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Modelling propagation of sinkhole, in both slow and dynamic modes, using the UDEC computer code. (Methodology and application)
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The propagation of sinkhole phenomena towards the surface is a fairly complex phenomenon, with the potential to cause damage to surface structures within the affected area. Using numerical modelling a methodology has been developed which makes it possible more closely to specify the conditions in which sinkhole forms and to propose a prediction model. The UDEC code is used. An actual case of sinkhole in the Paris region (Vachat, 1982) has been used as a basis for the study. We simulated the predicted collapse mechanism and the profile of the sinkhole itself. The influence of a surface structure was also examined. The modelling process in static and dynamic modes was developed in order to simulate the ways in which sinkhole forms. As regards dynamic modelling, we determine the relevant parameters: critical damping and fundamental frequency. The dominant point in this method is that induced fractures in the roof strata overlying underground excavations -the root cause of sinkhole -are created by hand. The fractures were induced using the criterion whereby a zone is formed in which the failure criterion is exceeded. The comparison between observation and the modelling results is very satisfactory. It may be noted that the numerical modelling and the methodology used enabled us to determine the shape and parameters of the roof "bell" and of the zone of sinkhole. We were also able to confirm the influence of external loads that might facilitate development of the sinkhole. A feature of dynamic (rapid) appearance of sinkhole is apparently that it takes place on a bigger scale. Incidentally such an approach could be used to examine the consequences for structures.

INTRODUCTION

When ground -frequently stratified -collapses owing to the presence of underground voids, particularly in shallow mines and quarries, the phenomenon propagates upwards in a bell-shaped profile and can induce sinkhole at the surface (fig. 1). Underground the bell-shaped profile is usually characterised by its height (h), its diameter (D) and an angle that serves to indicate the shape of the bell (a). At the surface, sinkhole is characterised by its depth (P) and diameter (<j)).

Observations of different cases of sinkhole have been used to propose empirical prediction equations (Vachat, 1982). Although pragmatic, this approach is not accurate enough and is limited to areas that are geologically uniform and hence fairly limited in extent. Approaches based upon the strength of materials are often used for these predictions [START_REF] Didier | Comportement des ouvrages historiques soumis à des sollicitations sismiques[END_REF].

These types of sinkhole are frequently the cause of more or less substantial damage depending on their dimensions and on the type of structure (fig. 1). Any attempt to improve the behaviour of structures, once sinkhole has appeared, is a tricky business. This article seeks to improve the prediction of sinkhole development and its consequences for structures (fig. 1) using modern methods (numerical modelling using distinct elements, UDEC). This new approach makes it possible to determine the probable profile of die sinkhole and to specify the influence of structures according to the behaviour of the ground.
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The failure mechanism involved in sinkhole, in the case of stratified rock, is die yielding of the different roof strata [START_REF] Peng | Predicting surface sinkhole for damage prévention[END_REF]. It is possible, using the finite element method in the UDEC code (Itasca), to localise the failure zones where the criterion is exceeded.

On the other hand it is not possible with UDEC to create induced fractures within diese zones. For simulating the failure of the strata, the possible fall of blocks, and the appearance of sinkhole at the surface, we propose to generate these fractures by hand.

We assumed that rock failure was likely to occur when plasticity developed along the cross-section of a given block. On the other hand if the areas of plasticity are discontinuous, we shall speak of partial failure (partial fracturing), and the block concerned is regarded as not undergoing any geometrical change. This is a progressive approach: we begin the process with the first block in the roof and then apply it to the others. The analysis terminates when no more new fractures can be created using the above criterion.

DESCRIPTION INVESTIGATED OF THE CASE

Description of the site and properties

For the purposes of this methodological study, we turned to an actual case of sinkhole in the Paris region. The quarry involved was shallow (8 m) and had been excavated using the room and pillar method. The depth of the block worked did not exceed 2 m, giving a ratio of overburden to gallery height of less than four. The sinkhole had a diameter of 2.5 m and a depth of 2 m (Vachat, 1982). The bell profile formed was characterised by an angle of 80° at the base. The overburden consisted of a series of blocks of limestone, marl and clay.

Simulating the case using UDEC

The aim is to produce a model to simulate the development of sinkhole. Sinkhole usually has a conical profile. The model adopted in two dimensions is based upon the assumption of plane deformations. This assumption is more pessimistic than that of axial symmetry (not available in UDEC), a fact confirmed by Mandel (1966) who compared the two solutions for a cylinder and a sphere. The equations for the stresses (OQ and CT r ) given below are for a semi-infinite cylinder of radius (a):

O t tunnel = G 0 (l-a 2 /r 2 ), 2?/1 7 ). tunnel = (1) (2)
The equations for the distribution of the stresses (Oe and a r ) around a sphere of radius (a) that represents the model with symmetry of revolution are:

r sphere = C o (l-a V r 3 ),
Figure 2 shows a comparison of the solutions for the two approaches. It can be seen that the difference is significant, particularly at a distance of one to two times the radius of the cavity Figure 2 : Distribution of stresses, for a = lm and Ob = -IMpa.

Law governing the behaviour of materials

The model is elastic-plastic with behaviour of the softening type (negative work-hardening). This represents the behaviour of the rock under stresses that are induced in the vicinity of the underground workings (Piguet 1983 and[START_REF] Fine | Le soutènement des galeries minières[END_REF]. In the plastic zone, the work-hardening variable depends on the plastic distortion (Prévost and Hoeg, 1975). The variation in cohesion (C), the angle of friction ((p), the tensile strength (Gi), and expansion (l|/) as a function of the plastic deformation (£ p ), are shown on figure 3. In certain cases, the initial values of C and (p fall by half with the value G r falling to zero, for a value of plastic deformation (8 P ) of 1% [START_REF] Tharp | Design against collapse of karst caverns[END_REF]. These factors are taken into account in our study.

Law governing the behaviour of junctions

Force-displacement equations are used in UDEC to indicate the behaviour of junctions. We used an elasticplastic law with variable stiffness (a function of the stress normal to the junction plane G n , jK = aG n b

). The values of (a) and (b) are functions of the stiffness (normal or tangential) respectively. They are given by the following equations:

=100<T jK a =100<T 2 n , ( 6 
) (4)
Figure 4 shows the model adopted. It is recalled that the angle of friction of the junctions (j(f>) were obtained by Filliat (1984) and [START_REF] Fine | Le soutènement des galeries minières[END_REF]. We also assumed that the simple tensile strength (j<J t ) was zero, cohesion (jC) negligible, and the angle of expansion of the junctions as given in the UDEC manual [START_REF] Itasca | UDEC (universal Distinct Element Code). Version 3, Volume I et II. Mandel[END_REF].

For the purposes of this modelling process, it is necessary to estimate the tensor of the initial stresses (no measured data are available). We assumed that the ground was subjected to its own weight and therefore to a vertical stress of pyh and a horizontal stress of 0.3 pyh.

Results of the simulation (formation of sinkhole)

Figure 5 represents the potential zones of failure following simulation of the excavation of the gallery. It can be seen that the first block is liable to fracture in two zones. These failure zones are replaced by two fractures forming a central block and two parts that appear to overhang (figure 6).
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After creating these fractures, a new stage of calculation is undertaken with a further analysis of the zones of plasticity in this intermediate stage. The presence of new zones means that the creation of new fractures is repeated up to equilibrium and the complete stability of the roof with or without the appearance of sinkhole at the surface (fig. 7).

Figure 8 shows the final shape of the cavity after the seven phases of calculations. Equilibrium has been reached following the failure of the 7 th block (fig. 8). It will be noted that the failure zones cannot generate further blocks.

In conclusion, no sinkhole has reached the surface. HoeScNo.9

Block No,a 10m 7,6m In this configuration, the bell shape is characterised by a height (h) of 6 m, a base angle (OC) of 76° and a diameter at the base (D) oi l.6 m.

Table 3 shows the lengths of different blocks in the roof.

It can be seen that the span of the blocks diminishes as we approach the surface. 

Block

Simulation of a surface structure in the model

To examine the influence of aggravating factors on the speed of propagation of die sinkhole to the surface, and on the resulting consequences for the structures affected, we simulated the presence of a four-storey building above the underground cavity. Figure 9 shows a plan view of one floor of the building with the data necessary for calculating the loads acting on the pillars Pi, P2 and P3. The transverse section (X-X) shows the loads transmitted to the ground at the foundations (A, B and C). The transmitted loads are calculated in a simplified manner. The results show a load of 100 kN under the foundations A and C and a load of 200 kN under the foundation B. 

Analysis of the final configuration

The procedures indicated earlier are applied to the new model, to establish the same criterion for generating fractures. Figure 11 shows the configuration of the sinkhole. This is generated beneath foundation A in the centre of the model.

The bell-shaped sinkhole formed is characterised by: a height (h) of 8 m, a base angle (a) of 76° and a diameter at the base (D) of 7.6 m. The form of the sinkhole is characterised by a diameter at the surface (<))) under foundation (A) of 1.5 m. The mean lengths of fractured spans in the roof blocks (with structure) are shown in table 4, from the bottom up. Comparison of tables 3 and 4 shows that the blocks of depth gi'eater than 3m are unaffected by the presence of the building. The lengths of the failed spans are the same in the two models. This may be explained by the width of the foundations (1=1 m), and the influence of the loads does not exceed a depth of 3 times 1 (= 3 m in the particular case examined). For the other blocks however, the influence of the building shows up clearly as an increase in the length of the failed spans and by the occurrence of sinkhole (fig. 11).

SIMULATION IN DYNAMIC MODE

The aim of this simulation is to investigate the rapid formation of sinkhole. We assumed that there is not sufficient time for the rock mass to damp out the shocks induced by the failure of the roof blocks. This type of calculation requires data such as the fundamental frequency (f p ) of the model and its critical damping (^c).

Sizing the dynamic model and the calculation mesh

In order to meet the requirements of the dynamic mode calculation, the model has to be resized: the dynamic calculation is affected to a greater extent by the size of the model and that of the mesh (due to wave reflection).

Figure 12 shows the cross-section of the model together with the proposed mesh (table 5) which will be validated numerically after calculating f p .

For the dynamic mode calculation to be reliable, the maximum size (T) of the zones (or elements) should not exceed approximately 1/8 of the wavelength (À.) to be 

Calculation of critical damping (£ c )

The value of critical damping can be selected from experimental values found in the literature. The value taken was between 2.5 and 5%. For f p < 10 Hz, it is necessary to multiply t,c by two (El-Shabrawy 1996).

Calculation of the fundamental frequency (f p )

Calculating the value of f p involves looking for the fundamental frequency of the system (the lowest frequency). To do this, we carried out a calculation without damping by applying only static loading, and then recorded the system response (speed or displacement) at any point (fig. 13). Since there is no damping, the system oscillates freely and its fundamental frequency can be determined from observation of its oscillations (El-Shabrawy, 1996).

Zero damping should always be introduced after simulating the excavation, however one may wonder whether this phenomenon takes place before or after static equilibrium. The dynamic effects of an earthquake are often introduced after static equilibrium. In our case, zero damping is applied with respect to two options: the excavation carried out without induced fractures (fig. 5) and the second after formation of the bell shape (fig. 8).

Calculation of f p was done at two points in the model P (10; 9.5) and Pi(0; -45) as shown in figure 12. The point P is placed above the gallery in order to optimise f p in the zone of high perturbation. Pi however is placed at the bottom of the model in order to optimise f p in the zone of low perturbation. Figure 13 shows how the velocity varies as a function of time at the points P and Pi for zero damping. The two figures (13-a) and (13-b) are obtained for the first option. The resulting values for f p are 17 and 20 Hz respectively. The two figures (13-c and 13-d) correspond to the second option. The result is values of f p of 4 and 10 Hz respectively. We can see therefore that f p varies between 4 and 20 Hz (fig. 13). This variation is due to the method of applying zero damping and to the behaviour of each stratum (block), particularly in the zones that are affected or perturbed by the excavation.
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The mesh used is in fact verified for the minimum velocity. From figure 13 it can be seen that the minimum velocity of the wave is that of figure 13-d). The time the wave takes to reach the point Pi is 0.1s. The distance between the origin of the frame of reference (fig. 12) and Pi is easily calculated (d = 45 m). We conclude that the velocity of the wave is about 450 m/s. We can say then, from equation ( 10) and putting f max ( = fP = 10 Hz) that the mesh size should be < 5.6 m (T < 1/8.450/10 => T < 5.6 m). Accordingly the mesh used (table 5) meets the conditions required for a dynamic calculation.

Calculation method

The dynamic simulation was done for four modes, each mode being characterised by the values of < f y and f p (fpnmx-20 and fpmm = 4). It will be noted that modes 1 and 2 correspond to dynamic behaviour only after the appearance of the sinkhole, while modes 3 and 4 correspond to dynamic simulation of sinkhole and the excavation. Table 6 shows the parameters used for each mode. 

Simulation

Analysis of the final configuration

We applied the procedures indicated in paragraph 5. The results for the different modes of dynamic simulation (table 6) concern the shape of the sinkhole "bell" and are given in table Table 7 and figure 14 show the shape of the sinkhole bells together with the relevant parameters. Depending on how the model is simulated dynamically, the diameter of sinkhole at ground level varies between 1.4 and 3.2 m.

The realistic cases (modes 3 and 4) correspond to bigger sinkhole bells than cases (modes 1 and 2). It may be noted that the results (sinkhole bells) as well as the surface movements vary substantially according to the simulation method used (pessimistic or optimistic) and the critical damping value applied.

Analysis of the final configuration with structure

The configuration of a void with a structure is modelled in dynamic mode ( § 7.5). Table 8 and figure 15 show the results: it can be seen that the sinkhole at the surface has a diameter varying from 2.2 to 3.2 m. The influence of the structure appears in modes 1 and 2 corresponding f p =4 and low critical damping. The simulation of the model for dynamic excavation (modes 3 and 4), despite the increase in £, caused considerable perturbation in the roof blocks and very high stresses. The influence of the loads in this type of structure on the block failure processes in negligible. The influence of the structure on the failed spans is also negligible. 

COMPARISON OF THE SIMULATION RESULTS WITH OBSERVATIONS

We shall refer to the case investigated by Malakoff: this was sinkhole 2.5 m in diameter at the surface and 0.5 m in depth. In order to compare the results obtained with the model and observations, we show table 9 which gives the values obtained for the shape of the bell and sinkhole for all the calculation modes (mean value in dynamic behaviour): 

Comparison with the calculation in static mode

For static behaviour, and contrary to observation, no sinkhole was observed when no structure was present (table 9). The presence of a structural load led to the formation of sinkhole at the surface, but of smaller diameter (1.4 m rather than 2.5 m). The gap between observation and simulation is narrower. This confirms the influence of external loads on the formation of sinkhole. The values of 0C (=76°) and D (=7.6 m) can be used to calculate the maximum geometrical height of the "bell" (li c ) [given by Vachat (1982)]. We have h c = D.TgOC/4, or 7.6 m. This value is the order of magnitude of those obtained by simulation. The following remarks are relevant: the ingress (or presence) of water, the loads applied and collapse events at the surface all play a predominant role in the ascent of the "bell" (Vachat, 1982). However, these factors were not modelled.

Comparison with the dynamic calculation

The results in dynamic mode are closer to observation. The dimensions of the sinkhole are greater. These dimensions are increased further by the combined effects of the structure and the speed of appearance of the sinkhole. The diameter is higher than or equal to that observed in site.

INDUCED CONSEQUENCES (OR GROUND-STRUCTURE INTERACTION)

In order to evaluate surface movements and the consequences due to the appearance of sinkhole, it is necessary to introduce the parameters of the subsidence depression (displacement, deformation, gradient, and so on), pointing out that the appearance of sinkhole at the surface causes a change to this depression and, naturally, to these parameters [START_REF] Bibliography Al-Heib | Effets et conséquences des mouvements du sous-sol sur le bâti. Synthèse des principales méthodes de prévention et de protection[END_REF]. These changes may be limited to the vicinity of the sinkhole diameter (discontinuous movements). Beyond this, the characteristics of the depression and the rate of change of its parameters normally remain unchanged (fig. 16).

Figure 16 shows the half-profiles of vertical displacement (d 7 ) and horizontal displacement (d x ). It will be seen that the slopes of the vertical and horizontal displacement curves in dynamic mode are greater than those in static mode. Table 10 shows the displacements and deformations at the locations of the foundations A, B and C: It can be seen that:

^ the dynamic calculation causes heave at foundation (C), apparently due to substantial collapse of the ground after appearance of the sinkhole;

^ the maximum values induced at foundation C are due to the static calculation;

S the deformation induced at the foundations is practically negligible. This is confirmed in practice (rigid foundations prevent or minimise the deformation of the ground, see Deck 2002). These remarks suggest that the dynamic behaviour induces more substantial consequences.

In table 10 the term sinkhole indicates that sinkhole has completely damaged foundation (A). Its stability could be assured by appropriate methods [START_REF] Bibliography Al-Heib | Effets et conséquences des mouvements du sous-sol sur le bâti. Synthèse des principales méthodes de prévention et de protection[END_REF], for example:

S filling the underground cavity by injection;

S building a special foundation to prevent this occurrence (fig. 17a);

• S building the structure over an overall raft (fig. 17b) or with a gantry structure (fig. 17-c) to resist the collapse of the ground under the foundation. As far as foundations B and C are concerned, their size will accommodate the relevant movements.

CONCLUSIONS AND OUTLOOK

The study was able to:

S simulate and provide understanding of the phenomenon of the ascent of the "bell" as a result of the manual creation of induced fractures;

S predict the form of the propagation of the sinkhole towards the surface;

S show that the presence of a structure at the surface can accelerate the movement of the void towards the surface (aggravating factor);

S confirm that the sudden failure of roof blocks applied in the dynamic calculation generates resonance forces that enhance the growth of the underground void;

S predict the shape of the settlement depression and deduce the movements induced in the affected structures.

The calculation procedures used represent a novel method for predicting the appearance of sinkhole and for evaluating its induced consequences in affected structures. This modelling approach could not be generalised unless applied to several cases. The aim is dierefore to extend this methodology so as also to encompass parameters related to the environment (ground, structures, and so on).
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 1 Figure 1 : Development of sinkhole and induced consequences.
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 3 Figure 3 : Relations between C, (p, G t , \|/ and S p .
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 5 Figure 5: Location and creation of induced fractures.
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 6 Figure 6: Intermediate phase of creating induced fractures.
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 7 Figure 7: Intermediate phase of the final calculation.
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 8 Figure 8: Final configuration for the case examined.
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 9 Figure 9: Illustration of the simulated building.Owing to the difficulty of simulating structures in UDEC, the load of the structure is simulated by applying normal stresses, like boundary conditions, equivalent to the loads calculated in the previous paragraph. These are placed (fig.10) respectively above the centre of the gallery (100 kN), above the right-hand boundary (200 kN) and 4 m from the right-hand boundary (100 kN), each 1 metre wide.
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 10 Figure 10: Incorporating the building in UDEC.
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 12 Figure12: Cross-section and mesh used for dynamic calculation.
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 14 Figure 14: Final dynamic configuration.
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 15 Figure 15: Final configuration in dynamic mode with structure.
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 16 Figure 16: Variations in the half-profiles of displacements.
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  Parameters for deformations induced by the sinkhole.

FigureFigure 17 :

 17 Figure 17-a: Special foundations
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Table 1 :

 1 Mechanical and geometrical properties of materials.

	Junction No	1	2	3	4
	maxjk n (Mpa)	30	40	60	80
	maxjk s (Mpa)	15	20	30	40
	minjk n (Mpa)	20	30	50	60
	minjk s (Mpa)	10	10	30	30
	J<P (°)	20	20	20	22
	jo, (MPa)	1	1	1	1
	jC (MPa)	100	100	100	100
	V(°)	10	10	10	10

' ' • i . ' . " ÎX 1 -é r ' W«..r .. UlHi~~ . . sfy.% 7%*çT-Figure 4: Cross-section and materials in UDEC. The properties of the junctions between strata are shown in table 2. The maximum and minimum values of normal (maxjKn and minjK n ) and tangential (maxjK s and minjK s ) stiffnesses are functions of the values of K and G for the corresponding materials (based upon experience).

Table 2 :

 2 Mechanical properties of junctions.

Table 3 :

 3 Lengths of failed spans.

	No.	Block depth (m)	Length of failed span (m)
	1	7.25	7.60
	2	6.00	7.10
	3	5.00	6.20
	4	4.20	5.40
	5	3.00	3.84
	6	2.50	2.50
	1	2.00	1.00
	8	1.00	0.00
	9	0.00	0.00

Table 4 :

 4 Lengths of failed spans (with structure).
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	Figure 11: Final configuration with structure.
	Block No.	Block depth (m)	Length of failed span (m)
	1		7.25	7.60
	2		6.00	7.10
	3		5.00	6.20
	4		4.20	5.40
	5		3.00	4.84
	6		2.50	4.30
	7		2.00	4.10
	8		1.00	2.80
	9		0.00	1.50

Table 7 :

 7 7: Shape of the bell and the sinkhole in dynamic mode.

			Simulation	Sinkhole 4>(m)	h(m)	Shape of bell <x(°)	D(m)
				Mod.l	1.4	8		76	7.6
				Mod.2	1.0	8		76	7.6
				Mod.3	3.2	8		82	8.2
				Mod.4	2.4	8		76	7.6
			!Surface	1.4m		[Surface		10m
	f p =20Hz	-	-	i L 7.6m Quarry	Modi 10m		76°	7.6m	10m
								Quarry	Mod.2
			Surface	3 2m		(Surface		2.4m
					10m				10m
				7.6m				
							76°7.6m
				Quarry	Mod3			
								Quarry	Mod.4

Table 6 :

 6 Different models simulated dynamically.

Table 8 :

 8 Results in dynamic mode with structure.

Table 9 :

 9 Results and observations for the profile of the sinkhole.

		Mode	(m)	Shape of bell h(m) a(°) D(m)
	Without	Static	0.0	6	76	7.6
	structure	Dynamic	2.0	8	78	7.6
	With	Static	1.4	8	76	7.6
	structure	Dynamic	2.5	8	78	7.6
		Observations	2.5	8	80	7.5