minor between the two pulse tests at the mean effective stress of 500 kN/m than between the two pulse tests at a mean effective stress of 100 kN/m . Therefore, as expected, the coherent part of the signals is of great importance in the signals at 500 kN/m and non-existent in the signals at 100 kN/m . As previously mentioned, the use of coherence properties is somewhat difficult. However, our experiments show that some care has to be taken when frequency analysis is performed. Frequency analysis assumes the propagation of a shear wave into a homogeneous continuous medium, disregarding its microstructure. That method is relevant whether the coherent part of the output signals is large enough, that is to say when there is no interaction between the wave and the grains. Unfortunately, it seems that such a case is not the most often encountered one. The incoherent part therefore should have an effect on the results of a frequency analysis. In the authors'opinion, time analysis is not affected by such a phenomemom and should be preferentially used.

CONCLUSIONS

The paper deals with a prospective study on wave propagation using bender elements. They are commonly used to identify shear moduli of soils but the signals are not fully exploited. The aim is here to know if the output signals received on an element contain relevant information about the fabric of the tested granular materials. The experiments are proved to be repeatable since the microstructure of the granular assembly is kept in the same state. If the fabric is even slightly changed at the grain level, the comparison of output signals shows that they can be splitted into a coherent part representative of wave propagation into an effective continuous medium defined by macroscopic parameters (void ratio in particular) and an incoherent part assumed to be due to a random multiple scattering and variability in the sample fabric. The applicability of such experimentals observations is questionable. Nevertheless, the results highlights the necessity of a statistical study on multiple samples, not only one, since a frequency analysis is launched to identify shear wave velocities. It therefore adds an additional criticism to the use of frequency techniques for the identification of shear wave travel times. 
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 2 Figure 2. Repeatability of pulse tests in one sand sample.
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 3 Figure 3. Effect of soil sample (glass beads) on wave propagation.
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 4 Figure 4. Effect of soil sample (Toyoura sand) on wave propagation.
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 5 Figure 5. Sketch of multiple scattering (from Chaix, 2003).

  were subjected to an isotropic loading from a mean effective stress of 100 kN/m up to 700 kN/m . Then an isotropic unloading from 700 kN/m to 100 kN/m was applied. The initial void ratio of the sample was 0.87. The comparison is done for the same sinusoidal input signal of 10 kHz in frequency and ± 5 Volts in amplitude.
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 6 Figure 6. SEM imaging on glass beads.
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 7 Figure 7. Effect of grain morphology on pulse test results.
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 8 Figure 8. Test results on glass beads.
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