Carlos Ovalle 
  
Christophe Dano 
  
Pierre-Yves Hicher 
  
Mónica Cisternas 
  
Experimental framework for evaluating the mechanical behavior of dry and wet crushable granular

Keywords: crushable granular materials, compressibility, grain-size distribution, creep, stress relaxation matériaux granulaires broyables, compressibilité, granulométrie, fluage, relaxation des contraintes

à la diffusion de documents scientifiques de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

Granular materials are present in many civil engineering problems, such as foundations on sands or gravels, railway ballasts and rockfills embankments. It is well known that their mechanical behavior is a function of the properties of the granular packing and its water content, as well as of the mechanical and geometrical characteristics of individual grains. Under given conditions, intergranular contact forces can exceed particle strength and a fraction of the particles will crush, changing the grain-size distribution (GSD) towards a more polydisperse packing, which creates a denser arrangement for a given stress condition [START_REF] Biarez | Influence de la granulométrie et de son évolution par ruptures de grains sur le comportement mécanique de matériaux granulaires[END_REF][START_REF] Li | Influence of grain size distribution on critical states of granular materials[END_REF]. After crushing, consequently compressibility will increase and dilatancy under shear become reduced, as well as the peak shear strength [START_REF] Vesic | Behaviour of granular materials under high stresses[END_REF][START_REF] Marachi | Evaluation of properties of rockfill materials[END_REF][START_REF] Marsal | Mechanical properties of rockfill dams[END_REF][START_REF] Coop | The influence of pore water on the mechanics of granular soils[END_REF][START_REF] Lee | The intrinsic behaviour of a decomposed granite soil[END_REF][START_REF] Lade | Significance of particle crushing in granular materials[END_REF]Ovalle et al. 2013b). In general, grain crushing occurs under high stresses, e.g., at pile tips or at the base of high dams, or under quite lower stresses in materials composed of relatively weak grains. The amount of grain crushing is normally analyzed in terms of the breakage ratio B r [START_REF] Marsal | Mechanical properties of rockfill dams[END_REF][START_REF] Hardin | Crushing of soil particles[END_REF][START_REF] Lade | Significance of particle crushing in granular materials[END_REF]Einav 2007a). In this work, we use a recent B r definition proposed by Einav (2007a), obtained as the ratio between (i) the area flanked by the initial GSD and any intermediate GSD after crushing (B t in Fig. 1) and (ii) the initial GSD and an assumed ultimate fractal GSD (B p in Fig. 1, assuming a fractal dimension D = 2.5 for a cumulated GSD given by G(d) = (d/d max ) 3-D , where d is the grain diameter and d max is the maximum grain diameter).

The experiments by [START_REF] Miura | Particle-crushing of a decomposed granite soil under shear stresses[END_REF], [START_REF] Hu | A constitutive model for granular materials considering grain breakage[END_REF], and Ovalle et al. (2013a) have shown that the amount of grain crushing is related to the total amount of plastic work. These findings have led to developing phenomenological constitutive models based on the general framework of uncrushable soils (i.e., the critical state theory). Accordingly, extra plastic strain after crushing is given by an inverse relation between the critical void ratio and the breakage ratio [START_REF] Daouadji | An elastoplastic model for granular materials taking into account grain breakage[END_REF][START_REF] Russell | A bounding surface plasticity model for sands exhibiting particle crushing[END_REF][START_REF] Muir Wood | Particle crushing and deformation behaviour[END_REF][START_REF] Daouadji | An enhanced constitutive model for crushable granular materials[END_REF][START_REF] Hu | A constitutive model for granular materials considering grain breakage[END_REF]. The alternative method proposed by [START_REF] Mcdowell | On the micromechanics of crushable aggregates[END_REF] linking the plastic work to the increment of the surface fracture energy on crushed grains has been confronted with experiments by [START_REF] Russell | A compression line for soils with evolving particle and pore size distributions due to particle crushing[END_REF] and Ovalle et al. (2013a). On the other hand, Einav (2007aEinav ( , 2007b) ) used the breakage ratio as an internal energy parameter, which opened the way to the prediction of grading and its link to the mechanical response.

In fact, the source of grain crushing comes from the breakage mechanics of individual grains at the micromechanical scale. In other words, it depends on the mechanical properties of grains and their loading conditions at intergranular contacts. Therefore, multi-scale links are conducive to predict the response of the granular assembly. Recently, the multi-scale approaches developed take into account physical parameters such as the tensile particle strength, grain-size effects, and the fracture surface energy of brittle solid grains [START_REF] Mcdowell | On the micromechanics of crushable aggregates[END_REF][START_REF] Frossard | Rockfill shear strength evaluation: a rational method based on size effects[END_REF][START_REF] Ovalle | Contribution a `l'étude de la rupture des grains dans les matériaux granulaires[END_REF]Ovalle et al. 2013c). A close look at the microscopic scale (i.e., microcracks or flaws inside individual particles) gives a physical explanation of this phenomenon, as described by classical brittle fracture mechanics. [START_REF] Griffith | The phenomena of rupture and flow in solids[END_REF] proposed that fracture in perfectly linear elastic brittle materials occurs through the propagation of existing cracks. He demonstrated that the induced tensile stress () depends only on the size of the crack (a) and on intrinsic parameters. Later, [START_REF] Irwin | Analysis of stresses and strains near the end of a crack traversing a plate[END_REF] developed the notion of stress intensity factor under uniform axial stress (K I = ͌(a)) and fracture toughness (K IC for fracture in mode I). The term K IC can be defined as the material resistance to fracture by crack propagation. Hence, a crack begins to grow when K I reaches the limit K IC .

Exposed to rain or dam leakage, for instance, granular soils undergo significant changes in water content, from an almost dry state to complete saturation. For crushable materials, an increase in relative humidity will cause more particle crushing for a given stress condition [START_REF] Marsal | Mechanical properties of rockfill dams[END_REF][START_REF] Lee | The intrinsic behaviour of a decomposed granite soil[END_REF][START_REF] Oldecop | Suction effects on rockfill compressibility[END_REF]Ovalle et al. 2013a). Consequently, the mechanical behavior of the granular material is affected as explained before. At the micromechanical scale, variations in the material water content will affect the K IC [START_REF] Oldecop | Theoretical investigation of the time dependent behavior of rockfill[END_REF]. This issue has been discussed by many authors who found that the value of K IC depends on the degree of saturation and on the physicochemical composition of both solid material and liquid. [START_REF] Westwood | Tewksbury lecture: Control and application of environmentsensitive fracture processes[END_REF], [START_REF] Atkinson | A fracture mechanics study of subcritical tensile cracking of quartz in wet environments[END_REF][START_REF] Atkinson | Subcritical crack propagation in rocks: theory, experimental results and applications[END_REF], and [START_REF] Dunning | The effects of aqueous chemical environments on crack propagation in quartz[END_REF], for example, consider that the problem is quite complex because the degradation of the structural integrity of geological materials is mainly due to the corrosive attacks of the environment. The ef-fects are essentially the adsorption of elements and mineral dilution from the environment around the microcrack tip, which causes a modification of the fracture surface energy, and the electrostatic interaction between the humid environment and the material. Moreover, if the material water content increases, the capillary suction will decrease at the microcrack tips within the grains. Therefore, the effective stress against crack opening also decreases and the mechanism is affected: crack propagation velocity increases and both particle strength and K IC decrease [START_REF] Oldecop | Theoretical investigation of the time dependent behavior of rockfill[END_REF]. Therefore, the higher the water content in the material voids, the lower the K IC value and the higher the particle crushing. However, rather than the material pore water into the entire assembly, what is relevant is how much water is retained inside rock microcracks forming the grains.

A number of models for crushable granular materials including the effect of the water content have been suggested. For instance, by using the results of compression tests on rockfills under relative humidity control, Oldecop andAlonso (2001, 2003) and [START_REF] Chávez | A constitutive model for crushed granular aggregates which includes suction effects[END_REF] developed a phenomenological constitutive model based on work hardening plasticity and critical state theory, which incorporated the effect of suction. Considering the loading collapse curve concept from unsaturated soil mechanics, their model gives numerical results based on the role of suction that is related to the relative humidity in the material voids. Similarly, [START_REF] Oldecop | Theoretical investigation of the time dependent behavior of rockfill[END_REF] suggested a conceptual model to explain the creep behavior in rockfills based on the influence of suction on K IC and on an inverse relation between K IC and the crack propagation velocity. On the other hand, [START_REF] Buscarnera | The yielding of brittle unsaturated granular soils[END_REF] proposed a model based on the thermo-mechanical approach proposed by Einav (2007aEinav ( , 2007b)), where the loading collapse curve is linked to the energy balance. The model links the assumption of energy dissipation by particle breakage and the capillary theory for solid-fluid interaction. Finally, [START_REF] Bauer | Hypoplastic modelling of moisture-sensitive weathered rockfill materials[END_REF] developed a hypoplastic model based on a solid hardness concept where the mechanical response is simply enclosed between a compression curve for the dry condition and a more compressible one for the saturated material.

Despite the many advances made in understanding the phenomenon of grain crushing, the role of the breakage ratio as a governing parameter for the effect of the water content on crushable soils is still not very clear. Experimental data on the subject are generally not available. We, therefore, carried out an extensive experimental program of the effects of flooding in crushable granular material by running a series of tests including different stress paths, stress magnitudes, with stages of stress relaxation and creep, and by checking test repeatability to obtain a consis- tent framework based on grading evolution. The main objectives are to study the influence of stress path, water content and time, as well as the link between the mechanical behavior and the evolution of the breakage ratio. Then, based on experimental evidences, we suggest an integrated analysis of the material behavior with the perspective of enhancing constitutive models based on grading, including the effects of water content and time.

Tested material

The granular material tested is an angular sand obtained from the grinding of a quartzite shale rock from the Trois Vallées quarry, in the north of France. Samples were prepared with an initial uniform GSD sieved between 2 and 2.5 mm. Figure 2 presents a photo of the material before the test. It can be seen that the particles are mainly angular and flat, which makes them vulnerable to crushing. Solid grains have a volumetric weight of 27 kN/m 3 . Figure 3 presents electron microscope scans of fine fractions of crushed grain fragments sieved after a test. For finer grains in Fig. 3a, it clearly appears that the shale rock is composed of thin sheets. Once crushing occurs, a significant amount of fines is produced essentially by small pieces of detached sheets. The analysis of X-ray diffraction (XRD) of a fine fraction of the material (grain sizes finer than 0.08 mm) shows that the powder is composed mainly of oxygen and silicon, with also significant amounts of aluminum and iron. The XRD measurement results show the presence of three main phases: 64% of quartz (SiO 2 ), 26% of albite (NaAlSi 3 O 8 ), and 10% of sodium aluminium silicate (Na 6 Al 6 Si 10 O 32 ).

To avoid crushing during the preparation, loose samples of dry material were prepared in cylindrical moulds by pluviation at low height. The material was previously air dried for at least 1 week in a constant clime chamber at 20 °C and 60% of relative humidity, where all tests were finally carried out. Here, we consider the material as dry after air drying, even if a water content of 0.5% was measured (obtained by weight changes after 24 h of oven drying at 105 °C). Under this condition, no capillary bonds were observed between particles and the apparent cohesion was negligible. As explained below, some samples were saturated or flooded with demineralized water after a phase of compression. Water was slowly added to dry samples through a pipe connected to its base, a constant water level being maintained slightly above the upper level of the sample. Due to the low water content of the specimen after drying, we simply used the notation of "dry" and "saturated" for the two opposite initial states of the specimens prior to loading. However, such observation applies to the entire sand sample, rather than into microcrack within the grains. After saturation or flooding, no chemical reaction or mineral dilution of wetted sand grains was observed. After each test, the samples were dried for 24 h in a 105 °C oven and then accurately sieved between 2.5 and 0.08 mm.

Experimental results

Triaxial and isotropic compression tests

Loose samples of dry material were prepared at an average void ratio (volume of voids/volume of solids) of 0.937 ± 0.035 in a cylindrical mould 110 mm high and 70 mm in diameter, using a 1 mm thick latex membrane. See tests D1 to F8 in Table 1, where code D stands for dry, S for saturated, and F for flooded. Strain controlled isotropically consolidated drained triaxial compression tests at effective confining pressures ( 3 ) of 0.4 and 0.8 MPa were performed using a vertical displacement rate of 0.2 mm/min (i.e., a vertical strain rate of about 2%/min). Since we considered dry and saturated cases (i.e., referring to macropores between grains) and drained tests on rather coarse uniform sand, no suction or excess pore pressure were measured during testing and the definition of the effective stress used here coincides with the classical Terzaghi's principle. The volume changes of the samples were measured through the confinement water volume control system. Thus, the triaxial cell deformation under isotropic water pressure was firstly calibrated without the sand sample to isolate the volumetric strain of the cell from the sample one.

Some tests were flooded after the isotropic consolidation phase and others after a triaxial compression up to 7% to 12% of axial strain ( a ) (see tests F4, F5, F6, and F8 in Table 1). First, the vertical strain was stopped at a given level and then flooding was carried out by imposing a water flow through the sample from the bottom to the top face by using a volume pressure controlled system. Back pressure was carefully maintained lower than the water level between the device and the top of the sample to avoid any change in the confining pressure. Once water started to appear on the top pipe connection of the sample, the water flow was stopped. This process took approximately 5 min. Then, a period of deviatoric stress (q = 1 -3 ) relaxation of 1-2 h was applied (i.e., at both constant a and 3 ), before a further increase of the axial strain was imposed. The final a for all triaxial tests was 20%. Figure 4 shows the time evolution of the void ratio, e, and of the deviatoric stress, q, during the tests. It can be seen in tests F4, F6, and F8 that the relaxation phase leads to a significant drop of q. Similarly, there is also a slight decrease in the void ratio during the relaxation phase, due to creep at constant 3 .

To study separately the deviatoric stress relaxation in the dry material and the effect of flooding, two stages of relaxation were applied in test F5. Firstly, the test was conducted up to a = 10% and then stopped for 1.5 h of stress relaxation. Then, the sample was flooded and an extra hour of relaxation was applied. Figure 5 shows the evolution in time of the void ratio and of the deviatoric stress for test F5. It can be seen that the relaxation of the dry material is in the order of ⌬q = -0.23 MPa and, after the stabilization of q in the dry condition, a further decrease of q of about 0.4 MPa occurred once the sample was flooded. That is to say, 1/3 of ⌬q corresponds to the behavior of the dry material and the rest is added after flooding, possibly because grain crushing was triggered in the presence of water.

Similarly, dry and flooded drained isotropic compression tests at 3 of 0.4 and 0.8 MPa were carried out using the same sample preparation method as for the triaxial tests. The average void ratio was 0.980 ± 0.088 (see tests D9 to F13 in Table 1). Isotropic tests were performed under stress controlled conditions. For a given 3 , the dry sample was firstly compressed and then allowed to creep for 1 h at constant stress (tests D9 and D10). In tests F11, F12, and F13, the samples were flooded and kept for an extra hour of creep.

Figure 6 shows the stress-strain response after the triaxial tests in terms of the stress ratio q/p= (where p= = ( 1 + 2 3 )/3) and the void ratio, and Table 1 presents the breakage ratio. It can be seen that, regardless of the point of flooding, the material is more compress- ible after flooding. Moreover, all samples flooded at a given 3 in a triaxial test joined approximately the same volumetric response and almost the same B r (i.e., the same final GSD). For instance, see B r and the e-p= plane for tests F3 to F6 in Table 1 and Fig. 6, respectively.

Oedometer tests

Loose samples of dry material were prepared at an average void ratio of 1.018 ± 0.05 in a cylindrical oedometric device of 19 mm high and 70 mm of diameter (see tests D14 to F25 in Table 1). Stress controlled oedometric compression tests were performed using the following effective vertical stress levels: v = 0.15, 0.40, 0.60, 0.85, 1.15, 1.50, and 2.10 MPa. To reach a given stress level, each aforementioned stress value was allowed 1 h of strain stabilization. Thus, even if the full stabilization was not attained after 1 h, this time of creep allowed comparing the results with the previous triaxial and isotropic tests. To obtain the evolution of the GSD during crushing, the samples were unloaded at various maximum effective stress ( v max ), as shown in Table 1. The tests were performed for three sample conditions: dry, saturated, and flooded. In this case, a saturated material stands for a sample that was initially flooded, i.e., before the initial loading stage of v = 0.15 MPa.

Figure 7 presents the oedometric compression curves, where it can be seen that a good repeatability was obtained. Hence, two main compression curves can be identified, one for the dry condition and the other for the saturated and flooded conditions. For example, tests F22, F23, F24, and F25 were flooded at v of 0.40, 0.40, 0.85, and 1.5 MPa, respectively. It can be seen that these tests followed the dry compression curve before flooding, and after the addition of water they behaved in the same way as the saturated material. Then, after flooding and 1 h of creep in tests F22 and F25, v was increased up to 2.10 MPa and the compression curve followed the saturated material response. Consequently, regardless of the point of flooding, the oedometric compression curve is unique for saturated and flooded samples. This result agrees with the experimental evidence from the literature [START_REF] Oldecop | Suction effects on rockfill compressibility[END_REF] and also with our own triaxial tests results. Figure 8 presents the GSD only for oedometer tests at v max = 2.1 MPa. These results clearly show that after flooding in test F25, the material reaches almost the same GSD as the one of the saturated sample (test S21), with more grain crushing compared to the dry case (test D18).

Creep in oedometer tests

To study the creep behavior of the material, a second series of oedometer tests was carried out. Using the same aforementioned method, several loose samples at a void ratio of 1.019 ± 0.046 were prepared. Table 2 shows a summary of the test conditions on loose samples (test D26 to F48). The following effective vertical stress levels were imposed: v = 0.15, 0.4, 0.8, 1.3, and 2.1 MPa. This time, the load was kept for 24 h at each level. Thus, to reach a given v max in a test, a time of 24 h of creep was allowed at each mentioned stress level and for each test condition. Therefore, at least three tests for each stress level were carried out on dry, saturated, Figure 9 shows the compression curves for tests D26 to F48. Thus, the same conclusions drawn for 1 h of creep in oedometric compression can be obtained in this case. Namely, the existence of two separated compression curves, one for the dry material and the other for both saturated and flooded samples, resulting in a more compressible behavior in the presence of water. Moreover, the same final GSD for saturated and flooded samples was attained for a given v max , as shown in Fig. 10 for v max = 2.1 MPa. This finding is consistent with our results in triaxial and previous oedometer tests results and, as far as we know, has not been reported in the literature to this day.

Figure 11 presents the compression curves on effective stress log-scale for selected oedometric tests D18, S20, F22, and F25. It can be seen that a yielding point, normally associated to the onset of crushing, cannot be clearly identified. In fact, as shown in Fig. 12, breakage starts occurring even at the lowest stress value used here, which means that the material behaves in an inelastic regime almost from the beginning of the test.

Figure 13 presents the volumetric strain evolution for 24 h of creep for (a) dry, (b) saturated, and (c) flooded samples, for every stress increment. Figure 14a presents the time dependent compressibility index defined as ⌬ v /⌬[log(t)] (where t is time in minutes, measured from 1 min to 24 h). As shown previously by [START_REF] Oldecop | Theoretical investigation of the time dependent behavior of rockfill[END_REF], it is clear that the dry samples have a lower index and the flooded ones joined the index of the saturated samples after flooding. This last statement can be clearly appreciated in Fig. 14b for three representative tests at v max = 2.1 MPa.

Effect of water on the fracture toughness of rock samples

To study the water effect at the source of the particle crushing phenomenon (i.e., at the individual grain scale), we performed crushing tests on core rock samples. We used the cracked chevron notched Brazilian disc (CCNBD) method to obtain K IC , as suggested by the International Society for Rock Mechanics [START_REF] Fowell | Suggested method for determining mode I fracture toughness using Cracked Chevron Notched Brazilian disc (CCNBD) specimens[END_REF]. This method gives consistent fracture toughness values and allows testing rock anisotropy since the crack orientations can be easily arranged. The geometry of the CCNBD samples is shown in Fig. 15, where the chevron or V-shaped notch was cut using a circular diamond saw. The notch cut along the core diameter causes crack propagation to start at the tip of the V alignment and to proceed radially outwards in a stable mode until the point where the fracture toughness is evaluated [START_REF] Fowell | Suggested method for determining mode I fracture toughness using Cracked Chevron Notched Brazilian disc (CCNBD) specimens[END_REF].

For the quartzite shale rock tested in this study, we machined rock cores of D = 52 mm in diameter from large rock aggregates. The cores had both parallel and orthogonal orientations with respect to the rock anisotropies composed by the sheeted structure of the shale rock (see Fig. 16). Rock samples with thickness of B = 21.5 mm were cut from the cores. As shown in Fig. 15, the notch characteristic dimensions were a o = 6.53 mm, a 1 = 19 mm, and R s = 19.25 mm. The fracture toughness tests were carried out using a loading frame of 50 kN of maximum capacity, driven by controlled displacement at 0.1 mm/s. Figure 17 shows the setup of the sample for testing, with vertical displacement sensors and force measurements. The tests were performed in the same clime conditioned chamber used for the compression tests on granular material. We conducted tests on air-dried samples, as well as on samples submerged in water for 24 h before testing. The core samples were machined from two coarse rock aggregates (see aggregate No. 2 in Fig. 16). Due to the heterogeneity of the shale rock and to clearly identify the effect of water in K IC , we compare only the cores coming from the same aggregate.

Tables 3 and4 present K IC values measured for orthogonal and parallel core orientations, respectively. Our tests results are in the same order of magnitude as typical values of K IC for shale rocks reported in the literature of approximately 0.5-1.0 MPa•m 0.5 [START_REF] Whittaker | Rock fracture mechanics principles, design and applications[END_REF][START_REF] Ashby | Engineering materials[END_REF]. In particular, for dry orthogonal oriented cores coming from aggregate No. 1 we obtained K IC ≈ 1.5 MPa•m 0.5 and an average reduction of approximately 60% in saturated specimens with K IC ≈ 0.6 MPa•m 0.5 . Similarly, for orthogonal oriented cores from aggregate No. 2, we measured a reduction in K IC of approximately 20% to 30% (0.54-0.63 to 0.42 MPa•m 0.5 ) from dry to saturated specimens. On the other hand, in parallel oriented samples K IC drops significantly compared to the previous case, due to the induced chevron notch being in the weakest plane of the rock. Moreover, the difference between dry and saturated specimens is less important and K IC is almost the same in aggregate No. 1, with a slight increase of 5% from dry to saturated tests (0.22 to 0.23 MPa•m 0.5 ). In aggregate No. 2, the water effect reduces the K IC from average values of 0.21 to 0.14 MPa•m 0.5 (i.e., approximately 33%) from dry to saturated specimens.

Discussion

The experimental data presented in this paper show that saturated and flooded crushable granular material samples are more compressible than dry samples, mainly due to the increase of grain crushing in the presence of water. The phenomenon assumes that, for samples prepared with air dried grains, suction in capillary bonds of intergranular contacts is negligible, which is normally the case in rather coarse materials. To validate this hypothesis, an oedometric compression test on a stronger material (where no crushing is expected) was carried out. An air dried sample (19 mm high and 70 mm in diameter) of 2 mm uniformly sized glass beads was compressed, as shown in Fig. 18. After flooding at v = 2.1 MPa, the plastic strain was negligible and no crushing was observed after the test. Therefore, regarding the results on crushable granular materials presented in this paper, it can be reasonably assumed that flooding triggers particle crushing. According to previous works aforementioned and also regarding our results for the effect of water on K IC , this phenomenon could be explained by a drop in capillary suction at the microcracks scale inside the particles, as well as corrosive attacks of water, reducing their crushing strength.

Numerical analyses by the discrete element method have shown that the stresses applied on an assembly of grains are divided into a limited number of strong force chains in the same principal direction as the macromechanical stresses, as well as several weak force chains stabilizing the system [START_REF] Cundall | A discrete numerical model for granular assemblies[END_REF][START_REF] Voivret | Multiscale force networks in highly polydisperse granular media[END_REF]. As for the phenomenon of particle crushing, when the coordination number is low (e.g., in uniform graded samples as the material used in this study), it is reasonable to consider that a particle belonging to a strong chain is likely to be crushed in mode I, like in a CCNBD test for K IC evaluation. However, for well-graded materials the stress conditions could be quite different and, due to the heterogeneity of the sample, microtensile stress fields can be generated within the particles to initiate the grain fracture and fragmentation.

Nevertheless, the effect of saturation on particle crushing and on the compressibility could be more or less significant depending on the material properties and its sensitivity to the presence of water. For instance, [START_REF] Coop | The influence of pore water on the mechanics of granular soils[END_REF] investigated differences between the amounts of breakage in dry and saturated (flooded) sands and, while they found substantial differences for a decomposed granite and also for a carbonate sand, they did not find substantial differences for a quartz sand.

Our results show that, for given initial conditions (GSD and density) and compression state (stress path and p max ), the compression curve in the e-p= plane of flooded and saturated samples is virtually the same, regardless of the loading-flooding sequence. Hence, after flooding in creep tests we have observed a collapse from the dry to the saturated material compression curve. Likewise, when we reloaded a sample previously flooded during a stress relaxation phase, the compression curves did not return to the earlier dry material response, but rather followed the one of the saturated material. As shown experimentally by [START_REF] Biarez | Influence de la granulométrie et de son évolution par ruptures de grains sur le comportement mécanique de matériaux granulaires[END_REF] and numerically by [START_REF] Voivret | Space-filling properties of polydisperse granular media[END_REF], the void ratio attained at a given stress state is linked to the GSD: the more polydisperse the GSD is, the higher the packing density will be. Therefore, the uniqueness of the compression curve of saturated and flooded sand tests can be explained because they have reached the same GSD, which was made possible due to grain crushing. Moreover, the uniqueness of the mechanical response for flooded and saturated samples for a given stress path is also observed in the behavior under creep. The creep compressibility index increases with the mean stress, and, for a given stress, its magnitude is higher for saturated samples compared to dry ones. After flooding, this index increases to the same value obtained in saturated samples, analogous to the results on both the compression curve and the breakage ratio. As reported in the literature, this could be explained due to the increment of crack propagation velocity inside the grains in the presence of water [START_REF] Oldecop | Theoretical investigation of the time dependent behavior of rockfill[END_REF].

To study the effect of the initial density, three denser samples were prepared by vibration and compressed at an average initial void ratio of 0.920, using the same previous methodology for 24 h creep oedometer tests (see tests F49 to D51 in Table 2). Figure 18 presents the compression curves for dense samples and also a summary of the most representative compression curves for loose ones. It can be seen that all dry, saturated, and flooded dense samples follow lower compression curves in comparison to loose ones. However, dense and loose samples tend to produce a unique response at high stresses (not completely reached at v = 2.1 MPa). This is clearer for saturated and flooded samples, where the void ratio at v = 2.1 MPa is slightly lower than the one for loose samples. For every test loaded at v max = 2.1 MPa (from Table 2), the final GSD is shown in Fig. 19. It can be seen that the GSDs after the tests for saturated and flooded samples are almost the same for both loose and dense cases. However, the dry dense sample (test D51) presents clearly more crushing than do the dry loose samples (tests D32 and D33), which is in agreement with the denser state reached at v = 2.1 MPa in Fig. 18.

Figure 20 presents B r as a function of the plastic work (W p ) for all loose samples (tests D1 to F48). In the calculation of the plastic dissipation, we have assumed all the unloading strains to be elastic. Therefore, W p in a test was estimated as the sum of all increments of the total work (W T ) done in compression ⌬W = p=(⌬ v ) + q(⌬ s ) (loading), minus the recovered elastic strain during unloading (where ⌬ v and ⌬ s are the volumetric and the deviatoric strain increments, respectively). For instance, in oedometric tests the unloading stiffness, computed as C s = ⌬ v /log( v max / v min ), varies between 0.004 at low stresses and 0.007 at high stresses, as shown in Table 2 and in Fig. 21 (for tests D26 to F48). On the other hand, in dry samples C s resulted in slightly lower values for dry samples compared with saturated and flooded ones. Finally, the elastic strain recovery has resulted to be negligible compared with the accumulated plastic strain. For instance, Table 2 shows that the elastic work, obtained as W E = W T -W p , is less than 2% of W T .

According to Fig. 20, dry materials (squares symbols) require more W p to reach a given B r , compared to saturated and flooded cases, which can be considered as equivalent. This result does not depend on the stress path and could be explained because, unlike in dry condition, wet grains have lower particle strength due to the reduction of the fracture toughness when the water content increases. Therefore, more energy dissipation is needed in a dry sample to reach a given GSD, compared with saturated or flooded samples. Consequently, for a material with a given initial density and initial GSD, the amount of particle breakage depends only on the plastic work and on the water content. At the same time, the plastic dissipation in crushable materials has different sources. It has been proposed that, once a breakage event occurs, the elastic energy stored within the grain is converted in fracture surface energy and in kinetic energy in fragments and also in surrounding grains, due to pore collapse and fragments rearrangement [START_REF] Nguyen | The energetics of cataclasis based on breakage mechanics[END_REF][START_REF] Russell | A compression line for soils with evolving particle and pore size distributions due to particle crushing[END_REF]. Then, the system will reach a new static equilibrium state, where the kinetic energy will be divided into some recovered elastic energy and dissipation by friction at newly formed contacts. Finally, the internal energy distribution plays a major role compared to surface area creation (Ovalle et al. 2013a;[START_REF] Russell | Energy dissipation from particulate systems undergoing a single particle crushing event[END_REF]. The relation presented in Fig. 20 does not make the difference of those contributions and simply suggests that there is coupling between breakage dissipation and plastic dissipation, since both phenomena evolve simultaneously.

Figure 22 presents the relation between B r and the lowest void ratio attained for each test presented here (tests D1 to D51). For the material used here, this relation can be regarded as unique and does not depend on the loading condition (stress path, creep, or relaxation) or on the test particular condition (dry, saturated or flooded). However, it should depend on the initial density and on intrinsic parameters such as the particle shape and the initial GSD. This finding means that, irrespective of the stress path and the water content, the granular packing at static equilibrium only depends on its GSD.

Analogically, [START_REF] Biarez | Influence de la granulométrie et de son évolution par ruptures de grains sur le comportement mécanique de matériaux granulaires[END_REF] have shown that, for a given grain shape, reference void ratios e max and e min are linked with the uniformity coefficient. Moreover, they stated that, to highlight the influence of grain crushing, it appears that the most significant parameter, for a given mineralogy and grain shape, is the GSD, with noticeable effects on the volume change amplitudes during compression. This evidence can be useful for constitutive modeling, since the prediction of the final GSD could be based on calibration tests along only one given stress path. Moreover, constitutive models based on a critical void ratio function of the amount of grain crushing, as in the pioneering work of [START_REF] Daouadji | An elastoplastic model for granular materials taking into account grain breakage[END_REF], could be enhanced to model the effect of water on grain crushing. Nevertheless, only three dense samples were tested in this study. Therefore, more results are needed to assess the effect of the initial packing on this material. For instance, [START_REF] Altuhafi | Changes to particle characteristics associated with the compression of sands[END_REF] have shown that the denser the initial packing is, the less amount of breakage will result (for silica sand, carbonate sand, and basaltic sand tested in oedometric compression up to v = 30 MPa). On the other hand, the experimental assessment of initial density effects is a complex problem because during dense sample preparation some crushing eventually occurs. Therefore, both grading and density effects could be mixed.

The results provided in this paper concern stress magnitudes that could be of interest in civil engineering. However, for high stresses and (or) large strains, grading evolves to an ultimate distribution that might be defined by a given uniformity coefficient [START_REF] Bard | Comportement des matériaux granulaires secs et a `liant hydrocarboné[END_REF]Biarez andHicher 1994, 1997) or by a fractal exponent of approximately D = 2.5 [START_REF] Sammis | Self-similar cataclasis in the formation of fault gouge[END_REF][START_REF] Coop | Particle breakage during shearing of a carbonate sand[END_REF]). Therefore, the results shown in Figs. 20 and 22 should not be extrapolated to outlying range values.

Conclusions

With the aim to explore and discuss the effect of water on the mechanical behavior of crushable granular materials, we have presented the results of a series of compression tests under isotropic, oedometric, and triaxial stress paths. We have compared the data of dry, saturated, and flooded samples, to establish an empirical framework based on the breakage ratio. Our results show that the amount of particle crushing increases in the presence of water and, as a consequence, the material becomes more compressible. Furthermore, for a given initial density and stress path, a dry sample when flooded reaches the equivalent behavior of an initially saturated one in terms of the compression curve, the breakage ratio and the creep compressibility index, regardless of the point of flooding. We have also found a unique relation between the breakage ratio and the lowest void ratio in a compression test at a given initial density, regardless of the stress path, the water content, the point of flooding, nor the time of creep or stress relaxation.

These findings could enhance future constitutive models based on grading to predict the influence of the water content on parti- cle breakage and time effects. This work could also be used for further study on water and time effects on the micromechanics of granular media and a better understanding of the corrosive attack of water in microcracks as a coupled phenomenon of (i) a decrease of K IC and (ii) an increase of crack propagation velocity could be attained. The focus could be the effect of the rock mineralogy, the chemical composition of the water, and other factors of influence. Moreover, it would be interesting to have a general framework based on measurements of the humidity retained into solid grains. Such results could be a base for physical-based models depending on suction in microcracks.
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 1 Fig. 1. Definition of the breakage ratio B r (modified from Einav 2007a, with permission from Elsevier).
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 10 Fig. 10. Grain-size distribution before and after oedometric tests (24 h of creep) at v max = 2.1 MPa for dry (D32), saturated (S40), and flooded (F47) samples.
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 1920 Fig. 19. Grain-size distribution before and after oedometric tests of loose and dense samples at v max = 2.1 MPa.
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 21 Fig. 21. Unloading stiffness C s in oedometric tests.
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 22 Fig. 22. Breakage ratio versus the minimal void ratio for all tests.

Table 1 .

 1 Summary of triaxial, isotropic, and oedometric compression tests.

		Test	Initial	v max or	B r	W p	
	Test	No.	void ratio	3 (MPa)*	(%)	(MPa)	Test conditions
	Triaxial	D1	0.933	0.80	22	0.372	Dry
		F2	0.929	0.40	25	0.361	Flooded after isotropic consolidation
		F3	0.935	0.80	25	0.345	Flooded after isotropic consolidation
		F4	0.945	0.80	23	0.338	Flooded at a = 12%
		F5	0.903	0.80	24	0.335	Flooded at a = 10%
		F6	0.948	0.80	26	0.359	Flooded at a = 8%
		D7	0.949	0.40	17	0.199	Dry
		F8	0.957	0.40	18	0.195	Flooded at a = 7%
	Isotropic	D9	1.069	0.40	4	0.010	Dry
		D10	0.955	0.80	6	0.019	Dry
		F11	0.991	0.40	4	0.009	Flooded after 1 h of creep at 3 = 0.4 MPa
		F12	0.952	0.80	8	0.018	Flooded after 1 h of creep at 3 = 0.8 MPa
		F13	0.967	0.80	7	0.025	Flooded after 1 h of creep at 3 = 0.8 MPa
	Oedometric †	D14	1.066	0.40	6	0.033	Dry
		D15	1.015	0.60	7	0.032	Dry
		D16	0.995	0.85	8	0.040	Dry
		D17	1.014	2.10	13	0.118	Dry
		D18	0.990	2.10	14	0.123	Dry
		S19	1.035	0.40	8	0.016	Saturated (or initially flooded)
		S20	1.029	0.85	12	0.046	Saturated
		S21	1.051	2.10	22	0.174	Saturated
		F22	1.008	2.10	21	0.173	Flooded at v = 0.40 MPa and reloaded to 2.1 MPa
		F23	1.009	0.40	8	0.018	Flooded at v = 0.40 MPa
		F24	1.000	0.85	12	0.052	Flooded at v = 0.85 MPa
		F25	1.003	2.10	21	0.201	Flooded at v = 1.50 MPa and reloaded to 2.1 MPa

Note: W

p , plastic work.

* v max for oedometric tests and 3 for triaxial and isotropic tests. † 1 h of creep at each stress level.

Table 2 .

 2 Summary of creep tests under oedometric compression.

	Test	Initial						
	No.	void ratio	v max (MPa)	B r (%)	W p (MPa)	W E /W T (%)	C s	Test conditions
	D26	0.998	0.15	2	0.003	0.9	0.004	Dry
	D27	1.010	0.40	6	0.014	0.3	0.005	Dry
	D28	1.034	0.80	8	0.037	1.1	0.004	Dry
	D29	1.065	0.80	9	0.043	1.2	0.005	Dry
	D30	1.014	1.30	10	0.076	1.2	0.006	Dry
	D31	1.011	1.30	11	0.077	1.1	0.005	Dry
	D32	1.037	2.10	12	0.000	0.1	0.006	Dry
	D33	1.010	2.10	13	0.129	1.3	-	Dry
	S34	0.994	0.15	3	0.005	0.7	0.004	Saturated
	S35	1.005	0.40	7	0.017	0.3	0.005	Saturated
	S36	1.010	0.40	8	0.018	0.2	0.004	Saturated
	S37	1.026	0.80	11	0.000	0.1	0.006	Saturated
	S38	1.016	1.30	12	0.000	1.4	0.006	Saturated
	S39	1.020	1.30	13	0.105	1.5	0.006	Saturated
	S40	0.994	2.10	20	0.191	0.9	0.006	Saturated
	S41	0.995	2.10	20	0.189	0.0	0.006	Saturated
	F42	1.010	0.15	-	0.006	0.6	0.005	Flooded at v = 0.15 MPa
	F43	1.007	0.40	8	0.021	0.2	0.005	Flooded at v = 0.40 MPa
	F44	1.036	0.80	12	0.064	0.7	0.005	Flooded at v = 0.80 MPa
	F45	1.006	1.30	14	0.118	0.9	0.006	Flooded at v = 1.30 MPa
	F46	1.045	2.10	21	0.286	0.0	0.007	Flooded at v = 2.10 MPa
	F47	1.062	2.10	17	0.257	1.1	0.006	Flooded at v = 2.10 MPa
	F48	1.029	2.10	8	0.248	1.2	0.007	Flooded at v = 2.10 MPa
	F49	0.920	2.10	20	0.216	1.9	0.006	Flooded at v = 2.10 MPa
	S50	0.906	2.10	18	0.163	1.4	0.007	Saturated
	D51	0.934	2.10	13	0.123	1.4	0.006	Dry

Note: C s , unloading stiffness (= ⌬ v /log( v max / v min )); W E , elastic work; W T , total work.

Table 3 .

 3 Mode I fracture toughness of CCNBD specimens with orthogonal core orientation.

	Rock aggregate	Sample No.	Condition	K IC (MPa•m 0.5 )
	1	1	Saturated	0.58
		2	Saturated	0.59
		3	Dry	1.48
		4	Dry	1.57
		5	Dry	1.49
	2	1	Saturated	0.42
		2	Dry	0.54
		3	Dry	0.63

Table 4 .

 4 Mode I fracture toughness of CCNBD specimens with parallel core orientation.

	Rock aggregate	Sample No.	Condition	K IC (MPa•m 0.5 )
	1	1	Saturated	0.23
		2	Dry	0.22
	2	1	Saturated	0.16
		2	Saturated	0.11
		3	Dry	0.21
		4	Dry	0.22
		5	Dry	0.19
		6	Dry	0.23
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