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Introduction and objectives

The collapse of natural and anthropic cavities is a worldwide geohazard challenge [START_REF] Gutiérrez | A Review on Natural and Human-induced Geohazards and Impacts in Karst[END_REF][START_REF] Hutchinson | Risk Considerations for Crown Pillar Stability Assessment for Mine Closure Planning[END_REF]. Karst terrain and natural cavities can be found throughout the world [START_REF] Closson | Subsidence and Sinkhole Hazard Assessment in the Southern Dead Sea Area, Jordan[END_REF][START_REF] Waltham | The cost of karst subsidence and sinkhole collapse in the United States compared with other natural hazards[END_REF], Figure 1.a). Florida is one of the most affected regions in the world for sinkholes [START_REF] Brinkmann | Sinkhole Distribution in a Rapidly Developing Urban Environment: Hillsborough County, Tampa Bay area, Florida[END_REF][START_REF] Galve | Improving sinkhole hazard models incorporating magnitude-frequency relationships and nearest neighbor analysis[END_REF] with approximately 81 percent of the terrain containing karst. In France, the national geology services estimate the number of cavities as large as 500 000. Some regions such as "Haute Normandie", "Picardie" and "Île-de-France" in France are particularly concerned by geohazard issues (Figure 1.b). The density of cavities on the Normandy plateau is around 14/km².

More than 3000 ha are affected by abandoned mines. In the iron ore basin in "Lorraine" (North-East France), there are more than 2000 hectares of mined ground underlying urbanized areas.

The stability of the cavities evolves over time and degrades as a function of intrinsic and/or external conditions: properties of the rock, water infiltration and circulation, overload, traffic, etc. A local instability phenomenon occurs first within the cavity (roof, wall sides, pillars, Figure 2 a and b) and then progresses to reach the ground surface (Figure 2.c). Underground cavities can collapse gradually or abruptly depending on the nature of the underlying soil and the geometry of the void. Subsidence, sinkholes and crown holes are not recent phenomena, but the latest field observations have shown that their occurrence is more noticed as the world becomes increasingly urbanized [START_REF] Crilly | Analysis of a database of subsidence damage[END_REF][START_REF] Thierry | 3D geological modelling at urban scale and mapping of ground movement susceptibility from gypsum dissolution: The Paris example (France)[END_REF][START_REF] Gombert | Rôle des effondrements karstiques sur les désordres survenus sur les digues de Loire dans le Val d'Orléans (France)[END_REF]. The term sinkhole is most commonly used in the international literature when addressing engineering and environmental issues [START_REF] Gutiérrez | Identification, prediction, and mitigation of sinkhole hazards in evaporite karst areas[END_REF]). The soil/rock layers over a shallow unstable cavity usually stays intact until the underground void simply gets too big.

If there is not enough support for the soil cover, then a sudden collapse of the ground surface can occur. Cavity collapses are a serious geohazard to structures and infrastructures since they remain undetected until their sudden occurrence on the surface.

The damages induced by subsidence or sinkhole can be extremely serious in terms of both safety and economics when they affect critical infrastructures (highways, railways, see Weary 2015) (Figure 3). Table 1 gives an initial scale of risk and damage as a function of the diameter of the sinkhole (hazard).

Predicting cavity collapse is a very difficult issue comparative to the situation for other natural hazards (earthquakes, landslide, etc.). The choice and the design of mitigation methods are generally based on the knowledge of the site and on the expected failure mechanism, i.e. the characteristics of the cavities and associated ground movement scenario: subsidence or sinkhole.

The depth and geometry of the cavities are the main determinant parameters for defining the sensitivity of a territory. Georgical studies and mining activities can be used to define the hazard zones [START_REF] Ozdemir | Investigation of sinkholes spatial distribution using the weights of evidence method and GIS in the vicinity of Karapinar (Konya, Turkey)[END_REF]. It is also important to gather information on the size and frequency of the past sinkhole events and subsidence phenomena. Identifying sensitive areas that may be affected by subsidence is usually a difficult task [START_REF] Gutiérrez | Identification, prediction, and mitigation of sinkhole hazards in evaporite karst areas[END_REF]. Databases and maps of past subsidence events can be obtained from archives (technical and audio-visual) and in situ observations. More detailed information can be collected from geological and geophysical investigation, speleological explorations, trenching, dating techniques and boreholes.

The risk assessment methods and mitigation solutions for protecting urban areas, structures and infrastructures from ground movements are continuously improving. The objectives of the present work are to: 1) summarize and discuss the principal mitigation and remediation methods for ground movements 2) study the efficacy of GSY as a mitigation method for different load scenarios 3) better understand the difference in behaviour between granular and cohesive soil layers reinforced by a GSY 4) compare the analytical models proposed for granular and cohesive soils with experimental results and 5) validate and improve the analytical design methods. The experimental works were carried out using a 1-g large scale physical model.

Mitigation and remediation methods for ground movements

The safest risk management strategy for ground movements is to either eliminate the hazard (i.e. total backfilling of the cavities) or prohibit public access to the areas susceptible to subsidence. When subsidence occurs in urban areas or areas with infrastructures, the risk can be mitigated by reducing the soil occupation and limiting the severity of the processes (hazard)

and the vulnerability of elements at risk, or both. In order to select the right risk management measure, the history and the characteristics of the past sinkholes must be characterized and the areas where future sinkholes are likely to occur must be delineated [START_REF] Gutiérrez | Identification, prediction, and mitigation of sinkhole hazards in evaporite karst areas[END_REF]. The optimal risk management method is the one which strikes a balance between an acceptable risk level and the mitigation-repair cost estimated through a cost-benefit study [START_REF] Galve | Application of risk, cost-benefit and acceptability analyses to identify the most appropriate geosynthetic solution to mitigate sinkhole damage on roads[END_REF]. The selected risk management method should take into consideration: the type of expected ground movement (subsidence or sinkhole, slow or brutal failure), tolerable damage related to structure and infrastructure categories. The loss of life should not be tolerated.

Different types of risk management strategies can be applied to protect structures from sinkhole development (Gongyu andWanfang 1999, Thornbush 2017). Table 2 summarizes the main risk management methods. Before selecting the management strategy that is most appropriate to the local context and the risk assessment result, the following points should be considered:

• hydrogeologic and drainage conditions;

• cavity and overburden characteristics.

The best remediation for completely removing the hazard appears to be filling cavities by grouting. This is suitable in the case of potential sudden collapses [START_REF] Sowers | Building on Sinkholes[END_REF]. However, cavity filling is a costly operation that may block most of the flow paths, concentrating underground flow along particular conduits, thus favouring the dissolution of evaporite rocks [START_REF] Cooper | Avoiding Gypsum Geohazards: Guidance for Planning and Construction[END_REF]. Partial filling can be used to reduce the cost, the hazard level and the disastrous consequences on the soil surface [START_REF] Heib | Improving Short-and Long-term Stability of Underground Gypsum Mine Using Partial and Total Backfill[END_REF]. Positioning special foundations such as piles, micro-piles and rigid inclusions is a common means of transferring the structural load to the soil layers or rigid bedrocks, respectively [START_REF] Reuter | Sinkholes in carbonate, sulphate, and chloride karst regions: Principles and problems of engineering geological investigations and predictions, with comments for the construction and mining industries[END_REF]Cooper and Calow1998;[START_REF] Waltham | The cost of karst subsidence and sinkhole collapse in the United States compared with other natural hazards[END_REF]) and sinkhole-resistant bridge techniques can be used to improve the strength of the building over a sinkhole [START_REF] Cooper | Road and bridge construction across gypsum karst in England[END_REF]. Parks, linear infrastructures, roads and railways can be reinforced by incorporating GSY over the substratum or within embankments. GSY can prevent local collapse, reduce the consequences and act as a warning system that informs a sinkhole is occurring before it becomes a catastrophic event [START_REF] Cooper | Road and bridge construction across gypsum karst in England[END_REF][START_REF] Poorooshasb | Subsidence evaluation of geotextile-reinforced gravel mats bridging a sinkhole[END_REF][START_REF] Delmas | Short and long term design of geosynthetic reinforcement structure over soil subsidence: taking into account safety[END_REF][START_REF] Abbas | Effect of Geogrid on Sinkhole Formation induced Ground Collapse Prevention[END_REF]. In addition to the risk prevention and mitigation techniques, vulnerable structures and infrastructures may also be monitored in order to reduce the financial losses and harm to people [START_REF] Gutiérrez | Identification, prediction, and mitigation of sinkhole hazards in evaporite karst areas[END_REF].

Soil reinforcement using GSY over cavities

GSY is one of the active mitigation techniques used to improve safety and security as underground cavities evolve (Abdelouhab et al., 2018, Delmas and[START_REF] Ph | Geosynthetics in transport infrastructures, the positive input of old case histories[END_REF]. It is now 35 years since GSY appeared in civil engineering works. It was initially used as a needled carpet underlay, and then offered opportunities in fields as varied as the footwear and the automotive industry.

Geotextiles were used for the first time in 1969 under embankments built on soft ground in France and UK. The main role of GSY is to prevent the collapse of the soil and limits subsidence at the ground surface. It presents a very attractive solution regarding the cost-benefit balance. Nowadays, improvements in the tensile strength of GSY make it is possible to prevent the consequences of the collapse of cavities with diameters close to 5m. This diameter corresponds to about 80% of sinkholes observed [START_REF] Sartain | Case study on the assessment of sinkhole risk for the, development of infrastructure over karstic ground[END_REF], Ineris 2001). The ability of GSY to protect the surface from collapsing underground cavities is related to the overlying overload and the thickness of the soil layer over the cavity.

The design of GSY over cavities is still subject to debate due to the complexity of the soil-GSY interaction, the lack of knowledge on load transfer mechanisms and the amount of load transferred to the GSY and, for cohesive soils, the absence of validation of the analytical models. The main aim of the scientific and operational research is to improve the analytical models using indoor tests.

Design methods for GSY reinforcement

The design methods for GSY reinforcement are continually being improved in order to consider in a more physical and accurate manner, the collapse mechanisms of the cavity, the loading modes of the GSY, the load transfer mechanisms and the extent of the surface subsidence due to the collapse of the cavity in the case of reinforced soil (Figure 4). Although the mechanical behaviour of the GSY is currently well understood, the mode of collapse and the action of the collapsed soil on the GSY layer remains one of the major preoccupations for granular soils, but especially for cohesive soils. The classical design procedure to be followed to determine the appropriate GSY mechanical properties includes determining: a) the maximum surface settlement appropriate to the structures and infrastructures concerned; b) the most likely cavity diameter D at the level of the GSY; c) the maximum allowable strain in the reinforcement such that the criterion in a) is satisfied; d) the total load acting on the GSY layer; e) the interactions at the GSY -soil interfaces in the anchorage area; f) the required tensile stiffness and the maximum tensile strength of the reinforcement; g) the anchorage length.

The literature proposes various different design methods, the majority of which consider the soil to be granular soil. They are considered as relatively pertinent methods to estimate the surface subsidence and to enable the GSY reinforcement to be designed [START_REF] Giroud | Design layergeosynthetic systems overlying voids[END_REF], British Standard BS 8006 (2010, Villard and Briançon 2008;[START_REF] Hassoun | Soil reinforcement with geosynthetic for localized subsidence problems: Experimental and analytical analysis[END_REF][START_REF] Feng | An analytical method for predicting load acting on geosynthetic overlying voids[END_REF][START_REF] Pham | Investigation of load transfer mechanisms in granular platforms reinforced by geosynthetics above cavities[END_REF]. [START_REF] Giroud | Design layergeosynthetic systems overlying voids[END_REF] first suggested using of an equilibrium method based on the [START_REF] Terzaghi | Theoretical Soil Mechanics[END_REF] approach to estimate the amount of vertical load acting on the GSY. The RAFAEL project (Gourc and[START_REF] Blivet | Experiment and design of geosynthetic reinforcement to prevent localised sinkholes[END_REF] was based on full-scale experiments followed by a numerical study to allow a better understanding of the different mechanisms involved. Similar works were also developed in UK and Germany (Pooroososhasb 2002[START_REF] Viana | A simplified method to predict vertical displacements, deformations and tensile stresses in geosynthetics overlying voids[END_REF][START_REF] Shukla | Technical note -A general expression for geosynthetic strain due to defelection[END_REF], BS8006-2010[START_REF] Potts | Assessment of BS8006:1995 design method for reinforced fill layers above voids[END_REF], EBGEO-2011). Van Eekelen et al ( 2013) developed a limitstate equilibrium model to represent the arching effect over voids. The German Groebers project, which was similar to the RAFAEL work was carried out to design overbridges for railways over abandoned mine cavities [START_REF] Ast | Final design of an overbridging for railways endangered by cavities at Groebers. Landmarks in earth Reinforcement[END_REF]. The ROSES project (EU Framework IV) studied subsidence mechanisms due to evaporite dissolution and devised management technique [START_REF]Risk of Subsidence due to Evaporite Solution -A European Prediction Management Scheme[END_REF]. [START_REF] Jones | Road construction over voids caused by active gypsum dissolution, with an example from Ripon, North Yorkshire, England[END_REF] covered the design strategy for construction over evaporite sinkholes associated with the ROSES project. [START_REF] Schwerdt | Die Bemessung von Geokunststoffbewehrungen zur Ueberbrueckung von Erdeinbruechen (BGE-Verfahren)/The design of geosynthetic reinforcements for protection against surface collapse into underground voids[END_REF] carried out in situ experiments to study the behaviour of GSY over a cavity in the case of granular soil. [START_REF] Briançon | Design of geosynthetic-reinforced platforms spanning localized sinkholes[END_REF] and [START_REF] Feng | An analytical method for predicting load acting on geosynthetic overlying voids[END_REF] developed an analytical method for GSY design for granular soil embankments subjected to sinkholes taking into account the interaction of the GSY and the granular soil in the anchorage areas. [START_REF] Abbas | Effect of Geogrid on Sinkhole Formation induced Ground Collapse Prevention[END_REF] described the results of laboratory model tests carried out with emphasis on the effects of GSY reinforcement and they observed the behaviour of ground over sinkholes. The domain of validity of these methods is restricted to the case of granular soil.

Only recently have cases of cohesive natural or treated soil been considered. Based on full-scale experimental tests, [START_REF] Huckert | Approche expérimentale du dimensionnement d'une couche de sol traité renforcée par géosynthétique sur cavités potentielles. 10 ème Colloque francophone sur les Géosynthétiques[END_REF][START_REF] Huckert | Load transfer mechanisms in geotextile-reinforced embankments overlying voids: Experimental and analytical approaches[END_REF] carried out in situ experimental tests to study the behaviour of GSY under cohesive soil embankments and proposed an analytical design method [START_REF] Huckert | Approche expérimentale du dimensionnement d'une couche de sol traité renforcée par géosynthétique sur cavités potentielles. 10 ème Colloque francophone sur les Géosynthétiques[END_REF] specifically for cohesive soil. [START_REF] Feng | Physical model study on the clay-sand interface without and with geotextile separator[END_REF] and [START_REF] Wu | Experimental study on geosynthetic-reinforced sand fill over marine clay with or without deep cement mixed soil columns under different loadings[END_REF] carried out laboratory tests with reinforced sand over sand-clay soils to study the effect of the boundary conditions and the role of consolidation in reducing the settlement. An analysis of the state of the art showed a lack of validation of the analytical models used for granular and cohesive soils. This paper describes an experimental study using a 1-g large scale physical model to validate and improve the analytical design methods.

The analytical design methods used for granular and cohesive materials take into account the flexural behaviour of the GSY above the cavity, the friction between soil and GSY in the anchorage areas, the increase of tensile force in the GSY by friction at the edge of the cavity and the stretching and sliding of the GSY sheet in the anchorage areas. Depending on the nature of the soil embankment and the type of loading (self-weight or overloading), specific geometries of the load distribution acting on the GSY above the cavity are proposed. The main equation for GSY behaviour (equation 1) is established by equalizing the increase in length of GSY sheet (L) [START_REF] Villard | Design of geosynthetic-reinforcements for platforms subjected to localized sinkholes[END_REF] due to its new geometry and the increase due to:

-its stretching (taking into account the strain (x) of all elementary sections of the sheet s in the part of the GSY above the cavity),

-its sliding (function of UA)

-and the initial elongation (increase of the GSY length) of the part of the GSY above the cavity resulting from its installation without careful prestressing (function of w).

UA is the relative displacement between soil and reinforcement at the edge of the cavity (UA > 0) which is due to the stretching and the sliding of the GSY sheet in the anchorage areas. w is the initial strain is due to the initial ripples of the sheet that must be reached to mobilize tensile forces in the sheet. z(x) is the vertical displacement of the GSY and J its tensile stiffness. TH is the horizontal component of the tensile force T(x) in the part of the GSY above the cavity. TH is constant along the GSY, as can be demonstrated by studying the force equilibrium in the x direction. The system of equations (1 to 3) for which TH is the unknown variable to be determined can be solved by an iterative process.
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For granular soils, UA can be calculated by equations 4 to 6 considering the friction on the upper and lower interfaces between soil and GSY [START_REF] Villard | Design of geosynthetic-reinforcements for platforms subjected to localized sinkholes[END_REF]. q0 is the vertical uniform load acting on the GSY sheet in the anchorage areas, s and i are the friction angles of the upper and lower interfaces respectively, and U0 is the value of the relative displacement between soil and GSY required to fully mobilize the interface friction. TA is the tensile force that is mobilized in the GSY at the edges of the anchorage areas and 0, r,  and  are constants defined in the List of notations.
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In the case of granular soils, the average stress acting above the cavity on the GSY sheet (vg) is usually defined using Terzaghi's formulation (equation 7; [START_REF] Terzaghi | Theoretical Soil Mechanics[END_REF]. K is the ratio between horizontal and vertical stresses, 𝛾 the soil unit weight, ∅ its internal friction angle, H the embankment thickness, D the cavity diameter and p the uniform overload applied on the soil surface. The choice of the K value is under discussion at the present time. Following 2D laboratory experiments, [START_REF] Chevalier | Experimental and Discrete Element Modelling studies of the trapdoor problem: influence of the macro-mechanical frictional parameters[END_REF] proposed K values equal to 0.55 and 1.2 for coarse sand and gravel respectively. Considering that the ratio H/D is small in the experiments performed in section 3.2, the choice of K is not of major importance, and so K is assumed in this paper to be the active earth pressure coefficient (Ka).

𝜎 𝑣𝑔 = 𝐷 𝛾 4𝐾 tan  (1 -𝑒 -𝐾 tan  4𝐻 𝐷 ) + 𝑝𝑒 -𝐾 tan  4𝐻 𝐷 (7)
Depending on the opening mode of the cavity and the loading type, the geometries of the soil stress distribution acting on the GSY sheet can differ. In the case of the trapdoor problem (similar to the experiments presented in 3.2), the load distribution acting on the GSY sheet [START_REF] Villard | Load transfer mechanisms in geotextile-reinforced embankments overlying voids: Numerical approach and design[END_REF][START_REF] Hassoun | Soil reinforcement with geosynthetic for localized subsidence problems: Experimental and analytical analysis[END_REF][START_REF] Chalak | Coupled numerical and experimental analyses of load transfer mechanisms in granularreinforced platform overlying cavities[END_REF]) was found to be non-uniform. The observed shape of an inverted triangular distribution leads to greater vertical stresses in the vicinity of the cavity edges. In the case of an overloading by punctual loads on the axis of the cavity, one can expect an increase in the vertical loading in the central part of the sheet. To compare the experimental and analytical results, different geometries of vertical loads were tested (uniform, inverted triangular, parabolic). The horizontal and vertical forces equilibrium applied to any parts of the sheet leads to the following equations, which can be used for all proposed load distributions (Table 3).
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For cohesive soils, we assume, as proposed by [START_REF] Huckert | Approche expérimentale du dimensionnement d'une couche de sol traité renforcée par géosynthétique sur cavités potentielles. 10 ème Colloque francophone sur les Géosynthétiques[END_REF], that the actions of the collapsed soil blocks that fall down onto the GSY sheet can be represented by two symmetric punctual vertical loads of intensity F distant from 2l (Figure 5).

The equation characterising the behaviour of the GSY (derived from equation 1) can be written as follows [START_REF] Huckert | Approche expérimentale du dimensionnement d'une couche de sol traité renforcée par géosynthétique sur cavités potentielles. 10 ème Colloque francophone sur les Géosynthétiques[END_REF]:
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Physical model (1-g) and description of tests

Physical modelling refers to experiments designed to reproduce physics and engineering issues. The model considered in this paper is used in a 1-g environment (earth gravity) as opposed to a n-g model (which requires a centrifuge facility). The model should respect similarity laws [START_REF] Garnier | Catalogue of scaling laws and similitude questions in geotechnical centrifuge modelling[END_REF][START_REF] Wu | Experimental study on geosynthetic-reinforced sand fill over marine clay with or without deep cement mixed soil columns under different loadings[END_REF]. The objective of the physical model is to simulate the surface ground movements due to mining and underground cavities. Ineris has developed a physical model (1-g)

to study the risks associated with the collapse of underground cavities (Figure 6, Al [START_REF] Heib | Large-scale soil-structure physical model (1-g)-assessment of structure damages[END_REF], Al Heib et al. 2020). The model consists of a tank designed to receive up to 6m 3 of soil: 3m long, 2m wide and 1m high (Figure 6.a). The test platform is equipped with 15 jacks to reproduce the cavity development and the resulting ground movements, each associated with a square trapdoor 0.25m by 0.25m. Thus, the physical model makes it possible to reproduce the formation of a maximum cavity size of 1.25m by 0.75m. For the GSY tests, the model is equipped with: i) 7 radar sensors (Figure 6.b, RAdio Detection And Ranging) to detect the object position and measure the vertical displacements of the GSY, ii) 7 pressure sensors (Figure 6.b)

to estimate the vertical stress within the soil around the cavity and iii) two cameras to detect the 3D movements of the surface (Figure 6.c). Table 4 presents the principal characteristics and degree of precision of the main sensors. We should note the high theoretical precision of the measurements covering the objective of the study. Figure 7 presents the location of the radars and pressure cells. Two types of soils were used:

-Fontainebleau sand (SF), with D50=200m, a dry granular soil commonly used in laboratory tests [START_REF] Popa | Interaction fondation superficielle-paroi de soutènement : modélisation expérimentale numérique[END_REF] -and a sand-clay mixture (SK), commonly used as cohesive soil in laboratory experiments [START_REF] Boussaid | Intermediate soils for physical modeling: application to shallow foundations[END_REF]: it consists of 70% dry Fontainebleau sand + 30 % dry kaolin, brought to a water content of 8% for all the experiments. This type of material makes it possible to reproduce in small-scale experiments the behaviour of natural cohesive soils such as those used in classical geotechnical applications.

Laboratory tests were carried out to obtain the mechanical parameters of the soils (triaxial and shear tests) and the GSY. The average values of the mechanical parameters were used for the analytical calculation [START_REF] Hassoun | Modélisation physique du renforcement par géosynthétique des remblais granulaires et cohésifs sur cavités[END_REF]. The sand was characterized by a density of 15.4kN/m 3 and a friction angle of 35°. The cohesive soil had a dry density of 15.3kN/m 3 , a cohesion of 35kPa and a friction angle of 29°.

The GSY was bi-directional, made of polyester (PET), and characterized by a failure tensile strength of 11.9kN/m, a failure strain of 12% and an initial tensile stiffness corresponding to 2% of strain of approximately 170kN/m. The 1.7m x 1m GSY sheet was fixed only in the longitudinal direction at the borders of the tank, so as to achieve the assumption of unidirectional reinforcement.

Four tests, two repetitions for each type of soil, were carried out to reproduce the formation of a cavity at the base of granular (SF) or cohesive (SK) soil layers, with a constant soil thickness H=0.125m, reinforced by the GSY. The cavity had a square section (D = 0.50m). The ratio between the thickness of the soil layer and the width of the cavity was H/D=0.25, which reflects the key use of GSY over cavities. The test procedure was:

-installing and compacting the soil to obtain the target density, -lowering the jacks to simulate the progressive cavity formation, -progressive loading on the soil surface (until failure is obtained in the case of the cohesive soil),

-and final unloading.

A result analysis was performed at each step: initial, after full cavity opening, during loading and unloading. The soil was first submitted to its own weight then loaded vertically by the way of a rigid slab (0.15m*0.15m) applied at soil surface on the axis of the cavity. During the cavity opening, the velocity of the jacks was constant (0.03mm/sec) and automatically controlled. All the data were recorded by a data logger connected to the computer. During the tests with cohesive soil, a simple measurement system was installed in order to assess a posteriori the displacements induced by soil subsidence on the displacement of the GSY at the edges of the cavity (the average of the 4 measured values is presented here).

Results and discussion

The behaviour of the soil and GSY was described and analysed for the 4 different tests through direct observation, image correlation and measurement devices.

Granular soil -Fontainebleau sand (SF)

In the absence of the GSY, the cavity opening created a complete void at the surface as expected. The results obtained by Al [START_REF] Heib | Large-scale soil-structure physical model (1-g)-assessment of structure damages[END_REF] showed that in this case, the amplitude of the subsidence on the surface increases with the cavity depth for sandy soil. The soil expands when extracted from a site or when failing, the bulking factor expresses the corresponding increase in the soil volume, compared to the initial volume. The bulking factor (𝐶 𝑒 ) of the granular material used is equal to 1.06. The presence of the GSY limits the soil collapse and induces subsidence with a maximum value in the centre of the cavity equal to 27.8mm for test SF1 and 23.9 for test SF2 (Figure 8 and Figure 9).

Regarding the first step of the test on the reinforced soil layer, corresponding to the creation of the cavity, the vertical displacement (deflexion) of the GSY is rather flat, mainly in the central part above the cavity (Figure 9). This may be explained by the fact that the load acting on the GSY is not uniform as discussed by [START_REF] Huckert | Load transfer mechanisms in geotextile-reinforced embankments overlying voids: Experimental and analytical approaches[END_REF] and [START_REF] Feng | An analytical method for predicting load acting on geosynthetic overlying voids[END_REF]. As mentioned, the maximal vertical displacement at the soil surface (S) is equal to 27.6mm and 22.32mm for SF1 and SF2

respectively but the size of the zone affected by the surface settlement is slightly larger than the area of the cavity. The maximum deflexion of the GSY for the two experiments (SF1 and SF2) is respectively 43.2mm and 39.8mm, which corresponds to a bulking factor 𝐶 𝑒 of 1.05. The value of the bulking factor with and without GSY is expected to remain relatively constant.

Figure 10 shows the location of the stress sensors and presents the measurements of the vertical stresses before (initial) and after the formation of the cavity (final). The initial stress measured (Figure 10.a) was close to the expected theoretical lithostatic pressure 𝛾 𝐻 (with a difference limited to +/-20%). Despite the high precision of the stress cells, the results should be considered as a qualitative indicator rather than a quantitative one. Measuring stress in sand is very difficult because of the arching effect and the behaviour of the sand [START_REF] Hassoun | Soil reinforcement with geosynthetic for localized subsidence problems: Experimental and analytical analysis[END_REF]. The final stresses (Figure 10.b) increased by 60 -80% of H after the formation of the cavity for cells close to its edges (C7 and C13) and by about 20% for those far from the cavity (C2 and C3).

Increases in vertical stress, after each overloading phase, were also observed on all stress sensors (Figure 11). The cells close to the edges of the cavity were the most affected by the overload: C7, C8 and C13. This increase in stress in the vicinity of the cavity indicates a persistent load transfer mechanism within the granular layer. Small variations were observed for the cells further away from the cavity (C2, C3 and C4).

The vertical displacements of the GSY were calculated using the analytical models presented in Table 3 and developed in 2D

by [START_REF] Briançon | Design of geosynthetic-reinforced platforms spanning localized sinkholes[END_REF] for granular soil. The two interface friction angles (GSY/soil and GSY/wood plate) in the anchorage zones were estimated at 30° and 22° respectively. The value of U0, corresponding to the relative displacement between soil and GSY required to fully mobilize the interface friction, was assumed to be 1mm. As already mentioned, the sandy soil (SF) characteristics were γ=15.4kN/m 3 and =35°.

The load transfer hypothesis proposed by Terzaghi for circular cavities (Equation. 7, 1943) leads to a theoretical value of 1.75kN/m 2 for the uniformly distributed load σvg acting on the GSY. This amount of load is assumed to be distributed on the GSY sheet as an uniform load distribution (Figure 12.a), as a 3D inverted triangular shape (Figure 12.b) or as a paraboloid of revolutioni.e. the intersection between the external surface of the paraboloid and a vertical plane passing through the axis of the cavity is always a parabola(Figure 12.c). The 2D analytical method was applied on the thin central strip of the GSY sheet, which leads to the maximal vertical displacements (Figure 13). The maximum value of the load that needs to be considered (q1) was obtained by considering that the total amounts of the vertical load acting on the GSY sheet to be similar for the three cases. Based on this assumption, the maximum overload value for the uniform distribution is therefore q1 = σvg, for the parabolic distribution it is q1 = 2 σvg, and for the inverted triangular distribution q1 = 3/2 σvg. The analytical results obtained for the three proposed load distributions were compared to the experimental results considering that w = 0 (Figure 14). As can be seen, the analytical shape of the curve obtained with the assumption of an inverted triangular load distribution is rather similar to the experimental flattening shape obtained during the experiment, although the maximum vertical displacement obtained analytically is smaller. This can be explained by the fact that the GSY sheet was not perfectly plane when it was installed (and therefore that a certain elongation could be observed before a tensile force developed in the GSY). The curves obtained when considering uniform and parabolic shapes did not match the shape of the experimental curve, therefore these load distribution shapes are not adapted for the cases of cavity opening. Moreover, the analytical maximum vertical displacement value for parabolic shape distribution is also greater than the experimental one. As it can be seen in Table 5, the analytical model provides relevant information about the sliding and the stretching of the GSY sheet in the anchorage areas as well as the maximal tensile force.

After the opening of the cavity, the soil surface was overloaded in the centre of the cavity on a 0.15m wide square surface. The overload was applied progressively in three phases: 150, 350 and 550 N. Figure 15 shows the vertical displacements of the GSY for the two tests (SF1 and SF2). Applying a localized overload on the axis of the cavity increased the GSY deflexion mainly in the central part of the cavity. The unloading phase resulted in a heave of the GSY. The GSY deflexion obtained at the end of the unloading remained nevertheless greater than the value before loading, due to the sliding of the GSY in the anchorage areas and the presence of the soil layer that collapsed on the GSY and whose behaviour is not reversible (Figure 15).

To compare the analytical deformation of the GSY to the experimental one, three geometries of stress distribution on the GSY were considered: uniform, inverted triangular and parabolic. As previously, the total amounts of the vertical stresses (vg) acting on the GSY (Table 6) were calculated using the Terzaghi approach (Equation 7, 1943). The localised overloads (p) were dispatched considering the whole surface of the cavity (0.5m x 0.5m). The main results expressed as maximum vertical displacement (fmax), maximum tensile force (Tmax) and maximum horizontal displacement (UA) of the GSY in the vicinity of the edges of the cavity are presented in Table 6 and summarized in Figure 16. As can be seen in Figure 16, it is necessary to take into account various load distribution shapes to reproduce all the experimental results: parabolic shapes for the greater overloads, uniform distribution for low overloads and inverted triangular shapes when considering the self-weight loading of the granular layer. Nevertheless, the correspondence of the analytical results with the experimental ones is not completely satisfactory. Therefore, it has been proposed to consider increasing the length of the sheet (D w) in the analytical approach, due to the initial waves resulting from the installation of the GSY without careful prestressing. To match the experimental results, the best value of D w has to be equal to 4mm (corresponding to w = 0.8%) which is a realistic value considering the experimental procedure for installation. Inverted triangular load distribution was considered under self-weight, uniform load distribution for an overload of 150 N, and parabolic load distribution for overloads of 350 N and 450 N respectively. In the case of unloading, a uniform load distribution was considered (no arching effect and no overloading) assuming that the horizontal sliding displacement of the sheet in the anchorage area is non-reversible so that the displacement UA remains equal to the value of UA obtained after the last step of loading. Table 6 summarizes the main results at each step of the loading and for the chosen load distributions. A comparison between the experimental and analytical results of the GSY vertical displacements profiles is presented in Figure 17.

As it can be seen in Figure 17, the results of the initial waves (D w =4 mm) match the experimental results very well for each step of the loading, which validates the nation of introducing initial waves in the analytical approach. The good match between the curves presented in Figure 17 also indicates that it is necessary to consider different types of load distributions to reproduce the experimental results. Therefore, loading the soil surface modifies the geometry of the load distribution on the GSY, from an initially inversed triangular distribution to a distribution where the maximum value is located in the centre of the cavity.

The unloading behaviour is also well described when considering the non-reversible displacement of the sheet in the anchorage areas.

The necessity to take into account different shapes of stress distribution, depending on loading process or cavity opening mode, was mentioned in the literature by various authors [START_REF] Villard | Load transfer mechanisms in geotextile-reinforced embankments overlying voids: Numerical approach and design[END_REF][START_REF] Chalak | Coupled numerical and experimental analyses of load transfer mechanisms in granularreinforced platform overlying cavities[END_REF][START_REF] Da | Geosynthetic-reinforcement soils above voids: observation of soil and geosynthetic deformation mechanisms[END_REF]. As an example, the experimental results presented in this paper are in good accordance with the results presented by [START_REF] Villard | Design of geosynthetic-reinforcements for platforms subjected to localized sinkholes[END_REF] concerning the influence of the embankment overloading on the vertical stress distribution acting on the GSY.

It changes progressively from inverted triangular (under the soil self-weight) to parabolic (for large overloads). The experimental observations should be considered for designing a GSY with large overload case studies. The new results confirmed that the procedure can be considered as a valid method for granular soil layer.

Cohesive soil: sand-kaolin

Two tests were carried out with cohesive soil (SK1 and SK2, Al [START_REF] Heib | Subsidence prediction of reinforced soil layer by geosynthetic using large-scale 1g physical model[END_REF]. Under the self-weight of the soil, the cohesive soil layers bridge the cavity area and behave as a flexural slab which limits the vertical displacement to values smaller than 2mm. The maximal vertical displacement of the GSY on the axis of the cavity is 7mm due to its own weight. The stresses measured before the creation of the cavity were on average 20% higher than the expected value of H. The stresses increased after the opening of the cavity on the sensors close to the cavity C7, C8 and C13, C10 (Figure 18). The sensors furthest from the cavity (C2, C3 and C4) recorded only a small stress increase. The cohesive soil layer behaves as a continuous slab due to the strength in traction of the sand-kaolin mixture.

Figure 19 presents a comparison of stress measurements between granular and cohesive soil is presented in. The loads of the C2, C3 and C4 cells, the furthest away from the cavity, were greater in the case of the granular soil the cohesive soil, for which very small increases in stress were recorded. As a result, in the case of granular soils, the transferred loads were less intense and more diffuse, but they were more intense and localized on the edges of the cavity due to the beam-like behaviour of the cohesive soil layer.

In order to create a sinkhole and mobilise the GSY, a progressive load was applied on the soil surface on the axis of the cavity, 0.15*0.15m 2 . A sudden collapse occurred for a load of 550 N in both cases SK1 and SK2. The collapse of the soil layers resulted in a sinkhole restricted to the loading surface (Figure 20.a). The volume of collapsed soil was approximately a truncated pyramid of height H with a base equal to the size of the cavity (0.5m x 0.5cm, Figure 20.b). This experimental result is similar to the results of Huckert et al. 's (2015) experiments and in situ observations.

The collapse of the soil layer induced a vertical displacement of the GSY of 54.6 and 58.6mm for the two tests SK1 and SK2

(Figure 22). The average horizontal slippage of the GSY at the edges of the cavity for SK1 and SK2 was around 1.375mm. A comparison of the GSY deformations between the experiments with Fontainebleau sand (SF) and the cohesive soil (SK) obtained under the same loading conditions (550 N), shows (Figure 23) that the deformation of the GSY for cohesive soil was 30% less than the deformation obtained in sandy soil. The shape of the deformation was flat in the case of the cohesive soil.

This flat shape was a consequence of the breakage in blocks acting in a specific way on the GSY. In the case of the sandy soil layer, there was a gradual evolution of the GSY deflexion, whereas a sudden soil movement was obtained at between 350 N and 550 N. In addition, with the cohesive soil, the deformations of the GSY in the central part of the cavity were always smaller than those obtained with the sand, even after unloading.

We used the model developed by [START_REF] Huckert | Load transfer mechanisms in geotextile-reinforced embankments overlying voids: Experimental and analytical approaches[END_REF] to compare the analytical deformation of the GSY to the experimental one. The collapse mechanism obtained in Figure 20, which can explain the deformed shape of the GSY is similar to the one proposed by [START_REF] Huckert | Load transfer mechanisms in geotextile-reinforced embankments overlying voids: Experimental and analytical approaches[END_REF], who assimilated the action of the collapsed blocks to punctual loads. Based on the experimental observations, two assumptions are proposed for the geometry (and therefore weight) of the blocks acting on the GSY (Figure 21). In the first case (hereafter denoted Analytic 1), only the block of soil 1 directly located below the loading plate is considered. In the second case (Analytic 2), the additional side blocks 2 are considered in the assessment of the punctual forces F. These cases can be viewed respectively as the lower and upper limits of the forces F. Figure 21 also recalls the assumption that only a thin strip of GSY is considered in the calculating the load and therefore the deflexion (in this particular situation, the strip has a width of 0.15m corresponding to the width of the loading plate).

Due to the mode of collapse obtained (blocks falling on the sheet), it is assumed that there are no load transfer mechanisms that act to redirect part of the overload onto the sides of the cavity.

The analytical model was applied for comparison with the experimental results. Due to the lack of information about the frictional behaviour between the cohesive soil and the GSY (cohesion and friction angle), the analytical value of the horizontal displacements of the GSY (UA and -UA) at the left and right edges of the cavity due to slippage was set using the average experimental value (1.375mm). Table 7 summarizes the input parameter values (analytic 1 and analytic 2), deduced from observations and experimental measurements, for the use of the Huckert et al. model (2016). As presented in Figure 22, the analytical model for cohesive soil matches the experimental results very well in terms of amplitude and shape, as opposed to the parabolic deformation considered in the case of granular soil.

In order to determine the influence of the UA value on the results, Figure 22 also reports the predicted deflexion when considering UA = 0 and the lower limit of the load (Analytic 3 -Table 7). Although the maximum displacement is smaller than for UA = 1.375mm, it appears that the difference is small. It can thus be concluded that in the case of a cohesive soil, the main parameter ruling the GSY deflexion is the load intensity, which induces the failure of the soil layer and dictates the extent of the overload area.

The comparison, for cohesive soil, between the experimental results and the suggested approach has shown a good agreement.

These results contribute thus to the validation of the model proposed by [START_REF] Huckert | Load transfer mechanisms in geotextile-reinforced embankments overlying voids: Experimental and analytical approaches[END_REF]. However, no precise procedure exists so far for the design in case of cohesive soil. The analytical model for cohesive soil needs additional laboratory and insitu tests to be generalised and to be considered as a base for the definition of a design procedure.

Conclusions

The synthesis of ground movement risk management methods demonstrates that the GSY can offer an attractive mitigation solution for reducing the risk induced by the formation of sinkholes. To be commonly applied in any geotechnical context, this reinforcement technique must be supported by analytical design methods that takes account of the loading modes (effects of the soil self-weight and surface overloading) and the specificities of the natural soils used (granular or cohesive materials).

In this study, a 1-g laboratory experimental campaign was carried out to improve the analytical design methods for GSY. New assumptions covering the amount and distribution shape of the vertical stresses acting on the GSY were proposed for two types of soils and different loading modes in order to be able to routinely apply these reinforcement methods in any geotechnical context. For all the considered cases, the comparison of the experimental and analytical results shows that analytical models can reasonably be used to predict the subsidence of reinforced soil layers.

For granular soil, the analytical model proposed by [START_REF] Villard | Design of geosynthetic-reinforcements for platforms subjected to localized sinkholes[END_REF] accurately reproduces the different stages of the loading process. The results show that the shape of the vertical stress distribution acting on the GSY changes progressively from inverted triangular (under the soil self-weight) to parabolic (for large overloads). The initial ripples of the part of the GSY situated above the cavity should be taken into account to obtain more pertinent results.

For cohesive soil, the analytical model proposed by [START_REF] Huckert | Load transfer mechanisms in geotextile-reinforced embankments overlying voids: Experimental and analytical approaches[END_REF] seems well adapted to design the GSY when considering that the load acting on the GSY is punctually applied. For the experiments performed (low thickness of the cohesive soil layer), the proposed load transfer mechanisms were based on feedback from the experimental results. It was shown that the punctual loads acting on the GSY are located vertical to the edges of the loading plate and that the overload applied on the surface is totally transferred to the GSY (no load transfer mechanism in this case). However, extrapolating these results (number of collapsed blocks and intensity of the load transfer) to various cases (different overloading modes, soil layer thicknesses and cavity diameters) remains a challenge.

For all the cases considered, the comparison of the experimental and analytical results shows that the analytical models can reasonably be used to predict the subsidence of reinforced soils after considering the real load distribution based on the feedback from experimental results. If a larger experimental campaign can be performed, one can expect that it can be possible to predict the intensity and shape of the load distribution acting on the GSY for different soil layer thicknesses, cavity widths, soil types and natures and positions of applied overload. An attractive way to obtain such results could be to use numerical tools and undertake a systematic sensitivity analysis.
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 13 Figure 13. Stress distribution on the GSY above the cavity in 2D (a) uniform distribution, (b) Inverted triangular (c) parabolic distribution.
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 20 Figure 20. (A) Collapsed zones of the cohesive soil layer following a surface loading and (B) Geometry of the collapsed block for cohesive soil (Al Heib et al. 2020).
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	Self-	Overload	vg	Parameters	Experiment Uniform Inverted	Parabolic
	weight	(kN/m 2 )	(kN/m 2 )				triangular	
	(kN/m 2 )							
				fmax (mm)	41.6	42.35	29.4	53.61
	1.75	0	1.75	Tmax (kN/m)	/	1.37	0.99	1.8
				UA (mm)	/	2.73	1.65	4.35
				fmax (mm)	53.6	46.91	32.35	59.66
	1.75	0.59	2.24	Tmax (kN/m)	/	1.59	1.16	2.09
				UA (mm)	/	3.45	2.05	5.55
				fmax (mm)	71.55	52.33	35.87	66.82
	1.75	1.37	2.89	Tmax (kN/m)	/	1.87	1.37	2.45
				UA (mm)	/	4.44	2.6	7.15
				fmax (mm)	82.75	57.22	39.06	73.23
	1.75	2.16	3.54	Tmax (kN/m)	/	2.13	1.56	2.78
				UA (mm)	/	5.44	3.16	8.74

Table 5 . Load shape distributions comparison between analytical and experimental results (SF1) ("/" = not measured)
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