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Introduction

The run-out distance of dense geophysical granular flows is commonly larger than expected because the apparent friction angle is significantly reduced with respect to the repose angle of same geological materials [START_REF] Legros | The mobility of long-runout landslides[END_REF]; [START_REF] Iverson | The Physics of Debris[END_REF]; [START_REF] Delannay | Granular and particle-laden flows: from laboratory experiments to field observations[END_REF]. Friction reduction mechanisms have been attributed for instance to the formation of a low density bottom layer, caused by grains interacting with the bottom [START_REF] Cleary | Self-lubrication for Long Runout Landslides: Examination by computer simulation[END_REF]; [START_REF] Bartelt | Fluctuation dissipation relations for granular snow avalanches[END_REF]; [START_REF] Brodu | New patterns in high-speed granular flows[END_REF], and/or to particle-fluid interactions causing fluidization [START_REF] Iverson | The Physics of Debris[END_REF]; [START_REF] Roche | Experimental observations of water-like behavior of initially fluidized, dam break granular flows and their relevance for the propagation of ash-rich pyroclastic flows[END_REF]. However, long run-outs have been observed for flows at the surface of the Earth and celestial bodies with different gravity, substrate roughness and atmospheric conditions, the latter including the ambient atmospheric pressure, density and viscosity [START_REF] Legros | The mobility of long-runout landslides[END_REF]; [START_REF] Lajeunesse | New insights on the runout of large landslides in the Valles-Marineris canyons, Mars[END_REF]; [START_REF] Lucas | Mobility and topographic effects for large Valles Marineris landslides on Mars[END_REF]; [START_REF] Singer | Massive ice avalanches on Iapetus mobilized by friction reduction during flash heating[END_REF]; [START_REF] Lucas | Frictional velocity-weakening in landslides on Earth and on other planetary bodies[END_REF]. However, based on the analysis of Martian flows deposits, Lucas et al. [START_REF] Lucas | Mobility and topographic effects for large Valles Marineris landslides on Mars[END_REF] show that flow run-out is independent of gravity.

It is argued that friction reduction can arise because moving grains interact with the substrate, increasing random grain-velocity fluctuations at the base of the granular flow. Thus, the bulk dense flow slides over a highly agitated and low concentrated basal layer reducing the apparent basal friction [START_REF] Campbell | Self-lubrication for long runout landslides[END_REF]; [START_REF] Cleary | Self-lubrication for Long Runout Landslides: Examination by computer simulation[END_REF]; [START_REF] Iverson | The Physics of Debris[END_REF]; [START_REF] Bartelt | Fluctuation dissipation relations for granular snow avalanches[END_REF]; [START_REF] Brodu | New patterns in high-speed granular flows[END_REF]. Recent numerical experiments shows that the basal agitated layer can reach a height of some particles diameters and has a volume concentration as low as 0.2 [START_REF] Brodu | New patterns in high-speed granular flows[END_REF]. However, friction reduction through this mechanism seems to occurs only for high speed flows on relatively steep substrates and bounded by lateral walls on which significant friction occurs. [START_REF] Goujon | Monodisperse dry granular flows on inclined planes: Role of roughness[END_REF] showed experimentally that for flows of relatively large particles of size d > 150µm and propagating on an inclined rough plane, the main parameter controlling flow friction was the ratio between the size of the flowing particles (d) and the size of roughness (δ). They found that flow friction was maximum at d/δ ∼ 0.5. They also argued that the increase in the flow run-out for d/δ <∼ 0.5 was probably because the particles filled the substrate interstices, thus reducing the effective roughness. However, changes in flow run-out with d/δ was almost negligible for slope angles lower than ∼ 18 • . The negligible dependence of the flow run-out with d/δ on horizontal planes was confirmed by experiments of [START_REF] Lube | Axisymmetric collapses of granular columns[END_REF] for d > 300µm and maximum values of d/δ ∼ 1.

The presence of an interstitial fluid can be a key factor for friction reduction in granular flows, especially those containing high amounts of fine particles (∼ 100µm) that confer low hydraulic permeabilities [START_REF] Iverson | The Physics of Debris[END_REF]; [START_REF] Iverson | Flow of variably fluidized granular masses across three-dimensional terrain: 1. Coulomb mixture theory[END_REF]; [START_REF] Roche | Pore fluid pressure and internal kinematics of gravitational laboratory air-particle flows: insights into the emplacement dynamics of pyroclastic flows[END_REF]; [START_REF] Montserrat | Pore fluid pressure diffusion in defluidizing granular columns[END_REF][START_REF] Montserrat | Enhanced runout of dam-break granular flows caused by initial fluidization and initial material expansion[END_REF]; [START_REF] Chédeville | Autofluidization of collapsing bed of fine particles: Implications for the emplacement of pyroclastic flows[END_REF]; [START_REF] Breard | Enhanced Mobility in Concentrated Pyroclastic Density Currents: An Examination of a Self-Fluidization Mechanism[END_REF]. Excess pore fluid pressure, naturally arising from upwards fluid fluxes and/or particle settling, reduces interparticle friction by locally decreasing contact forces [START_REF] Iverson | The Physics of Debris[END_REF]; [START_REF] Iverson | Flow of variably fluidized granular masses across three-dimensional terrain: 1. Coulomb mixture theory[END_REF][START_REF] Mcardell | Field observations of basal forces and fluid pore pressure in a debris flow[END_REF]; [START_REF] Montserrat | Pore fluid pressure diffusion in defluidizing granular columns[END_REF].

Excess pore fluid pressure, high above hydrostatic levels, was measured both in laboratory experiments and in natural flows in the field [START_REF] Iverson | The Physics of Debris[END_REF]; [START_REF] Iverson | The perfect debris flow? Aggregated results from 28 large-scale experiments[END_REF]; [START_REF] Roche | Pore fluid pressure and internal kinematics of gravitational laboratory air-particle flows: insights into the emplacement dynamics of pyroclastic flows[END_REF][START_REF] Mcardell | Field observations of basal forces and fluid pore pressure in a debris flow[END_REF]. Chédeville and Roche Chedeville and Roche (2014); [START_REF] Chédeville | Influence of slope angle on pore pressure generation and kinematics of pyroclastic flows: insights from laboratory experiments[END_REF] found that flows of fine particles on a rough substrate experienced autofluidization. This occurred as the flow particles settled into the interstices of the substrate and forced the air to escape upwards and to percolate through the flow. Autofluidization thus increased the flow run-out compared to a smooth substrate, and this effect was enhanced as the substrate roughness increased because more air was available for autofluization. On the same principle, autofluidization occurs also in collapsing beds of fine particles released from some height above a solid surface, as demonstrated by numerical simulations [START_REF] Breard | Enhanced Mobility in Concentrated Pyroclastic Density Currents: An Examination of a Self-Fluidization Mechanism[END_REF] and laboratory experiments [START_REF] Chédeville | Autofluidization of collapsing bed of fine particles: Implications for the emplacement of pyroclastic flows[END_REF]. Fine-grained mixtures can also be fluidized through mechanical vibrations that cause fluid-particle relative oscillations and related high pore fluid pressure, a phenomenon called acoustic streaming [START_REF] Valverde | Vibration-induced dynamical weakening of pyroclastic flows: Insights from rotating drum experiments[END_REF]; [START_REF] Soria-Hoyo | A laboratory-scale study on the role of mechanical vibrations in pore pressure generation in pyroclastic materials: implications for pyroclastic flows[END_REF].

Fluidization of granular flows rich in fine particles, however, is uncertain in case the atmospheric pressure is significantly lower than on Earth, as it is the case on Mars for instance (4 × 10 -3 to 9 × 10 -3 bar). Therefore, we experimentally explore the effect of the ambient air pressure and substrate roughness on the run-out of granular flows. We perform dam-break type experiments involving different particle sizes, substrate roughness, and degrees of vacuum. To this end, we constructed a sealed channel that allowed us to make experiments up to ∼ 99% of vacuum relative to the ambient atmosphere. To our knowledge, this is the first investigation conducted under vacuum conditions and using fine particles. Previous granular flow experiments under high vacuum conditions were performed with coarser particles and showed no significant effects of the vacuum degree on flow emplacement [START_REF] Börzsönyi | Rapid granular flows on a rough incline: Phase diagram, gas transition, and effects of air drag[END_REF]. Our results highlight the importance of the ambient fluid and bottom roughness in increasing flow-run out of fine particles (d ∼ 75µm) even at low vacuum degrees, while for coarser particles (d ≥ 150µm) both effects are negligible.

Materials and Methods

We conducted dam-break experiments in a sealed lock-exchange channel 180 cm-long, 19.3 cm-wide and 50 cm-high (Figure 1). A sluice gate separates the channel from the reservoir at the upper end, where the particles are retained. This section is 100 cm high, so that the gate can be opened inside the device.

The reservoir has a length x o = 20cm. We generate granular flows by a rapid vertical release of the sluice gate (< 0.1s). The experimental device is made of a 30 mm-thick transparent plexiglass to permit flow visualization and to resist high degrees of vacuum. It is also equipped with a vacuum pump to reduce ambient air pressure, and the degree of vacuum is measured using a EdwardsAP G100 -XM vacuometer. The maximum degree of vacuum that can be reached in the channel system is of the order of ∼ %1 of the atmospheric pressure. For the range of ambient pressures we use (1% to 100% of the atmospheric pressure), air viscosity remains constant [START_REF] Börzsönyi | Rapid granular flows on a rough incline: Phase diagram, gas transition, and effects of air drag[END_REF]; [START_REF] Bello | Vacuum and Ultravacuum[END_REF].

The bottom of the channel is covered by a 10 mm-thick aluminum sheet over which the granular flow propagates. Different roughnesses where obtained by gluing a single layer of particles of diameter δ to the aluminum base. We tested three different bottom roughness conditions: i) aluminum roughness, ii) δ = 1mm roughness and iii) δ = 3mm roughness. Onward, the smooth aluminum roughness condition will be denoted as δ = 0.

We used two different types of near spherical glass beads (Ballotini, Potters In our experiments, and due to the relatively narrow grain size range of the materials, we did not expect significant particle size segregation in the reservoir, flow or deposit. Thus, segregation was neglected in our analysis. In addition, the channel width to particle size ratio was of the order of ∼ 2550 and ∼ 1280 for fine and coarse particles respectively, so that negligible sidewall effects were expected. However, side wall effects seem to be responsible in reducing flow run out in case of initial high column aspect ratios (ho/xo > 1.5) respect to low column aspect ratios [START_REF] Roche | On the run-out distance of geophysical gravitational flows: Insight from fluidized granular collapse experiments[END_REF]; [START_REF] Montserrat | Enhanced runout of dam-break granular flows caused by initial fluidization and initial material expansion[END_REF]. Nevertheless, these differences are less than the observed experimental variability and we assumed that sidewall effects had a negligible influence on our flows.

Results

Flow run-out distance

The run-out distance of flows of particles of size d = 75µm shows an important increase with both ambient pressure and substrate roughness. vacuum conditions, the dimensionless flow run-out for d = 75µm (x * f = 2.3) on a smooth substrate is slightly higher (∼ 15%) than that for d = 150µm

(x * f = 2).

Flow-front dynamics and flow morphology of fine particle mixtures

In this section, we examine fine particles mixtures as no significant changes in the flow front dynamics and flow morphology are observed for coarser particles (d ∼ 150µm), neither with P * nor δ. In addition, and to simplify the analysis, we only compare the obtained results between the two roughness extremes used in the experiments (i.e. δ = 0 and δ = 3mm). The same trend is observed at reduced atmospheric conditions (Figure 3), with the transitions between phases occurring at the same values of t * than for laboratory ambient pressure (i.e. P * = 1). The main effect of the ambient pressure is a velocity decrease in the constant-velocity phase, with α decreasing from α = 0.99 at laboratory atmospheric conditions to α = 0.85 and α = 0.77 at P * = 0.50 and P * = 0.05, respectively.

Figure 4 shows that the front position for fine particles flows (d = 75µm) at δ = 0 and δ = 3mm and different vacuum degrees are almost identical until t * ∼ 3.0. However, for rough substrates (δ = 3mm), the constant velocity phase lasts longer. For example, for δ = 3mm, the transition between the second and third phase occurs at t * ∼ 5. In addition, increasing roughness significantly reduces the front deceleration, thus increasing the flow run-out and duration Chedeville and Roche (2014); [START_REF] Chédeville | Influence of slope angle on pore pressure generation and kinematics of pyroclastic flows: insights from laboratory experiments[END_REF]. While flows on a smooth substrate stop at t * ∼ 5 -5.5, almost independently of P * , at δ = 3mm flow duration last up to t * ∼ 7, t * ∼ 8 and t * ∼ 9 for P * = 0.05, P * = 0.50 and P * = 1.00, respectively.

These kinematics can be complemented considering the flow morphology, which varies very little with the channel roughness until the end of the constant velocity phase for smooth surfaces (t * ∼ 3), regardless of P * (Figure 5). For air volume (∆V a ), and assuming isothermal air compression, the upper limit for pore pressure variations (∆P ) respect to the ambient pressure (P o ) can be approximated as [START_REF] Homan | Collapsing granular beds: The role of interstitial air[END_REF]:

∆P = -P o ∆V a V a (1) 
where V a is the volume of air in the interstices and ∆V a is defined positive for air dilation and negative for air compression. In equation ( 1), non linear terms have been neglected [START_REF] Homan | Collapsing granular beds: The role of interstitial air[END_REF].

As P o = P * P atm , equation (1) shows that for similar changes in the air volume between grains, | ∆P | linearly decreases with the degree of vacuum (∆P ∼ P * ). Thus, autofluidization is possible even under reduced atmospheric conditions, and decreasing the ambient pressure will linearly decrease the amount of pore pressure changes. This can explain the observed linear trends between the flow run-out and the degree of vacuum (x f /h o ∼ P * , see Figure 2), at least for the case δ = 0 and d = 75µm-particles. In this sense, reducing P o increases the effective flow friction, which also agrees with the observed reductions in flow duration and flow-front velocities during the constant velocity phase.

For flows over rough substrates (δ = 1 mm and δ = 3mm), fluidization can arise because of particles falling into the substrate interstices and forcing the air to percolate upwards through the granular flow Chedeville and Roche (2014); [START_REF] Chédeville | Influence of slope angle on pore pressure generation and kinematics of pyroclastic flows: insights from laboratory experiments[END_REF]. The amount of pore fluid pressure due to drag interactions (∆p) increases with air velocity and can be accounted in packed beds by the semi-empirical Ergun equation [START_REF] Gibilaro | Fluidization dynamics[END_REF], here expressed in terms of the degree of fluidization (∆p * = ∆p/P L ) of a granular column of height h and bulk density ρ:

∆p * = ∆p P L = 150 µ g U g ρgd 2 (1 -φ) 2 φ 3 + 1.75 ρ g U 2 g ρgd 1 -φ φ 3 (2)
where µ g is the gas dynamic viscosity, U g is the superficial gas velocity (defined as the flow rate per unit cross sectional area), ρ g is the gas density and φ is the particle-mixture porosity (defined previously). We assumed that changes of 

Conclusions

Our results confirm that viscous air-particle interactions are an important friction reduction mechanism for fine-grained granular flows. In our experiments, the relative increase of flow run-out with the substrate roughness is reduced as the ambient pressure decreases, but such increase is still significant (65%, from δ = 0 to 3 mm) even at P * = 0.05 (Figure 2). This suggests that the autofluidization mechanism acting in flows of fine particles on rough substrate and Regarding the motion of the flow front of fine-grained mixtures, decreasing the ambient pressure mainly results in a decrease in velocity and duration of the constant velocity phase. This is a consequence of the reduction of the autofluidization capacity, proportional to | ∆P |, which causes increasing friction.

Increasing δ increases the flow run-out by increasing the time of the constant velocity phase and the stopping phase. This is because, for larger δ, the air is expelled from the substrate for longer duration as more air is trapped initially in their interstices. However, the increase in flow run-out is due to a thin flowing frontal layer that spreads from the flow body at t * ∼ 3, which represents a little amount of the total mass. Thus, the run-out of the bulk flow, represented by the run-out of the center of area of the avalanche (see Figure 5), is almost independent of d/δ.

Our findings have implications for granular mass flows on extraterrestrial planets with reduced atmospheric pressure. They suggest that fluidization caused by viscous drag may occur through vertical gas fluxes within the granular flow, even at low ambient pressure. This is likely to occur when flows propagating on rough substrates contain high amounts of fine particles that settle into the substrate interstices. However, fluidization may also arise from air compression (i.e. increasing pore pressure) during fast contraction of the particle network. This second mechanism decreases when reducing the atmospheric pressure, thus increasing flow friction and reducing the flow run-out.

This is likely to be important for fine particle flows, where the time for particle rearrangements is small compared with the time for pore pressure diffusion

  Industries) with characteristics diameters d 1 ∼ 75µm (∼ 40µm to ∼ 140µm) and d 2 ∼ 150µm (∼ 70µm to ∼ 300µm), repose angles θ 1 = 27.1 o ± 0.4 o and θ 2 = 27.7 o ± 0.3 o , and both with a particle density of ρ p = 2500kg/m 3 . Particles where carefully poured inside the reservoir in order to achieve near constant mixture densities, ρ 1 = 1360 ± 15kg/m 3 for d ∼ 75µm-particles and ρ 2 = 1412 ± 6kg/m 3 for d ∼ 150µm-particles, resulting in initial particle

Fig. 1

 1 Fig. 1 A) Sketch of the experimental device. ho and xo denotes the initial height and length of the column of particles inside the reservoir, respectively, while x is the flow-front position measured from the gate, B) Side view of the experimental channel before removing the gate. Particles (in white) are in the reservoir. C) Side view of the final deposit

Fig. 2

 2 Figure2, increases from x * f = 2.3 to x * f = 3.5, and x * f = 3.8 for smooth, 1 mm and 3 mm-substrate roughnesses, respectively. This corresponds to a flow runout increase of 52 % and 65 %, for 1 mm and 3 mm roughnesses, respectively, compared to the smooth case in the absence of an interstitial fluid. In addition, the substrate roughness increases the growth rate of the dimensionless flow run-out with the ambient pressure. While the slope of the fitted straight lines for the case of the smooth surface is 0.79, it increases to 1.75 and 2.29 for 1 mm and 3 mm-substrate roughnesses, respectively. This results in values of x * f = 3.1, x * f = 5.2 and x * f = 6.1 for smooth, 1 mm and 3mm-substrate roughnesses, respectively, at laboratory ambient conditions (P * = 1). This corresponds to an increase of the flow run-out of 68% and 97% for 1 mm and 3 mm-roughnesses, respectively, compared to the smooth case.The flow run-out distance for particles of size d = 150µm shows to be independent of both the ambient pressure and surface roughness (Figure2), except for the case of δ = 3mm, where a slight increasing tendency of the flow run-out is observed with P * . The dimensionless run-out for d = 150µmparticles is always significantly lower than that of flows of d = 75µm particles for the same range of ambient pressure and channel roughness. Note that at

Figure 3 Fig. 3

 33 Figure 3 shows the dimensionless flow front position, x * = x/h o , for d = 75µm-particles, as a function of the dimensionless time, t * = t/(h o /g) 1/2 Roche et al. (2008), where x denotes the horizontal flow front position measured from the gate, t is time, and g is the gravitational acceleration, for different vacuum conditions and for a smooth substrate (δ = 0). The flow front propagates in three different phases, as known for flows under atmospheric pressure conditions Lajeunesse et al. (2005); Roche et al. (2008); Xu et al.(2016);[START_REF] Lube | Collapses of twodimensional granular columns[END_REF]. Under atmospheric conditions (P * = 1), Figure3shows a first phase for which the flow front accelerates (first phase) until it reaches a constant front velocity U equal to α(gh o ) 1/2 , where α is a pro-

tFig. 4 Fig. 5

 45 Fig. 4 Dimensionless flow front position, x * , for different values of P * and δ, for fine 75µm particles

  porosity was negligible during flow emplacement, making the Ergun equation relevant for describing fluidization. The first and second terms at the righthand of equation 2 accounts for viscous and inertial fluidization, respectively. ∆p * = 1 means that the entire weight of the particle bed is supported by air drag, which occurs at a minimum value of U g called the minimum fluidization velocity, U mf . Solving equation 2 for ∆p * = 1 results in U mf = 11mm/s and U mf = 32mm/s for d = 75µm and d = 150µm-particles, respectively. These values scale with previous experimental measurements done on similar materials Roche et al. (2004). Chédeville and Roche Chedeville and Roche (2014) estimate that particles falling into the interstices generate upward air fluxes above U mf -values due to the high settling velocities of the particles. For the estimated values of U mf , the first term on the right hand side of equation 2 is ∼ 1, while the second term is ∼ 10 -3 , meaning that fluidization is mainly due to viscous drag. Thus, for the range of P -values used for this experiments, for which µ is constant, autofluidization related to a rough substrate is always possible, even at high vacuum conditions. This explains the increasing runout of d = 75µm-particles mixtures compared to a smooth substrate even at very low ambient pressure conditions (P * ∼ 0.05). U mf for d = 150µmparticles is larger than for d = 75µm-particles. As both types of particles fall into the interstices as about the same velocity, then the interstitial air velocity should be in the same order in both cases. However,this result in smaller ∆p * for d = 150µm-particle mixtures, explaining the almost null effect of P * in the run-out of these flows. The slight increase of x * f with P * observed for δ = 3mm, suggests that higher volumes of air trapped into the interstices are able to sustain vertical air fluxes for longer periods, promoting a weak fluidization compared with d = 75µm-particles flows. An alternative (or complementary) friction reduction mechanism, consisting in the development of a low density layer at the flow bottom because of flow particles colliding with those of the bottom roughness, may also be considered. In this context, the flow run-out is expected to be a function of d/δ Goujon et al. (2003). In the case of a smooth surface (aluminum substrate) we assume d/δ = 1, as it has been observed that the flow rides over a thin layer of the same particles deposited after the passage of the flow-front Lube et al. (2004). Thus, for d = 75µm-particles d/δ = 1 -0.025, while for d = 150µm-particles d/δ = 1 -0.05. Although d/δ varies in a similar range for both types of particles, the flow run-out with d/δ for d = 150µm-particles does not vary significantly. This suggests that viscous fluidization controls the flow mechanism of fine granular mixtures and confirms that, in the absence of autofluidization, d/δ does not control the flow run-out in horizontal channels.

  at atmospheric pressure[START_REF] Chedeville | Autofluidization of pyroclastic flows propagating on rough substrates as shown by laboratory experiments[END_REF];[START_REF] Chédeville | Influence of slope angle on pore pressure generation and kinematics of pyroclastic flows: insights from laboratory experiments[END_REF] operates as well at lower pressures. This can be explained because viscosity remains constant for the range of vacuum conditions explored in this study and because, for particles of this size range, fluidization is dominated by fluid viscosity[START_REF] Bello | Vacuum and Ultravacuum[END_REF];[START_REF] Roche | Experimental observations of water-like behavior of initially fluidized, dam break granular flows and their relevance for the propagation of ash-rich pyroclastic flows[END_REF].The above-mentioned friction reduction mechanisms does not act for coarser particle materials (d ∼ 150µm). This can be explained as the air initially present in the substrate interstices is expelled upwards at lower velocities compared with the minimum fluidization velocity (U mf ) of the coarse particles (seeChédeville and Roche Chedeville and Roche (2014) for experiments at P * = 1) or because the amount of air trapped in the interstices is not enough to fluidize the particle mixture over a significant duration. An exception occurs for δ = 3mm, where a slight influence of P * in the flow run-out is observed. In addition, for coarser d ∼ 150µm-particles, the increasing roughness does not have significant effects on the flow run-out, even for a similar range of d/δ compared with d = 75µm-particles flows. Thus, in the absence of fluidization capacity of the flowing mixture, increasing roughness shows not to be an important friction reduction mechanism in granular flows. However, this mechanism could become important for high-velocity flows on steep substrates[START_REF] Brodu | New patterns in high-speed granular flows[END_REF].
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