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Pillars of an underground mine are designed to ensure long-term stability and preserve the surface assets from the consequences of mining. However, long-term stability is never guaranteed. Over time, subsidence and collapses can occur, and the consequences are sometimes dramatic. Such collapses depend on the exploitation characteristics, the mechanical properties of the terrain, and the potential presence of water, but additional factors can play a major role. This study aims to identify the predisposing and triggering factors of the collapse, including stiff beds, cliffs, and faults. Back-analysis was carried out on a historic dramatic massive collapse of a chalk mine (Beaulieu, France, 1910). Numerical modeling (finite and distinct elements) was carried out to highlight the influence of mining geometry, the stiff bed, and the cliff. Then, the mechanism of the collapse of the Beaulieu mine was investigated. The results demonstrate the importance of the geometric configurations of the site for the development of such a phenomenon, particularly the cumulative effects of the excavation (extraction ratio), the cliff, and the stiff bed. These cumulative factors increase the risk of a massive collapse. This study has shown that the stability of abandoned room and pillar underground mines should cover three concepts: estimation of the stress state of the pillars, the strength of the pillars, and the presence of a cliff as well as a significant discontinuity crossing the rock mass which could be a fault.

Introduction

Shallow underground mines are mainly excavated by the room-and-pillar extraction method. The pillars are designed to ensure the long-term stability of the excavations and to preserve the surface assets from the consequences of mining. However, long-term stability is never guaranteed. In fact, these underground mines are likely to deteriorate over time and cause collapses or subsidence of the ground, the consequences of which are sometimes dramatic (Figure 1). These collapses can occur during or after the cessation of exploitation (Kaufmann and Quinif, 2002;Gilbride et al., 2005;Edmonds, 2008;Al Heib et al., 2014). They induce short-and long-term technical and socio-economic risks for the environment, the surface structures, and the population [START_REF] Bell | Mining Subsidence and Its Effect on the Environment: Some Differing Examples[END_REF]Gutiérrez et al., 2009). A distinction can be made between a localized collapse which generally involves only one part of the cavity, and a massive collapse (mass collapse) which involves a large part of the underground mine with a surface that can concern several hectares [START_REF] Franck | Évaluation des aléas miniers[END_REF]. The massive collapse can sometimes generate a low magnitude earthquake (Wang et al., 2008). Predicting localized or massive collapses is often difficult because of the numerous natural and anthropic factors that intervene.

Table 1 presents examples of massive collapses that have occurred in different countries. In France, several significant events can be mentionned: such as the collapse at Clamart (Hauts-de-Seine) in 1961 which caused 21 deaths and 50 injuries, the collapse at Roquevaire (Bouches du Rhône) in 2005, which led to a subsidence measuring 50 m in diameter, the collapse at Bapaume under a supermarket carpark (Pas-de-Calais) in 2010. Several massive collapses have also affected the iron mines of Lorraine leading to the destruction of part of the villages concerned (Kouniali et al., 2000). In Belgium, the collapse of the Malogne underground chalk mine in 2015 damaged a high-speed train line. Salt and potassium mines are also prone to this type of "catastrophic" collapse (Whyatt and Varley, 2008;Bérest et al., 2010), as in the case of the Varangéville (France) salt mine collapse in 1873. 

Causes of massive collapse

A massive collapse involves a sudden movement of the surface that results in discontinuous subsidence. These collapses usually affect large areas and shallow mines (less than 100 m in depth). They are specific to extensive underground excavations consisting of rooms and pillars and presuppose a general instability (cascade failure) of the underground excavation (Figure 2). In some cases, collapses are linked to the landslide of undermined cliffs. In this specific case, the collapse corresponds to a sudden movement during which a significant and voluminous mass breaks away from a generally very steep slope to spread or propagate at the foot of the slope.

Various studies have been conducted to identify the causes of massive collapses. The primary cause is often a high excavation ratio. However, regardless of their nature, the deterioration processes of underground mines result from a combination of one or more unfavourable configurations likely to upset the equilibrium of the environment and accelerate the rupturing mechanisms. These configurations generally result from geological, hydrogeological, and geometric factors, as well as site and human factors. For example, the properties of the overburden (depth, stiff bed, etc.) may contribute to the deterioration of some structures. A discriminant analysis of the sudden collapses in the iron basin in France (Kouniali et al, 2000) showed that the main causes are an extraction ratio exceeding 60% and the presence of a stiff bed in the overburden, close to the surface. The laboratory test [START_REF] Liakas | Influence of heterogeneity on rock strength and stiffness using discrete element method and parallel bond model[END_REF] showed that the mode and intensity of the sudden rupture of the overburden depends on the alternation of stiff and deformable (less resistant) beds, and that an increased ratio of stiff beds promotes brittle rupture. [START_REF] Fairhurst | Examen de la méthode GEODERIS d'évaluation des risques et des conséquences potentielles relatifs aux affaissements de surface dans le bassin ferrifère lorrain[END_REF] proposed a mechanism of massive collapse in the presence of a sufficiently thick stiff bed. In fact, the pillars and the immediate roof continuously deform over time (creep phenomenon, Figure 2). These deformations are transmitted to the high roof which is resistant and therefore not very deformable. At a certain level of deformation, the stiff bed reaches its maximum permissible bending deflection, with very significant shear effects at its supports. A collapse can then occur suddenly by shearing at the supports or by sliding along vertical cracks. Homand ( 2004) defined the stiffness of the mine roof based on the properties of the underground excavation, the topography, the Young's modulus of the intact layers, and the density of the fractures or discontinuities.

Figure 2. Vertical section presenting the main elements of an underground room and pillar mine

The topography, especially when excavating a mine near a slope or cliff, can negatively impact stability. [START_REF] Savage | Gravitational stress in long symmetric ridges and valleys[END_REF][START_REF] Savage | Tectonic and gravitational stress in long symmetric ridges and valleys[END_REF] and [START_REF] Savage | Gravity induced stresses in finite slopes[END_REF] demonstrated that gravitational stresses are affected by the topography of the site (cliff) and the Poisson's ratio of the rock, even in the absence of underground excavation. They also identified the presence of tensile stresses. They can affect the stability conditions of the cavities and the likelihood of ground movements in the area. However, this influence of the slope on the cavity and/or of the cavity on the slope decreases as the distance from the voids increases. [START_REF] Moiriat | Observations sur la fracturation liée à l'incision d'une vallée-Carrière souterraine des Brillants (Hauts-de-Seine)[END_REF] studied the configuration of a chalk cavity excavated near a slope consisting of alternating layers of marl, limestone, and clay. They demonstrated the presence of tensile stresses in the limestone bed in this case. Fougeron (2007) studied the effect of a valley on the occurrence of massive and sudden collapses. The results of his numerical computations show that this situation can lead to over-stressed areas, particularly in the presence of a limestone bed (stiff bed). [START_REF] Cherkaoui | Critères de détermination de l'aléa versant rocheux sous-cavés[END_REF] studied the case of under-excavated cliffs and found that the tensile and shear stresses that develop within adjacent buried structures, at the level of the pillars, spacer boards, and gallery vaults, can become preponderant. The collapse of the Clamart mine chalk in 1961 [START_REF] Heib | Analysis of the historical collapse of an abandoned underground chalk mine in 1961 in Clamart (Paris, France)[END_REF] corresponds to the configuration of an undermined cliff. [START_REF] Trigueros | Stability of an abandoned siderite mine: A case study in northern Spain[END_REF] also observed an increase in instability of an underground iron mine linked to the presence of a nearby open pit mine and a roof marked by a stiff limestone bed.

In conclusion, these studies show that massive collapses are dependent on several parameters including predisposing factors and triggering factors. Predisposing factors include mining geometry, geology, and the initial and modified mechanical properties of the terrain, while triggering factors concern dynamic actions, water presence and climatic and environmental factors. Table 2 presents the main predisposing and triggering factors in the occurrence of a massive collapse of an underground mine by room and pillar underground excavation, which includes 9 predisposing factors and 7 triggering factors. These triggering factors can be natural or man-made. The assessment of massive collapse hazards should consider both the predisposing and triggering factors. To explain the causes of the collapse, strength tests were done on samples taken from the neighbouring mine by the French Mining Authorities immediately after the mine collapse. The compressive strength values obtained at different degrees of water saturation reveal that this chalk loses all coherence when immersed for a few hours. In fact, the massive collapse of the Beaulieu underground chalk mine occurred following a 10-days rain event with heavy rainfall the day before the collapse (Figure 5). According to observations described in the archive documents [START_REF] Liénard | Procès-verbal d'enquête. Effondrement d'une carrière[END_REF], this exceptional rainy event caused a centennial flood of the Loing: the river and its tributaries overflowed and flooded the alluvial plain, without however reaching the mine. As a result, the origin of the initial collapse of the mine has been attributed to the flooding of the lower sections by the sudden rise of the chalk water table, which would have caused the rupture of the "small pillars" zone further to north, followed by the massive collapse of the remainder of the mine, which would in turn have triggered the sliding of the cliff [START_REF] Ph | Analyse climatologique, hydrologique et hydrogéologique des effondrements survenus à Château-Landon (77) aux XIXe et XXe siècles[END_REF].

However, several points remain open for consideration. While the collapse of the most heavily mined sector seems logical, the spread of the disorder towards the larger pillars is difficult to explain. It is also legitimate to investigate Nord the chain of events in order to try to understand the magnitude of the subsidence and to verify whether these sitespecific conditions could have been aggravating factors. [START_REF] Watelet | Analyse and questioning on 1910 collapse of Lorroy chalk underground quarry[END_REF] also noted that the collapse of the lower sector of the mine does not, on its own, explain the rupture mechanism. Other phenomena would probably have to be included to explain the observed movements.

Geological and hydrological context

The geology of the exploited zone is relatively simple: starting from the top of the plateau, the terrains encountered are indicated on the map and on the simplified cross-section (Figure 6). Above the chalk mass, one can see the alternating layers of conglomerate (puddingstone), limestone, and silt near the slope. The chalk is fractured due to various tectonic movements and to the decompression caused by excavation of the Loing valley. Within the mine environment, excavated at the base of the slope, there is a river (Loing) and a canal. From a hydrogeological perspective, the two main aquifers are the Loing alluvial aquifer and the regional chalk aquifer which join together at the edge of the valley, perpendicular to the old Beaulieu mine. Near the site, the chalk water table currently fluctuates between 67 and 73 m asl [START_REF] Conil | An underground research laboratory at Château-Landon (France) to study the impact of climate change on the stability of abandoned mines[END_REF], while the alluvial water table, close to the level of the Loing, is around 65-67 m asl. Wells which were present inside the Beaulieu mine, attest that the water table was located at a depth of around 2 m during exploitation of the mine.

History of the extraction

At the outset, the chalk exploitation appears to have started as an open pit quarry. The underground extraction activity began in this sector in the middle of the 19 th century, via entrances dug at the base of the hillside (Figure 7). Along the Loing river, over one kilometre away, five other abandoned underground mines can be found, of which four have already collapsed. A single mine, the Royer mine, remains today, and is instrumented as an underground observation site [START_REF] Conil | An underground research laboratory at Château-Landon (France) to study the impact of climate change on the stability of abandoned mines[END_REF]. The exploitation was carried out in long vaulted galleries that were 3 to 5 m high, without any specific organization (Figure 7-a). The overburden varied from a few meters to about thirty meters in the deepest sectors (Figure 7-c). 

Chalk behaviour

Immediately after the collapse, simple compression tests were conducted on chalk samples taken from the collapsed mine. They were performed at different degrees of saturation (Sr). The resistance values obtained in saturated conditions were very low (ranging from 0.4 to 0.8 MPa). This chalk was shown to have a complex behaviour, and a sudden drop in resistance values was observed when the samples were "saturated by immersion". New tests were conducted more recently [START_REF] Delage | Comportement de la craie du site de Lorroy[END_REF], Lafrance et al., 2014) on samples taken from the neighbouring Royer mine. The authors showed that this chalk has a mean porosity (n) of 44% and a dry density of 1.5. The gradual decrease in compressive strength as the saturation level increases (Figure 8) was again demonstrated. [START_REF] Delage | Comportement de la craie du site de Lorroy[END_REF] showed a decrease from 1.3 MPa (for an Sr of 60%) to less than 0.5 MPa (about the values measured in 1910) when approaching full saturation. According to [START_REF] Lafrance | Study of the effects of water on the phenomena of rupture and deformation affecting underground chalk quarries[END_REF], the chalk from Château-Landon differs from other chalks mined in France by its higher sensitivity to water. In these tests, the saturation of a sample caused its strength to drop sharply from 3.5 MPa to 0.8 MPa. However, Figure 8, when the material is saturated, the rupture is not as clean, the chalk is crushed, and the material quickly enters plasticity and exhibits dilatancy before the rupture as indicated in Figure 8. In addition to laboratory tests in situ measurements of the volumetric water content of the chalk mass in the Royer mine were conducted [START_REF] Delage | Comportement de la craie du site de Lorroy[END_REF]. They show that the chalk is slightly unsaturated in the gallery wall (Sr=81%) and almost fully saturated at depth (Sr=96% at 3 m from the wall). The authors concluded that the outer surface of the pillars may have better mechanical properties due to the suction caused by desaturation in contact with the atmosphere, while the more saturated part at the heart of the pillar has a lower resistance. This results in a containment that allows the pillar to be maintained but conditioned by the hydric state of the structure, itself dependent on the inflow of water by capillarity from the water table (or from the surface by percolation) and the air humidity cycles in galleries (evaporation, wetting, etc.). The loss of resistance of the pillars during the 1910 collapse could thus be linked to the reduction of suction at their outer surfaces, caused by the hydric changes that occurred in the galleries when they were suddenly flooded by the rise of the water table.

and observations made in the Royer mine (stable at present) show that the following factors may play a main role and characterize the collapsed zone: areas with high excavation ratios, small-sized pillars with a relatively high slenderness ratio, exploitation of a material very sensitive to water, presence of a water table at shallow depth, presence of an cliff with an average dip of around 25°, presence of a north-south fracture parallel to the cliff with a dip of the order of 70°, and presence of a stiff bed in the overburden (limestone layer) of quite significant thickness (about 10 m).

The objectives of this back-analysis are to identify the predisposing factors and the triggering factors of the collapse, and to establish the most probable mechanism. Thus, it considers the mechanical properties of the chalk, the stability conditions of the underground mine and slope, as well as the effect of the presence of the fault. First, we study the influence of the chalk behaviour on the pillars: the mine geometry. Then, two groups of numerical modelling were carried out. The first group highlights the influence of the stiff bed, and the cliff presences. The second group studies the case of the Beaulieu mine collapse: the influence of cliff and fault presences. The result will be discussed to suggest a mechanism of the collapse.

Influence of the chalk -pillar strength

To study the influence of the strength chalk, the average vertical stresses in the Beaulieu mine pillars were calculated analytically by the tributary area method (Figure 9). The principle of the method is that a pillar takes the weight of overlying rock up to half distance of the rooms width surrounding it. The vertical stress (v) is given by the equation:

𝜎 𝑣 = 𝜎 𝑣0 1 -𝜏
Where v0 the initial vertical stress and  is the local extraction ratio of the mine. The initial vertical stress depends on the depth of the mine and the density of the overburden. The depth depends on the location of each pillar. The density is taken constant and equal to 20 kN.m -3 . The extraction ratio is:

𝜏 = 𝑆 𝑡-𝑆 𝑝 𝑆 𝑡
Where St the total surface and Sp the pillar surface. We locally calculated, for each pillar, the extraction ratio.

Examining the mine's archived plans and visiting the Royer mine provided information on the probable geometry and state of deterioration of the Beaulieu mine (Figure 6, state of the roof and pillars and orientation of fracturing in particular). Based on this information, the vertical stresses of the computed pillars correspond to the values following the excavation of the mine, taking their geometry and the thickness of the overburden into account. To calculate a safety factor (F= v/UCS), the vertical stresses were compared to the compressive strength (UCS) of chalk. Two configurations were analysed: firstly, the compressive strength is equal to 1.4 MPa, and secondly the strength is equal to 0.8 MPa corresponding to the saturated chalk. The comparison between the two configurations clearly shows that total saturation increases the number of unstable pillars. This phenomenon results in a decrease value of the calculated safety factor (Figure 9). However, this approach helps to better explain the failure of the southern part of the Beaulieu mine, but it does not explain the sliding of the cliff and the massive collapse that followed.

Figure 9. Evolution of the safety factor (F) of the pillars (using analytical approach: tributary area method) in the case of a drop in the compressive strength (UCS) of the chalk (1.4 MPa on the right and 0.8 MPa on the left).

Influence of Influence of stiff bed

The analytical calculation presented previously did not consider the effect of the overburden into account.

However, research suggests it likely plays a role in massive collapses. The analysis of the Beaulieu mine collapse zone's geology revealed the presence of a limestone stiff bed about 10 m thick above the chalk layer (see Figure 6). Figure 10 schematically shows the behaviour (subsidence) as a function of time, for a deformable and a stiff bed. The stiff bed initially undergoes weak deformations until failure, which is marked by a significant increase in deformation and brittle behaviour. This behaviour is also observed in massive collapses.

Figure 10. Difference in behaviour (subsidence) in the presence of a soft overburden and a stiff layer [START_REF] Whyatt | Mining Publication: Catastrophic Failures of Underground Evaporite Mines[END_REF].

To quantify the effect of the stiffness of limestone bed, a 2D numerical model was made with a thick bed in the roof, and a single rectangular cavity 10 m long, 5 m high, and located 30 m deep. The cavity is in the less rigid layer, the chalk layer. The model also considers the presence of a cliff measuring 35 m in height from the base of the mine (Figure 11). The configuration with a vertical cliff was compared with the configuration without a cliff. The simulation of the cliff was done by considering free horizontal displacements.

The cavity was taken to be sufficiently long to be able to use the plan strain hypotheses and to produce a 2D model.

The dimensions of the model were large enough compared to the dimensions of the cavity to avoid the effect of boundary conditions on the numerical results. The roof of the cavity was made up of three identical beds of 10 m thickness. The stiff bed was characterized by a Young's modulus (Er) "n" times higher than the underlying and overlying beds (Em). The weight of the terrain was considered as the only load. The Young's modulus of the bed located in the middle (Em) was equal to 1 GPa (corresponding to well-consolidated marly rocks) and that of the chalk layer was 0.1 GPa. The Poisson's ratio of the three beds was identical and equal to 0.25. The bulk density of each of the rocks was equal to 20 kN.m -3 .

Figure 11. Modelling of a cavity (model 1) in the case of a configuration with a cliff (on the left) or without a cliff (on the right) and a bed (Er) which is n times stiffer than the underlying and overlying terrain (Em).

For each configuration, three sub-configurations are -without a cavity and with stiff bed (SC-SB), -with a cavity and with stiff bed (AC-SB), -with a cavity and with homogenous terrain (AC-HM),

In total 6 configurations were analysed. In term of numerical results, Table 3 shows the maximum and minimum computed vertical and horizontal stresses for a stiff bed (SB) with a 100 times higher modulus than underlying and overlying beds. The great differences observed between these six configurations concern the horizontal stresses (of compression and traction). Even in the absence of a cavity, the presence of a vertical cliff generates tensile stresses (SC-TR: 0.63 MPa) which are in the stiff bed of the overburden. However, the presence of the cavity accentuates the tensile stresses in this stiff bed. The tensile stresses at the roof of the cavity increase from 0.35 MPa (AC-HM) to 1.13 MPa with a stiff bed (AC-SB), i.e. by 223%, and from 1.13 to 1.94 MPa with a cliff, i.e. by 71%, compared to a cavity dug in homogeneous ground without cliff. These tensile stresses favour the predisposition to collapse, particularly when they exceed the tensile strength of the stiff bed rock. The computed stress values are to be compared with the tensile strength of the rock, which is generally quite low [START_REF] Lafrance | Study of the effects of water on the phenomena of rupture and deformation affecting underground chalk quarries[END_REF].

Table 3. Comparison of the modelling results with and without a cliff (without cavity SC and with cavity AC)maximum and minimum stresses (horizontal and vertical) for a homogeneous medium (HM) and in the presence of a stiff bed (SB) with a 100-times higher modulus than underlying and overlying beds. To better understand the role of the stiff bed, its rigidity was varied from 1 to 100 GPa. Figure 12 therefore represents the evolution of the minimum horizontal stresses (traction) and maximum horizontal stresses (compression). It clearly shows that the magnitude of these stresses increases as the rigidity of the stiff bed increases. The stiff bed as well as the overburden behave and deform like a bending bed, with the semi-rigid supports (the pillars), following excavation of the cavity. The deformation of the stiff bed depends on the supports (chalk layer) and the size of the cavity. The horizontal stresses in the stiff bed, due to the bending, depend on its thickness and Young's modulus. The relationship between the Young's modulus and the stresses is parabolic, as shown in Figure 12.

Figure 12. Evolution of the minimum (traction, sxx (min)) and maximum (compression, sxx (max)) horizontal stresses in the stiff bed (for n varying from 1 to 100). The correlation between the stresses and the ratio n a second-degree parabolic function (poly).

Influence of the slope of the cliff

The goal of this section is to quantify the influence of the cliff which can induce a high concentration of stresses and an inclination of the main stress which is accompanied by shearing at the pillars level closer to the slope. The cliff is given as vertical in the first model (Figure 11). To study the effect of the cliff and especially of its slope in the presence of a stiff bed, a second conceptual numerical model has been produced in which a slope of the cliff is considered () varying between 15° and 90°. The stiff bed was kept at its maximum rigidity, i.e n=100 (Figure 13).

Figure 13. Model 2: influence of the slope () with an isolated cavity and a stiff bed (n=100)

Figure 14 represents the evolution of the stresses (horizontal and vertical) in the stiff bed as function of the cliff slope. The green line separates both configurations: the cavity is under the slope, or the cavity is under the plateau.

The stresses before the excavation of the cavity, i.e. the initial stresses, were compared to those induced by the excavation. These results allow to formulate two important observations: before the excavation, the compression and tensile stresses increase as a function of the angle of the cliff slope up to 35°, then they remain constant from 35° to 55°, and decrease beyond 55°. The excavation of the cavity induces compression and tensile stresses that are slightly dependent on the presence of the cliff. The combined effects of the cavity and the cliff are maximal for a slope between 30 and 50°. 

Global model and mechanism of the collapsed mine (1910)

The preceding results demonstrated how the saturation of the chalk and the presence of the cliff and stiff bed affect the stress field. In this section, a 2D model of the Beaulieu mine collapse in 1910 was created which integrates a fault that crosses the overburden and various beds within, as well as the cliff (Figure 7). This model was developed based on observations and new data from the Royer mine, which highlighted a North-South fault, inclined at 70° with respect to the horizontal. Table 4 shows the mechanical properties of the chalk, and of the overburden, derived from laboratory characterization tests and the literature [START_REF] Renaud | Understanding the instability mechanisms of chalk mines in presence of water (France). 14 Inter. National Congress on rock Mechanicks and Rock engineering[END_REF] Figure 15 shows the results obtained for the four calculation phases. It is noted that horizontal tensile stresses develop in the stiffer beds (limestone and puddingstone) and are slightly greater when the chalk is saturated. The presence of the fault also changes the distribution of stresses, with the area behind the fault exhibiting significantly lower tensile and compression stresses. The horizontal compression stresses of the pillars are lower than in the case without cliff or fault. On the other hand, the vertical stresses increase in the pillars located just after the fault. Furthermore, the vertical stresses at the level of the fault plane are normal tensile or compression stresses of low amplitude. The relaxation of the fault, or the decrease of the vertical stress, is maximal after phase 3, for which the angle of friction of the fault is reduced to 10°. This configuration, corresponding to a fault that crosses the mine and which is located inside the rock mass, seems to be the most critical.

Figure 15. Distribution of the horizontal and vertical stresses for the four calculation phases.

This analysis, done using numerical modelling, shows that the presence of a cliff and a fault modifies the state of the stresses in the rock mass before the mine excavation. This excavation, followed by the degradation of the fault's properties and the saturation of the pillars, induces an increase of the tensile stresses in the stiffer limestone and puddingstone beds of the roof (with the beds acting as beams). The deformation of the pillars by water saturation induces a bending behaviour in them. This deformation will increase and lead to the appearance of tensile stresses until failure. Since the friction angle of the fault is small (reduced by the action of water), it is equivalent to a low shear strength of the fault plane. The normal stresses in the fault zone are tensile because of the presence of the cliff and the mine (excavation). In this situation, the fault is no longer contained and can easily favour the sliding of the mass located above the mine. This sliding, which is both horizontal and vertical, results in the crushing of the mine pillars that are located between the cliff and the fault. This mechanism, demonstrated by numerical computations, was observed in the collapse of the Beaulieu mine in 1910 -the sliding (free rupture) of the cliff is clearly visible in the photos of the collapse taken at the time. Water played a major role in this analysis and its effect was introduced via two mechanisms: reduction in the chalk strength and degradation of the friction properties of the fault. In these computations, water is the triggering factor. The other predisposing factors, such as the presence of the cliff, the fault, and the stiff beds, are aggravating predisposing factors. The failure mechanisms are schematically displayed in Figure 16: the cliff modifies the distribution of stresses in the chalk mass and within the pillars, the stiff beds promote the concentration of tensile and compression stresses, while the fault breaks the continuity of the mass and accentuates the effect of the cliff and the stiff beds. This study clarifies the effect of the fault observed by [START_REF] Renaud | Understanding the instability mechanisms of chalk mines in presence of water (France). 14 Inter. National Congress on rock Mechanicks and Rock engineering[END_REF].

Thus, the action of water (by percolation from the surface or flooding of the pillars from the water table) weakens the existing equilibrium. The very rapid and sudden reduction in the properties of the chalk mass and the fault can thus lead to a massive collapse of the mine. Given the results presented, two hypotheses can be put forward concerning the kinetics of this collapse: (1) the sliding of the cliff caused the collapse of the pillars weakened by their saturation and consequently the collapse the mine, and (2) failure of the pillars promoted the sliding of the cliff at the level of the fault plane, the shear strength of which had been weakened by the percolation of rainwater.

Conclusions

This article presents a study on the massive collapse of underground mines extracted by the room and pillar method and the role of the presence of a cliff and a stiff bed as predisposing factors. In 1910, the centennial flood of the Loing River induced the collapse of the Beaulieu underground chalk mine at Château-Landon, followed by a largescale landslide that destroyed the Loroy hamlet. In the initial analysis, the collapse was attributed to the behaviour of the chalk as well as the climatic conditions, which induced a sudden rise in the chalk water table. Nevertheless, this analysis did not explain the landslide of the entire cliff concomitant with the collapse. In fact, the modification of the stress field at the edge of the slope and the geology were not investigated. A new retro-analysis (analytical, finite, and distinct elements) was carried out to identify the influence of the extraction ratio, the presence of a stiff bed in the overburden and a cliff and a fault crossing the mine, on the stability of the pillars and more generally on the mine.

The results obtained demonstrate the importance of the geometric configurations of the site for the development of such phenomenon, in particular the cumulative effects of the excavation (extraction ratio), the cliff, and the stiff bed presences. Consideration of these factors makes it possible to demonstrate the development of specific stresses and especially tensile stresses in the overburden. Water also plays a significant role on the behaviour of the chalk and the fault promotes shear stresses. These cumulative factors therefore increase the risk of a large-scale collapse. Thanks to the results obtained, a scenario for the sliding and collapse of the Beaulieu mine at Château-Landon has been put forward. The fault plays a part in the sliding of the mass which is weakened by weak pillars. When it has a high dip (70°) and an angle of friction reduced by the action of rainwater, the fault constitutes a privileged sliding plane, and the foot of the embankment is weakened both by the voids in the mine and by the reduction of the strength of the pillars. This collapse/sliding is the result of a combination of predisposing factors (geometry of the mine, extraction ratio, nature of the chalk), aggravating factors (cliff and fault), and triggering factors (water). Thus, it has been shown that water could have played two main roles: reduction of chalk strength by saturation and reduction of the shear strength fault by percolation from the surface.

From a methodological perspective, this study has shown that the evaluation of the stability of abandoned underground mines rests on three concepts: the estimation of the stress state of the pillars, the strength of the pillars, and the feedback from the analysis of similar configurations. In this paper we have worked with these three concepts, integrating the geometry of the pillars (and particularly their slenderness), the presence of a cliff as well as a significant discontinuity crossing the massif which could be a fault.

Figure 1 .

 1 Figure 1. In-situ observation (on the left) and theoretical model (on the right) of a massive collapse by crushing of the pillars with the creation of a discontinuous subsidence on the surface (PPRN, 2008).
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  Historical massive collapse (1910) of the Beaulieu chalk mineIn 1910, the sliding of a cliff undercut by the underground Beaulieu chalk mine in Château-Landon (Seine-et-Marne, France) caused the death of 7 people and considerable material damage (Figure3). The catastrophe was characterized by the massive collapse of the hillside and by a landslide near the base of the slope (Figure4). The volume of material suddenly set in motion was of the order of 100 000 m 3. The collapse of the chalk mass extended linearly over about 100 m and the tearing surface, about 20 m high, was set back about 40 m from the original edge of the hillside.

Figure 3 .

 3 Figure 3. Location of the collapsed Beaulieu mine in Château-Landon in the south of Paris (France)

Figure 5 .

 5 Figure 5. Relationship between rainfall (Precipitations) and water level of the Loing during the 1910 flood (in Gombert and Cherkaoui, 2011). The date of the Château-Landon massive collapse is represented by a yellow diamond.

Figure 6 .

 6 Figure 6. Left-Extract from the geological map of Château-Landon (BRGM) (the land shown in pink is Oligocene limestone and sand which does not appear perpendicular to the Beaulieu mine), right-Section of the geological layers.

Figure 7 .

 7 Figure 7. (a) Plan view of the Beaulieu mine and position on the current land registry, (b) recent location of the mine area and (c) schematic cross-section specifying the mine, the geology, and the location of the fault.

  Figure 8. Chalk behaviour, (a) Ruptures of the Château Landon chalk and (b) results of the simple compression tests done at different saturation levels, Sr (Delage et al., 2011).
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Figure 14 .

 14 Figure 14. Model 2: variation of maximum stresses (horizontal (sx) and vertical (sy)) in the stiff chalk bed (n=100, where n is the stiffness ratio) as a function of the cliff slope for two configurations; cliff without cavity (F) and cliff with cavity (C+F).

  . The properties of the discontinuities, mainly stiffness and strength for both faults and layers, are practically unknown, and thus, common values were considered. The Mohr-Coulomb elastic-perfectly plastic constitutive model was used for all materials. The selected parameters of the fault are based on the experience of the authors and the literature (Al[START_REF] Heib | Analysis of Faults' Effect on the Stability of Surface Lignite Mining Areas Using the Distinct Element Method[END_REF]. The model includes four calculation phases: the initial state (a cliff cut by a fault, without mine), the excavation of the mine in one go, the reduction of the friction angle of the fault -initially at 30° -to the value of 10° (simulating deterioration due to heavy rainfall causing percolation water to enter the fault), and finally the reduction of the properties of the chalk, but only in the pillars reaching saturation to simulate an inflow of water into the mine. The reduction of the friction angle of the fault is arbitrary. Note that phases 3 and 4 can be interchanged or executed in a single phase (deterioration of the friction angle and saturation of the pillars -in other words, reduction in the chalk resistance).

Figure 16 .

 16 Figure 16. Mechanism of mine rupture (collapse)combination of predisposing and triggering factors.

  

  

  

  

  

  

Table 1 .

 1 Examples of massive collapses in various countries over more than a century

	Year	Country	Material	Collapse	Maximal	Damage	and	Refernces
				surface	depth	consequences		
				(ha)	(m)			
	1885	France	Limestone 5	70	14 victims and 10 houses		
	1910	France	Chalk		30	7 victimes and several houses		
	1923	France	Limestone 0,3	20	2 victims, 2 enjuried, 1 house, 1 road	PPRN
	1958	Italie	Marle	1	45	Road completley destriod		Longoni et al., 2016
	1960	Chine	Coal	2.4	38-55	4 victims, 11 enjuried Cui et al., 2014
	1960	Afrique de Sud	Coal	300	150			Szwedzicki, 2001
	1994	Chine	Coal	2.8	30-40	23 victims, 23 enjuried, 20 houses.	Cui et al., 2014
	1961	France	Chalk	3		21 victims et 50 enjuried, severla houses		Al Heib et al., 2015
	1986-1999	Espagne iron	0.3 and 0,1	100	1 road and mining installations	Trigueros et al., 2021
	1988	Pay-Bas	Chalk	0.4	17-24	1 restaurant		Bekendam, 2020
	2011	Italie	Chalk	1.17	10-25	Several buildings		Fazio et al., 2017
	2011	Iran	Chromite 0.4	< 100			Dehghan et al., 2013
	2015	Belgique Chalk	1.2	20-30	Train line		Georgieva et al., 2020
	2015	Etats-Unis	Limestone 3 ha	120 m	3 injured minors		Esterhuizen et al., 2018

Table 2 .

 2 List of the main predisposing and triggering factors of massive mine collapses

	Predisposing factors		Triggering factors
	Mining geometry	High extraction level High slenderness pillar Irregular pillars	Dynamic actions	Natural seismicity (Italie et Japan), De Lucia et al., 2022 Traffic Induced seismicity
	Geology	Stiff beds Complex tectonic environment and faults	Water	Flooding Heavy raining Leakage of surface networks (water, sewage, etc.)
	Material characterisations	Brutal and creep behaviour High water sensitivity	Climatic (heavy rainfall, drought, etc.) and environmental factors (aging and erosion), (Castellanza et al. 2018)

Table 4 .

 4 Mechanical characteristics of the chalk and overburden (equivalent parameters calculated from the Mohr-Coulomb theory).

	Rock	Density Young	Poisson	Cohesion	Friction	Compression	Tensile
			Modulus	ratio			angle	strength*	strength
	Unit	kN.m -3	MPa		MPa	(°)	MPa	MPa
	Chalk	20	500	0.22	1		30	3.5	0.2
	Saturated	20	100	0.23	0.35		30	0.9	0.2
	chalk							
	Poudingue 22	2000	0.30			Elastic	
	Limestone 25	4000	0.30				
	Table 5. Mechanical characteristics of the fault.				
	Joints/fault	Normal	Tangential	Cohesion	Friction	Tensile
			stiffness	stiffness				angle	strength
		Unit	MPa.m -1	MPa.m -1			MPa	(°)	MPa
	Fault		298	205				30
	Degrade fault	298	205				10
	Horizontal Joints 2500	1150		5		45	5

Back-analysis of the collapse(1910) While several analyses have been done to try to explain this collapse, they do not make it possible to formulate a definitive conclusion regarding the scenario at the origin of the collapse. The analysis of the Beaulieu mine collapse
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