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INTRODUCTION

It is widely acknowledged that chalk cliffs along the English Channel are actively eroding (e.g. [START_REF] Ifen | Un quart du littoral Français recule du fait de l'érosion, Le 4 pages de l'IFEN[END_REF]. So far, long-term cliff-retreat rates have been quantified by mapping the receding position of cliff tops from historical aerial-photographs or coregistered historical topographic maps (e.g. [START_REF] Costa | Dynamique littorale et risque naturel : l'impact des aménagements, des variations du niveau marin et des modifications climatiques entre la baie de Seine et la baie de Somme[END_REF]. Studies like Costa's give an integrated cliff retreat rate over a period of time of several decades to a century. Rosser et al. 2005 highlighted however, that average retreat rates do not relate unambiguously to phenomena visible on the ground on a day to day basis. The purpose of this paper is twofold: first, present preliminary results of repeated terrestrial laser scanner surveys of a chalk cliff, and second propose an first order geomechanical predictor model to highlight block collapse hazard. These two objectives fit into a broader project at BRGM that aims to provide grounds for mapping collapse susceptibility hazard along steep rock faces.

The stretch of coast along which the study takes place is located at Mesnil Val, Haute-Normandie, northern France. The Mesnil Val survey site is about 750 m-long and rises from 25-m to 75-m-high. The cliff face is aligned to the NE-SW and faces the English Channel to the NW. The cliff is made of relatively homogeneous Upper Cretaceous chalk belonging to the Half Lower Lewes Nodular Chalk formation at the base (Turonian, ca. 91 Ma ago), overlain by the Upper Lewes Nodular Chalk up and by Seaford Chalk formation (Coniacian, ca. 88 Ma ago) around the 35-40 m elevation (see inset in Figure 1). Stratification is sub-horizontal, with about 5 m of palaeo-topography at the interface between Turonian and Coniacian.

The cliff face contains two strong horizontal mechanical barriers. The first one is the hard-ground delimiting the transition between Turonian and Coniacian. It is underlined by a nearly continuous level of flint stones and lies at an elevation of ca. 10 m (Figure 1). The second hard-ground horizon is more conspicuous and is located at the transition between the Upper Lewes Nodular Chalk and the Seaford Chalk at an elevation of ca. 35m (Protect Report, 2003). The cliff face is also traversed by vertical mechanical discontinuities, i.e. fractures striking parallel to the cliff face (NE-SW). These were inferred to come from relief stress (Protect Report, 2003). In places another set of steep oblique fractures cut the cliff perpendicularly and delimit large dihedra. These are exploited by collapse events that affect the entire cliff height (e.g. 23 June 2002, Protect Report, 2003) but were not seen yet during this study.

Average cliff retreat rates were quantified by [START_REF] Costa | Dynamique littorale et risque naturel : l'impact des aménagements, des variations du niveau marin et des modifications climatiques entre la baie de Seine et la baie de Somme[END_REF] and amount to 0.24 m/year during the period 1947-1995. This article presents differences of chalk cliff topography, termed "erosion", as measured with a terrestrial laser scanner during the winter of 2005-2006. 

METHODOLOGY

The cliff face was surveyed in December 2005 and in March 2006 with a terrestrial laser scanner (TLS). A time-of-flight TLS is a laser rangefinder equipped with a rotating system for scanning a surface with high-accuracy and high density. The Riegl LMS Z420i hired from the survey company ATM3D is capable of recording 360° topographic panoramas along 80°-wide strips, within a range of 1km. It has a beam divergence of 0.25 mrad (i.e. a spot of 25mm at 100m or 2.5cm at 1km) and minimum angular increment as small as 0.004° in both vertical and horizontal planes. In this case study, overlapping panoramas were measured with scanning angular intervals of 0.05° at each station so that each point cloud counts about 3 million usable points.

Terrestrial Laser Scanner Survey

Survey campaigns comprise 8 overlapping laser scanner stations installed at regular intervals on the inter-tidal chalk platform at low-tide. They were setup 100-200 m seaward of the cliff face. The 8 point clouds measured during a campaign were merged together in order to fill in hidden faces and produce a continuous 3D representation of the cliff face. The same stations were occupied at both campaigns to optimize survey comparisons.

Geographic referencing is a key issue in highprecision topographic comparisons. The comparison can only be as precise as the least precise referencing technique employed. Here, three devices were used to reference point clouds: D-GPS to position the permanent reference frame inside the National French Grid, EDM-total station to link temporary reflective markers to the permanent reference frame, and TLS to locate the point clouds respective to the temporary reflective markers. D-GPS precision will only be relevant if the survey pins materialising the permanent reference frame were lost. Otherwise, three principal factors limit comparison precisions: 1) intrinsic TLS point precision; 2) precision of TLS positioning inside the campaign reference frame (TLS dependant); 3) precision of control point positioning inside the permanent reference frame (EDM-dependant).

First, laser point precision depends on several factors: the precision of a laser point is a function of the distance of the object reflecting the laser beam, its reflectivity, its roughness, the incidence of the laser beam. On average, according to the laser's manufacturer specifications, we estimate TLS point precision to be about 0.017 m (2 sigma threshold of signal distribution, see Figure 3). Second, precision of TLS locations is a function of reflective target location precision inside the survey reference frame and target distribution around the TLS. The TLS processing software RieglScan solves TLS locations from the position of reflective targets by intersection. Relative positioning of scanner stations is generally achieved within 1-3cm. Location of the scanner inside the permanent reference frame depends also on the precision with which the reflective control points have been measured with the EDM-total station. Conventional surveying precision of reflective targets is usually better than 3cm but at times hampered by gusty winds which made the tripod unsteady and precluded accurate sighting of the targets. This problem turned out to be significant in the comparison between December 2005 and March 2006 where systematic offset of the cliff DSM grids were systematically offset. This bias was corrected by fitting a trend surface to the DSM difference surface and removing the systematic offset. Overall, we estimate the campaign precision to be of the order of 3cm.

Processing of laser point clouds

Both survey campaigns produced continuous point clouds of about 11 million xyz data points over the length of 750m of cliff face. From these points, solid models of the cliff were built for both epoch and subtracted to estimate the amount of material that departed the cliff face. The solid models were approximated to 2.5D grid with a TIN (triangular irregular network) linear interpolator. Grid cell dimension of 0.05 m is a compromise between point cloud density, manageability of grid sizes and estimated precision of the survey. According to point cloud neighbourhood statistics, three quarters of the points are closer together than 0.045m, yet the variability in places is larger than 0.07 m from point to point (Figure 2).

RESULTS

Comparison of cliff face topography

The comparison was performed by subtracting the Digital Surface Model grid of March 2006 from that of December 2005. Negative differences therefore indicate erosion while positive differences reveal accretion. Significant accretion only occured at the foot of the cliff while significant erosion occured throughout the cliff face as expected (Figure 1). that this signal has a bias of about -0.015m. Thick grey line: de-trended difference where a third order trend surface was subtracted to remove the systematic bias seen on the green curve. Thick black line: filtered differences with a 3x3 moving average filter to remove data spikes. Note that the average difference is now equal to 0 m and that oscillations are generally contained within +/-0.017m (at 2 sigma). This transect was chosen in a location where no erosion could be recognized.

The best way to appreciate topographic differences is probably through representative crossprofiles (e.g. Figure 2, Figure 4 and Figure 5). In cross-section, topographic changes exhibit three types of signals: a long wave length signal (ca. 100 -300 m, in green on Figure 2), a short wavelength signal (Figure 2, Figure 4 and Figure 5, ca. 0.15 to 10m) and a very short wavelength signal (ca. 0.05 -0.10m). The long wavelength signal has maximum amplitude of 0.06 m. This betrays the imprecise registration of TLS stations during both surveys as evoked above. This poor registration appears as a systematic bias between campaigns (it corresponds to the mean signal ca. 0.015 m on the profile plotted on Figure 2). This systematic bias was corrected by sampling the difference grid in 3000 random positions distributed where collapse events were not observed, fitting a third order trend surface through these samples, and subtracting this trend surface from the DSM difference grid (see Figure 2 and Figure 3, green and blue curves, to appreciate the effect of the de-trending).

The very short wave length signal has amplitude of the order of +14 cm and -8cm (Figure 2 and Figure 4). It comes from both slightly imprecise relative positioning of TLS stations during a single survey campaign, from laser point imprecision and from data decimation during the interpolation. This noise was nearly completely removed using a 3x3 moving-average filter. After smoothing, the distribution of the resulting signal became normally distributed about zero (Figure 3). This Gaussian distribution property offers the possibility either to set a statistical erosion detection thresholds based on the distribution of the signal, or pick an intuitive but arbitrary threshold. In this case, a statistical threshold of +/-3.3 cm enables us to qualify erosion with a probability of misclassification of one in a thousand (p-value of 0.033 m is 0.001), an arbitrary threshold of 0.05 m has a probability of misclassification of one in nearly two million. Both these thresholds demonstrate the remarkable performance of TLS for monitoring rockfall events. Finally, the short wave length signal, which is that of interest to us, highlights the places where material fell off the cliff (Figure 2, Figure 4 and Figure 5). Its amplitude, in this study, goes from 0.033 m to about 4.5m. Note that the upper limit of this signal is only limited by the size of the largest collapse events identified in the three months period. It could have been bigger should another collapse have occurred.

Given the levels of precision, TLS is capable of confidently detecting particle erosion of about 3.3 cm-thick and 225 cm 2 .

Figure 5 : Cross-profile through a large collapse event involving chalk blocks up to 3.2 m-deep. A: profile before and after block collapse. B: profile of topographic difference. Note that noise is hardly visible around the 0m difference abscissa mark whereas the block collapse signal (highlighted with black dots) is much larger. This is a section through the largest event recorded in March 2006.

Map of collapse events

The topographic difference map, after de-trending and smoothing, provides a means to delineate areas where erosion was larger than 0.05 m (threshold retained initially for the analysis even though 0.033m turned out to be sufficiently sensitive). During the winter 2005-2006, 2202 eroded patches have been flagged. This corresponds to an eroded surface of 562 m 2 for a total of 34322 m 2 of surveyed cliff face (i.e. 1.63% of total surface area). The total volume of eroded material amounts to 418 m 3 in 3 month. If this eroded volume were distributed on the entire cliff face, this would extrapolate to an average annual retreat rate of approximately 0.05 m/yr, which is five times smaller than the 0.24 m/yr average retreat rate computed by [START_REF] Costa | Dynamique littorale et risque naturel : l'impact des aménagements, des variations du niveau marin et des modifications climatiques entre la baie de Seine et la baie de Somme[END_REF]. This suggests that expected eroded chalk volumes ought to reach about 2060 m 3 per 3 months period, or 8240 m 3 per annum for TLS sampling to be representative of longer term erosion rates. Thus, the sampling period of December 2005 to March 2006 has had 5 times less collapse events than is anticipated from the long term erosion rate. The distribution of individual events (Figure 6 A) tells that small collapse events are much more frequent than large ones. In fact, three quarters of collapse events are smaller than 2.7e -3 m 3 (i.e. rock lumps of about 2.7 litres or ca. 5 kg); 19 events involve volumes larger than 1 m 3 (0.8% of events) and only two events are larger than 100 m 3 (ie 0.09% of events). Given the observed frequency/magnitude distribution, one may infer that there is a probability of less than one in a thousand that events larger than 100 m 3 occur in a three months period (Figure 6 A). The relative importance of these large collapse events however, account for about 75% of the total volume of chalk lost from the cliff face (Figure 6B). Further, ninety-five percent of the total volume concerns events larger than 1m 3 (Figure 6B).

It is worth noticing the position of thin erosion events (eg. Figure 4). Many of them occur in the layer at the transition between Turonian and Coniacian. This layer has a very high water contents and these thin events probably relate to frost-induced flaking of the chalk.

Elevation of collapse events along the cliff face is also informative. Ninety-seven percent of eroded grid pixels stand below 21m of elevation. Figure 7 represents the distribution of eroded material versus elevation. The different lines correspond to the distribution of the eroded pixels considered by 1m elevation slices. At an elevation of 20 m, three quarters (75%) of the points saw erosion smaller or equal to 2m, while no erosion was larger than 1.2 m above 21m. The influence of the sea is not straightforward. Between the TLS campaigns, three quarters of the tides reached only elevation of 2.62 m, which is below where the chalk is exposed. This water level distribution however is based on modelled tides at Le Tréport harbour (SHOM, 2006), 3.5km to the North of Mesnil Val, and ignores currents, winds or storms effects. Further investigations will attempt to link environmental parameters to rock falls. To this end, it is worth noting that laser scanner point clouds also provide a relatively dense array points on the intertidal platform, which will be invaluable for modelling wave energy dispersal due to platform roughness.

At this stage, it is too early to infer the effect of climate change. Future work will attempt to separate the impact of the sea from that of meteorological influence by extending the comparison to sections of cliffs where man-made protection prevent waves to reach the foot of the cliff.

GEOMECHANICAL MODELLING

Comparison results prompt this question: given the collapse events observed for the winter period [2005][2006], is one capable of predicting future chalk collapse. Below we propose a preliminary geomechanical model that focuses on predicting large block collapse due to gravity.

The distribution of eroded chalk thickness is bimodal (Figure 8). The most numerous eroded pixels concern small events, but a secondary mode appears above 1.2 m of erosion (Figure 8). Therefore, our preliminary geomechanical model is trying to explain block failure driven by gravity for events where erosion reached at least 1.2m. TLS survey comparisons indicated that these events account for 63% of total volume of chalk losses. 

Assessing rock block stability

Topographic comparison data have shown that failure started from the maximal overhang (Figure 9) and that the failure surface along the upper section of the collapsing block is planar. These indicate that failure probably occurred when chalk weight exceeded its matrix tensile strength.

On this basis, the geomechanical model is constructed around four hypotheses: (a) the forces involved in the failure process are planar; (b) vertical slip failure occurs on the vertical sides of the corresponding block; (c) chalk is homogeneous and abides by Mohr-Coulomb criteria; and (d) gravity is the main destabilizing factor.

The model accounts for three forces exerted on a rock block (Table 1, and Figure 9): In Table 1, a rock column has a width W (here simplified to 1 pixel width), a height H (number of pixels above the most incised point in the profile called maximal overhang) and a depth D (difference between a given pixel and the maximum overhang). These three dimensions are converted to meters through the size of grid pixels in meters. The force expressions account for the following chalk properties: c (chalk matrix cohesion), R T (chalk matrix tensile strength), ρ (chalk density). g is the gravity acceleration.

The stability of any chalk block is computed by evaluating the ratio S (called stability factor) between the gravity force exerted on a chalk column and the slip and tensile forces resisting along the sides of the same column.

cH a R H g F F S T T G + = + = ρ τ (1)

Mapping the stability factor at the scale of the cliff

The stability analysis was carried out on a simplified 1 × 1m cliff DSM grid of December 2005. Resampling of the TLS 0.05 × 0.05m grid was performed by nearest neighbour decimation to preserve originally observed values. Computation of the stability factor was limited to below 21 m elevation, because this is the domain where large collapse events were contained (Figure 7).

The rock properties chosen for the computation come from a previous mechanical study performed at Mesnil Val [START_REF] Schoumacker | Essais physiques et mécaniques sur la craie de Val-Mesnil[END_REF]: c=1 Mpa ; R T =3.5 bars and ρ=1900 kg/m 3 .

Force balance was systematically computed along 1-meter-wide (1 pixel) vertical profiles. Rupture is presumed to occur when the cumulated weight of overhanging pixels exceed the combined resistance to slip of that rock slice and the tensile strength along the upper surface of the considered pixel. In other words, collapse should occur for S = 1.

Stability factor results

Surprisingly, the stability factor never reached a value of 1 (Figure 10). Rather, the maximum S value staid below 0.044 (gravity only reaches 4.4% of the assumed chalk resistance). Yet chalk collapsed from the December 2005 cliff face, as quantified precisely with the TLS comparison survey. Thus if the assumed rock resistance was overpowered, gravity alone cannot explain it; or alternatively, rock resistance is a lot smaller than that assumed. This discrepancy is not too surprising since the physics of the geomechanical model is extremely simplistic. There are two main avenues to improve the model: (1) constraining precisely variations in geomechanical properties of the chalk and (2) monitoring the impact of the sea on the foot of the cliff. This would however require large amounts of laboratory and field efforts. So, let us examine the predictive nature of the stability factor.

Towards a predictive block failure model

The computed stability factor varies along the cliff face according to the amount of observed overhang, but the largest collapse events detected by TLS did not necessarily occur where the overhang was largest. And neither did it describe situations where physics could explain collapse phenomena. In other words, the stability factor cannot be used deterministically to predict collapse. So, what about considering it in a probabilistic fashion? For that, one needs to check whether the probability that chalk collapsed where S was large is higher than that where chalk did not collapse. Figure 11 shows that S reached a value of 0.018 or higher for half the pixels where the chalk eroded is larger than 1.2 m. To define the predictive value of the stability factor, one may consider the so-called likelihood ratio LR (Lindley, 1961). LR is a ratio of two probabilities. The first probability counts how many times chalk collapsed (thicker than 1.2m) when S exceeded a 0.018. The second probability counts how many times chalk did not collapse (thicker than 1.2m) when S exceeded 0.018. LR gives the ratio between true "alarms" versus false "alarms". Computing LR is easily done with simple GIS grid map algebra. Here is the mathematical expression: (2)

N is the number of pixels satisfying the conditions between brackets. D describes the collapse event, D equals 1 when there is a collapse event, D equals 0 for no collapse.

The result tells that when S goes above 0.018, whatever the actual physical reason, the probability of collapse increases by more than two. [START_REF] Aspinall | Evidence-based volcanology: application to eruption crises[END_REF] qualified this range probability as "just worth a mention" (Aspinall et al., 2003, Table 1, p.275). This result is somewhat encouraging because, even if the stability factor describes imperfectly the physics of the phenomenon, it can still be used as a first order approach to predict chalk collapse events.

If the physical model was refined, one would expect an even better chance of predicting when chalk is eroded off the cliff. Improvements will occur in two ways: first, TLS survey will continue at Mesnil Val, hence providing a more extensive data set of collapses, and second a more complete set of geomechanical surveys and tests will be carried out on chalk strata in the future, improving the knowledge of geomechanical behaviour of chalk in Mesnil Val.

CONCLUSION

This study examines a quantitative comparison of terrestrial laser survey (TLS) of a chalk cliff face of the French coast of the English Channel (Mesnil Val, Haute Normandie). TLS surveys are capable of describing the topography of a cliff face 750-meterslong with a precision of 3cm for points posted every 5cm. Comparison of such a detailed topographic surface between December 2005 and March 2006 revealed two types of erosion events: large block collapses and flakes peeling off the cliff. The first ones are rare, involving volumes of several cubic meters (up to hundreds) and account for 95% of the total volume of chalk lost in the 3-months-period. The second, flaking, are extremely frequent (99% of the recorded events) but contributed only for 5% of the total chalk volume lost. It is important to note that erosion observed during this three months period is five times smaller that anticipated from 50years-averaged cliff top retreat rates.

A geomechanical model attempted to predict large collapse events based on the ratio between chalk resistance forces and gravity forces. Although the physics of the model could, and will, be refined, its result is an encouraging first order predictor of chalk collapse.
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Figure 1 .

 1 Figure 1. Shaded relief map of the Mesnil Val Upper Cretaceous chalk cliff, Haute Normandie, Northern France as measured with a terrestrial laser scanner. In red: material eroded between December 2005 and March 2006. Grey shading delimits Turonian (at the base) from Coniacian above. Note that the panels follow from top to bottom (A to D), that is from NE to SW. Local coordinates are in meters.

Figure 2 .

 2 Figure 2. Difference of DSM grids of December 2005 and March 2006 as measured with a terrestrial laser scanner. Thin black dotted line: raw differences [March -December], notethat this signal has a bias of about -0.015m. Thick grey line: de-trended difference where a third order trend surface was subtracted to remove the systematic bias seen on the green curve. Thick black line: filtered differences with a 3x3 moving average filter to remove data spikes. Note that the average difference is now equal to 0 m and that oscillations are generally contained within +/-0.017m (at 2 sigma). This transect was chosen in a location where no erosion could be recognized.

Figure 3 .

 3 Figure 3. Distribution of raw and corrected differences as plotted on Figure 2 profiles. Dotted black line: Raw differences. Grey line: Detrended differences . Thick black: filtered differences with a 3x3 mean kernel.

Figure 4 .

 4 Figure 4. Cross-profile through a cliff section where chalk flakes detached from the cliff. The data corresponds to the filtered and de-trended difference grid seen on (thick black line). This type of erosion is probably due to frost and thaw cycles in a saturated chalk layer that shattered the outer surface of the chalk. Black dots: data points where topographic differences between March 2006 and December 2005 are larger than -0.05m.

Figure 6 .

 6 Figure 6. Frequency/magnitude distribution function for the collapsed events that occurred between December 2005 and March 2006. A: Frequency of occurrence of an event for a given volume. B: Contribution of each event to the total volume of eroded chalk. Note the reversed abscissa scales.

Figure 7 :

 7 Figure 7 : Distribution of eroded chalk thickness versus elevation along the cliff face. [A] Plot of erosion with elevation. [B] Plot of relative frequency of eroded pixels with respect to elevation. All cliff pixels with differences larger than -0.05m have been considered. This graph (A) shows that thick collapse events (larger than 1.2m, red line) concerned only the first 21m, while 97% of recorded events (B) are contained below 21m of elevation. Tidal distribution (horizontal grey lines on Graph A) reports elevation of the sea such as modelled by SHOM for Le Tréport harbour (3.5km N of MesnilVal) for the period between both scanner surveys (06 December 2005 to 24 March 2006), from top to bottom: maximum, Q75%, median, Q25% and minimum of modeled tidal water height.

Figure 8 .

 8 Figure 8. Histogram of eroded chalk thickness on Mesnil Val cliff between December 2005 and March 2006. Half of the eroded points concerned thicknesses of less than 0.25m.

Figure 9 .

 9 Figure 9. Geomechanical model for block failure assessment. D: Depth of block; H: Height of block; Ft: tensile force; τ: slip resistance; Fg: gravity force (see Table1).

  Slip resistance force exerted along the vertical side of the rock column τ = c.W.H Tensile resistance force exerted along the upper side of the rock column F T =R T .W.D Gravity force exerted on the entire volume rock column F G = ρ.g.W.D.H

Figure 10 :

 10 Figure 10 : Map of the stability factor computed below 21 m of elevation. Colour gaps correspond to areas where there is no overhang. Areas where blocks were effectively eroded from the cliff face are in semi-transparent grey.

Figure 11 :

 11 Figure 11 : Cumulated distribution of stability factor S for collapsed pixels where eroded material was thicker than 1.2m.

Table 1 .

 1 ). Forces exerted on a block of chalk.