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Applications of Geosynthetics for Building Passive Protective Structures against Rockfall, Debris Flows and Snow Avalanches

This paper addresses the use of geosynthetics for building structures such as embankments, dams and mounds with the aim of intercepting, deviating and containing rockfall, snow avalanches and debris flows. In this paper some real cases are presented to illustrate the variety in structure designs and functions. Advantages in using geosynthetics for these structures are discussed. Some design considerations that are specific to these applications are raised, with a particular focus on the dynamic loading.

INTRODUCTION

Inhabited areas, transport corridors and other infrastructure types in mountain and hilly zones are often threatened by rapid gravity driven natural hazards such as rockfall, debris flows and snow avalanches. These phenomena initiate up on the slope, propagate downward along a path mainly defined by the topography and progressively stop with decreasing gradient. Any element at risk, that is to say on the hazard propagation path, may be damaged or destroyed as a result of the large volume and/or velocity of the moving mass. The protection of the elements at risk may be based on active techniques, aiming at preventing the hazard initiation and on passive ones which aim is to deviate, slow down or stop the rockfall, debris flows or snow avalanches before they reach the critical areas.

Passive protection structures have been used for centuries, employing conventional materials such as earth, concrete, rip-rap and steel structural components. With the advent of geosynthetics, new design alternative with increasing complexity have been developed and implemented from the middle of the 80's. Examples of such structures are presented in the following, considering the three types of natural hazards for illustrating the variety in designs and functions. The cases are described from the available literature. Then, the advantages in using geosynthetics for reinforcing the passive protection structures are mentioned. Some specific difficulties with the designing such structures are also discussed.

ROCKFALL PROTECTION

This application is the oldest and most widespread one among passive protection structures. Reinforced embankments and bunds may be used to arrest rock blocks with kinetic energies ranging from 1 to 50 000 kJ, as well as rockslides. A ditch is most often associated to the embankment to collect the fallen material. In some rare cases, structures aim at deviating the rock block. Two out of the many available references describing real rockfall protection embankments are discussed as follows.

Varzo, Italy. The need for protecting the Simplon road against 15 000 kJ in kinetic energy rockfall motivated the construction of a huge embankment close to Varzo, Italy [START_REF] Rimoldi | Impressive Reinforced Soil Structures in Italy[END_REF]. The embankment is 20 m in height and 600 m long (Figure 1). The choice of a reinforced embankment with 70° steep faces was imposed by the available space and the steepness of the mountain slope. The reinforcement layer consisted a heavy duty woven polypropylene geogrids, with a 3 mm mesh and a 340 kN/m tensile strength. Many other technical consideration were included in the design of the embankment. Italy [START_REF] Rimoldi | Impressive Reinforced Soil Structures in Italy[END_REF].

Figure 2. Rockfall protection embankment along the Trans-Canada highway. General view and cross-section (adapted from [START_REF] Simons | Design and construction of a high energy rockfall embankment on the Trans-Canada Highway[END_REF].

Hells gate rapids, B. C., Canada. In order to protect a portion of the Trans-Canada Highway, a 8m high and 96 m long rockfall protection embankment was built using a double sided reinforced soil structure (Simmons et al., 2010). The facings consist of gabions (Figure 2). The same hexagonal wire mesh as that used for the gabions is used as reinforcement tail. The structure is designed to withstand a maximum rockfall impact energy of 10,000kJ maximum and it accounts for the limited space constraint. [START_REF] Coulon | Les merlons renforcés de protection[END_REF].

SNOW AVALANCHE PROTECTION

The control of snow avalanche run out has motivated the construction of impressive reinforced structures. Geosynthetics allow building four types of passive structures forming an obstacle on avalanche paths. First, guiding walls prevent from excessive lateral expansion of snow avalanches towards settlements. Second, deflecting dams aim at deviating avalanches towards areas with no elements at risk. Third, mounds -or cone, splitters, wedge-may be used to break down the avalanche velocity. Last, dams may be used to contain the snow avalanche. These structures are rather massive, with an elevation defined based on the avalanche characteristics and are either placed normal or transversally to the avalanche propagation direction.

Similarly as for rockfall protection embankments, geosynthetics allow building structures with a greater height and steeper slope while keeping the structure total volume acceptable and with a steeper face opposed to the avalanche.

Neskaupstaður, Iceland. Since 2002, the village of Neskaupstaður, Iceland, is protected by 13 breaking mounds, 10 m in height, placed upstream a catching dam 400 m in length and 17 m in height (see Figure 3). These structures are reinforced with strips, with a well graded rock as fill, and the face is 76° steep and made from galvanized steel facing. The strips consist of closely packed high tenacity polyethylene terephthalate (PET) fibers encased in a low density polyethylene (LDPE) sheath [START_REF] Halifax | Design and construction of a reinforced soil avalanche barrier at Neskaupstaður[END_REF].

Thereafter, nine large facilities with different designs have been built in Iceland, providing a rather exhaustive experience for the use of geosynthetics in snow avalanche protective structures [START_REF] Indrioason | Experience and evaluation of reinforced soil systems in catching dams in Iceland 1998-2017[END_REF].

Belle-Plagne, France. In order to protect the ski resort, a snow avalanche deflecting dam was built on a 50° steep slope up hill the resort (Figure 4). This wall consists of two superimposed reinforced structures, with maximum heights of 8.5 and 4.3 m respectively. Reinforcement consists of geogrids made from polyester. The local slope material was used as fill which fine content induced constraints for the construction phase. 

DEBRIS FLOWS PROTECTION

The use of reinforced structures for building debris flows protection structures is limited up to now. Only a few cases of such applications of geosynthetics are reported in the literature.

Miseregne, Italy. In order to protect the village of Miseregne, Val d'Aoste, Italy, a debris flow catchment basin was created by building a reinforced earth wall 4.39 m in height, 6.27 and 2 m in width at the top and base respectively (Figure 5) [START_REF] Di Pietro | Remedial works against debris flows after the 2000 floods in Valle d'Aosta[END_REF]. The 65° inclined faces were vegetated. The wall was built perpendicular to the incoming flow, with a large opening to let the water through. In addition, the wall was built on a gabion foundation to insure progressive drainage of the stored debris flow material. Similar structures were also used for deflecting debris flows [START_REF] Di Pietro | Remedial works against debris flows after the 2000 floods in Valle d'Aosta[END_REF].

Whistler, B.C., Canada. In view of protecting Whistler against damaging effects of large debris flows, a ground reinforced structure (GRS) was used as abutment for a debris flow barrier (Figure 6). It has two function; first, to serve as support for the steel arch forming the barrier and, second, to contain the debris flow material [START_REF] Strouth | Geosynthetic reinforced soil walls for debris barrier in Whistler[END_REF]. This abutment is in particular designed to withstand the load transferred by the steel archs and that result from the interception of the debris flow by the barrier. A high -strength woven polypropylene geotextile was used as reinforcement. The fill is a well graded crushed granular material. The GRS is protected against erosion and impact by a 1-m thick facing made of cobbles that is grouted and contained by a welded wire covered with shotcrete. 

ADVANTAGES OVER OTHER SOLUTIONS

Various benefits results from the use of geosynthetics in these applications, in particular by comparison with structures made of compacted earth or concrete.

First, geosynthetics allow building tall structures, up to 25m in height in some cases. In such applications, the structure height is indeed a key input parameter for the structure design as it relates to its capacity in containing the avalanche, rockslide or debris flow volume or in intercepting bouncing rock blocks.

Second, the face of reinforced structure exposed to the natural event may be given a high inclination, up to 90°. This prevents from any spring board effect, associated with low inclinations and resulting in structure passing over by the moving volume to intercept.

Geosynthetics improve the structure internal stability with respect to the natural-event-induced loading. This was clearly demonstrated for rockfall protection [START_REF] Blovsky | Model tests on protective barriers against rockfall[END_REF][START_REF] Peila | Ground reinforced embankments for rockfall protection: design and evaluation of full scale tests[END_REF]. For this specific application, geosynthetics in fact distribute the loads along the structure longitudinal axis, from the impacted area.

As a corollary, these structures may be given a high height-to-width ratio, for meeting space constraints associated with some specific contexts (Simmons et al., 2010) or for limiting the structure mass in case the structure is built on a close-to-instability natural slope [START_REF] Grimod | Reinforced soil rockfall embankment to absorb high energy impacts along the regional road SR 507 Aymavilles-Cogne, Aosta (Italy)[END_REF]. Also, slender structures allows saving fill material [START_REF] Mannsbart | Geosynthetic reinforced protection structures in mountainous regionsexamples of safe and cost-effective alternatives to conventional structures[END_REF].

Reinforced structures can conveniently be equipped with specific facings. The aim may be to meet aesthetic constraints (vegetated facing even if steep, rocky appearance…) (Bygness 2007, di Pietri and[START_REF] Di Pietro | Remedial works against debris flows after the 2000 floods in Valle d'Aosta[END_REF]. Also, specific facings may improve the structure impact strength, for example creating a cushion or sacrificial layer made from crushable material, recycled tires… (Simmons et al., 2010;[START_REF] Lambert | Design of rockfall protection embankments: A review[END_REF][START_REF] Strouth | Geosynthetic reinforced soil walls for debris barrier in Whistler[END_REF]. In addition, facings prevent reinforcement layers from ageing by atmospheric agents.

Last and not least, structures reinforces with geosynthetics generally constitutes, all in all, costeffective alternative to conventional material and structures [START_REF] Mannsbart | Geosynthetic reinforced protection structures in mountainous regionsexamples of safe and cost-effective alternatives to conventional structures[END_REF][START_REF] Strouth | Geosynthetic reinforced soil walls for debris barrier in Whistler[END_REF].

SPECIFIC DESIGN ISSUES

Almost all reinforced structures mitigating gravity driven natural hazards consist of massive structures in elevation with respect to the soil. As such, most of the design principles detailed in the various recommendations and standards for mechanically stabilized earth (MSE) wall apply. This in particular concerns the structure global stability, overturning, base sliding, and bearing capacity. Nevertheless, the design of these protective structures requires also addressing some very specific facets. Some of these are detailed in the following.

Loading related issues. Rockfall, snow avalanches and debris flows exert very specific loadings on the lateral faces of passive protection structures. This loading is either localized in the case of rockfall and distributed, but not uniform, in the case of snow avalanches and debris flows. The typical loading orientation is along the horizontal axis in the latter cases and is inclined by an angle ranging from 0 to 50° in the former. Last, and not least, the hazard induced loadings vary with time and last between a few tens of milliseconds in the former case to a few seconds in the latter ones. These loadings are thus very specific and confront designers with uncommon issues relating to the actual whole structure response with time.

The first issue relates to the loading area and orientation. Figure 7 illustrates the case where the upper part of a reinforced breaking mound slipped along a geosynthetic layer due to an excessive lateral loading by an avalanche. To some extent, a similar observation can be made from Figure 8 where the structure face opposite to the impact by a projectile evidences differential sliding from one layer to the other. Both these observations relate to the fact that the loading is applied on the faces of the structure with an orientation close to that of reinforcement layers. Limited work to improve the design of the structure with respect to such lateral loading has been done up to now (Blovsky, 20004;[START_REF] Yang | Lateral bearing capacity and failure mode of geosynthetic-reinforced soil barriers subject to lateral loadings[END_REF][START_REF] Cuomo | Deformation mechanisms of deformable geosynthetics-reinforced barriers (DGRB) impacted by debris avalanches[END_REF][START_REF] Korini | The influence of geosynthetics design on the behavior of reinforced soil embankments subjected to rockfall impacts[END_REF]. Figure 8. Rockfall protection embankment after impact evidencing relative displacement between soil layers associated with horizontal reinforcement (from [START_REF] Peila | Ground reinforced embankments for rockfall protection: design and evaluation of full scale tests[END_REF].

The definition of the proper loading to consider for the design is also an issue. Some recommendations exists for computing the loading applied on a structure by a rock block, a snow avalanche or a debris flow based on its velocity and mass (or unit mass) in particular (e.g. [START_REF] Barbolini | The design of avalanche protection dams Recent practical and theoretical developments[END_REF]ONR, 2013;GEO, 2015). Nevertheless, structure design approaches consisting in considering a pseudo-static loading that is equivalent to this loading may not be relevant. This is particularly true for rockfall protection structures due to the very short impact duration. The difficulty concerns the equivalent loading to consider, the maximum value being not necessarily relevant for a loading which amplitude strongly varies with time. In addition, the response of the whole structure to such rapid loadings depends on mechanisms that are not accounted for by pseudo-static approaches [START_REF] Lambert | Design of rockfall protection embankments: A review[END_REF]. In this context, employing numerical tools to model the actual response of these structures seems to be more satisfactory. Numerical modeling could be useful to extend design capabilities if enough data from full-scale tests and performance monitoring, report and analysis is available. Time and very specific skills are required for the numerical models to be reliable.

Site specific constraints. Gravity driven hazards passive protection structures are often built in environments characterized by steep and potentially unstable slopes, space constraints or poor quality of the onsite soil. The on-site soils often contains medium to large granular materials, with angular shapes. Soil characteristics at the toe of mountain slopes may be extremely variable with space. Their fine content and water content may be high.

As for the global stability issue, the problem relates to the mass of structures built on steep slopes. This issue mainly concerns rockfall protection embankments built on slopes and the solution consists in building a structure with a high height-to-width ratio [START_REF] Rimoldi | Impressive Reinforced Soil Structures in Italy[END_REF]. For the same reason, the ditch that is generally associated to the embankment may be suppressed [START_REF] Grimod | Reinforced soil rockfall embankment to absorb high energy impacts along the regional road SR 507 Aymavilles-Cogne, Aosta (Italy)[END_REF].

The on-site soil characteristics may pose various problems during the design and construction phases. General requirements for soil backfill characteristics when in contact with geosynthetics may not be met. The grain size distribution may require on-site sorting to eliminate large quantities of granular materials that are not suitable to reinforcement layers due to their size and angular shape [START_REF] Rimoldi | Impressive Reinforced Soil Structures in Italy[END_REF]. This process requires space, which may constitute a constraint in narrow for example.

Site specific testing of onsite materials should include shear properties, enabling the design of required reinforcement strengths and length. In addition, high water content and high fine content may pose a problem during compaction, for its feasibility, and for the structure stability. The poor quality of the onsite soil may also pose a foundation problem, in terms of bearing capacity, requiring geotechnical investigations.

Last, the interaction of the structure with other natural events occurring on slopes should be considered. For example, long embankments may constitute an obstacle to precipitation run-off with dramatic consequences in some cases [START_REF] Jaecklin | Innovative design for repairing Gondo mudslide by 20 m high geogrid wall[END_REF]. Specific and efficient drainage systems are thus necessary uphill the structure. In the same spirit, openings through the structure may be required to let torrential flow through, if any.

CONCLUSION

The use of geosynthetics for building passive protective structures against rockfall, debris flows and snow avalanches now benefits from a significant experience. The most frequent application concerns rockfall protection embankments. The review of the available literature reveals that geosynthetics allows tackling with a wide variety of constraints, in particular associated with the site characteristics and the function of the structure. Passive protective structures reinforced with geosynthetic appear extremely versatile, and present technical and cost advantages over conventional solutions. However, their design and building requires accounting for some constraints that are specific to the sites where that are built, as well as for the specific loading resulting from the interaction with debris flows, snow avalanches and rockfall.
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 1 Figure 1. Huge rockfall protection embankment protecting the Simplon road, in Varzo,Italy[START_REF] Rimoldi | Impressive Reinforced Soil Structures in Italy[END_REF].
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 3 Figure 3. Avalanche control facility in Neskaupstaður, Iceland.
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 4 Figure 4. Snow avalanche deflecting dam in Belle-Plagne, France[START_REF] Coulon | Les merlons renforcés de protection[END_REF].
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 5 Figure 5. Cross section of a debris flows catchment wall (adapted from Di Pietro and Tinti, 2008). DEBRIS FLOWS PROTECTION
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 6 Figure 6. Debris flow barrier which abutment is reinforced with geosynthetics. General view and cross-section (Strouth et al., 2012).
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 7 Figure 7. Avalanche breaking mound after completion (left) and after partial destruction (right). Location: Taconnaz, France. (J.M. Tacnet, INRAE).