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Abstract. Rockfalls are a major and essentially unpre- probability of rockfall according to a given meteorological
dictable sources of danger, particularly along transportatiorfactor. The approach will help to optimize risk management
routes (roads and railways). Thus, the assessment of thein the studied areas based on their meteorological conditions.
probability of occurrence is a major challenge for risk man-

agement. From a qualitative perspective, it is known that

rockfalls occur mainly during periods of rain, snowmelt, Of 1 ntroduction

freeze—thaw. Nevertheless, from a quantitative perspective,

these generally assumed correlations between rockfalls angiockfall hazard is defined as the probability that a rockfall of
their possible meteorological triggering events are often dif- given volume occurs in a given area within a specified time
ficult to identify because (i) rockfalls are too rare for the jnteryal (varnes, 1984). This definition considers three differ-
use of classical statistical analysis techniques and (i) NOknt components of hazard: space, time (rockfall frequency),
all intensities of triggering factors have the same probabil-3nq the intensity (volume) of the event. Numerous studies
ity. In this study, we propose a new approach for investigat-g, hazard mapping (e.g. Baillifard et al., 2003; Jaboyedoff et
ing the correlation of rockfgll; with rain, freezmg.penods, al., 2005) and rockfall frequency (e.g. Brunetti et al., 2009;
and strong temperature variations. This approach is tested 0fssauge et al., 2003) are available in the literature, but little

three French rockfall databases, the first of which exhibits a0k has been conducted to quantify the influence of meteo-
high frequency of rockfalls (approximately 950 events OVer yological factors on rockfall frequency.

11 year;), whereas the other two databases are more typical Temporal probability can be estimated through the study
(approximately 140 events over 11 years). These databases riggering factors, which are external causes that are prin-
come from (1) national highway RN1 on Reunion, (2) arail- ¢inally climatic in origin. These factors, which appear only
way in Burgundy, and (3) a railway in Auvergne. Whereas aat gjscrete times, induce changes in the forces acting on
bas!c correlatlon. anegS|s is only able to hllghhght an already,gck plocks (Hoek, 2007) and cause the blocks to fall. The
obvious correlation in the case of the “rich” database, themost common triggering factors are intense rainfall episodes
pewly suggested method appears to detect cprrelanons eVeAndré, 1997; Berti et al., 2012; llinca, 2008; Rapp, 1960),
in the "poor” databases. Indeed, the use of this method congne freeze and thaw of water-filled fractures (llinca, 2008;
firms the positive correlation between rainfall and rockfalls \1atsuoka and Sakai, 1999), and repeated rock surface tem-

in the Réunion database. This method highlights a correlatiorberature variations (Frayssines and Hantz, 2006; Gunzburger
between cumulative rainfall and rockfalls in Burgundy, and it ot 51 2005: Luckman 1976). Furthermore, seismic activity

detects a correlation between the daily minimum temperaturéyas heen shown to influence rockfall events (Bull et al., 1994;
and rockfalls in the Auvergne database. This new approacRyqyin et al., 2001; Zellmer, 1987).

is easy to use and also serves to determine the conditional
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Table 1. Principal characteristics of the three databases.

RN1on Burgundy Auvergne

Réunion
Number of events 949 135 142
Number of days with events 529 126 122
Average number of events per day with events  3.51 1.07 1.16
Number of days in the database 4008 4739 4008
Daily rockfall hazard 0.13 0.03 0.03

Rockfall inventories can be used to quantify the statistical
correlation between rockfall events and their triggering fac- ...
tors (Chau et al., 2003; Helmstetter and Garambois, 2010).% " -
However, it is generally difficult to identify such a correla-
tion because (i) rockfalls are too rare for the use of classical
statistical analysis techniques and (ii) all intensities of trig-
gering factors do not have the same probability. More pre-
cisely, as the occurrence or action of a triggering factor does
not necessarily result in a rockfall, it is necessary to distin-Figure 1. Location of the three sites, corresponding(&) Au-
guish the rockfall probability itself from the frequency of its vergne (b) Burgundy, andc) Highway RN1 on Réunion.
potential triggering factors.

In this paper, we present a new approach for investigat-
ing the correlation of rockfalls with rain, freezing periods, = The daily rockfall hazard, which is the probability of a fall
and strong temperature variations. This approach is tested oon a given day, regardless of the meteorological factors, is
three French rockfall databases, the first of which exhibitssimilar to these frequencies under the assumption of spatial
a high rockfall frequency (approximately 950 events overand temporal homogeneity.

11 years). The two other databases contain approximately

140 events over 11 years. The three databases came frothl Highway RN1 on Réunion

the following sources: (1) national highway RN1 on Réunion

(Indian Ocean), (2) a railway in Burgundy, and (3) a railway National Road #1 (RN1) on Réunion (Indian Ocean, lati-
in Auvergne, France (Fig. 1 and Table 1). The spatial locationtude: 2£10'S, longitude: 5530 E) runs along the coast at
and intensity of the events are not studied in this paper;onlythe base of a 10km long and up to 200 m high cliff com-
the number of rockfalls during the period of monitoring is posed of basaltic lava strata alternating with pyroclastic lay-
considered. However, the volume range and the mean heightrs. This region has a tropical climate. In the studied area,
of the source rock walls are given for each sector (cf. Part 2) precipitation can reach 372 mm a day, and temperatures typ-

The standard time series approach (Helmstetter andcally vary from 16 to 35C over the year, with an average
Garambois, 2010) is able to highlight an already obvious cor-amplitude of 9.2C in a day.
relation only in the case of the “rich” database. The newly Daily rockfall data are available due to the regular pa-
suggested method also appears to detect correlations in tHeols conducted by the local public works authorities (DDE).
“poor” databases. This approach will help to optimize risk A total of 949 rockfalls were recorded within the 11 year
management in the areas considered in terms of the meteorépan between 1998 and 2009. The volumes of the rock-
logical conditions. falls range between 2 and 2710°m?3. Previous studies

(Durville, 2004; Rat, 2006) that considered only a portion of
the database (352 rockfalls recorded between 1998 and 2002)
2 Rockfall databases have shown that rockfalls are mainly correlated with intense

rainfall episodes. We repeated this study with a more exhaus-

There’|s a significant difference between the three databaseai/e database and also evaluated the influence of temperature
for Réunion, 13% of the days have at least one rockfallOn rockfalls

(529 days out of 4008 days in the entire database), com-
pared with 3% for the Auvergne and Burgundy databases, , Railway in Burgundy.
The high frequency of events makes the first database par- '

ticularly unique. Ro<_:kfa|| databases typically have an eventrhe altitude of the study area is between 300 and 400 m. It
frequency of approximately 3 % (Hungr etal., 1999; Jeannin,cngjsts of limestone—marl alternations. Its climate is oceanic

2001; RTM Isere, 1996; Wieczorek et al., 1992). to semi-continental. The oceanic influence is responsible for

France
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frequent rainfall in every season, with a maximum in autumnon a daily basis. The weather stations selected for this pur-

(up to 89 mm daily). The semi-continental influence pro- pose were located no more than 30 km away from the studied

duces cold winters (minimum temperatures dowr20°C) area. The stations used in the study of the highway on Réu-

and hot summers (maximum temperatures up t836The  nion have a mean altitude of 100 m. Those used for Burgundy

daily temperature amplitude may be up to°24 have a mean altitude of 310 m, and those used for Auvergne
Technicians from the French National Railway Company have a mean altitude of 700 m.

(SNCF), who ensure railroad safety, are in charge of the

rockfall inventory. Daily data are available, and 135 rock- 3.2 Results

falls were recorded within a 13 year span (1999-2012) alona:_ o )

100 km of the railroad studied. The average height of the rock-IrSt; @ qualitative analysis of the three databases was per-

walls is 20 m in the cut areas and more than 20 m in the areafo'med. Figure 2 shows the visual correlation between the

of natural slopes. The volumes of the rockfalls range betweeriockfalls and meteorological factors over a 3-year period.

8 and 80x 103 m3. The graphs were obtained by calculating a 30-day moving
average to smooth the data and to focus on the trend. From

2.3 Railway in Auvergne, France a purely qualitative perspective, the graphs shed light on the
following:

The altitude of the study area is between 700 and 900 m. It ) )
consists of volcanic (basalt) and plutonic (granite) magmatic — & good correlation between rockfalls and rainfall
rocks. Its climate is similar to that of Burgundy. Rainfall can and between rockfalls and minimum temperatures for
reach 125,mm a day. Temperatures range betwekhand Reunion;
36°C, with a daily temperature amplitude of up toZ3

The Auvergne database provides daily data based on a
rockfall inventory maintained by technicians from SNCF.
Overall, 40 km of railroads are included in this database, and _ a low correlation between rainfall and rockfalls in Au-
the mean helght of the cliffs is 15 m in the cut areas and more vergne but no noticeable correlation between tempera-
than 15m in the areas of natural slopes. The database in- tyres and rockfalls.
cludes 142 rockfalls, which were recorded over an 11 year
span (2001-2012). The volumes of the rockfalls range beTable 2 presents the distribution of the total number of rock-

— no noticeable correlation between rockfalls and meteo-
rological factors in Burgundy;

tween 2 and 6 10° md. falls per day as a function of the daily amount of rain for
The following analyses were conducted for the three studythe three studied areas. The maximum frequency of rockfalls
sites taken separately. occurs for the lowest daily amount of rainfall. This lowest

rainfall interval is also the most frequent. Low levels of rain
are more frequent than high levels. This difference in fre-
3 Preliminary analysis using a standard time series quency tends to conceal the effect of rain on triggering rock-
approach fall events.
The cross-correlation between the daily number of rock-
falls (R) and the amount of precipitatio®], both expressed

as time series, was investigated by calculating
— Ppy, the amount of precipitation (or rainfall) of the

Ck(X Y) _ Z(Xt — Y) (Yl_k — Y)
considered dayldp), or N days before Dy), with N AT —_2 2’
varying from 1 to 10; \/Z (Xl’ _X) \/Z (Yt - ﬂ

— P.y, the amount of precipitation (or rainfall) With k corresponding to the time delay between the rain
accumulated over N days (up to 10 days): e€pisode and the rockfalls that it may have triggered (Hipel
P.y=Ppo+ Pp1+...+ Ppy: and McLeod, 2005).

Figure 3 presents the cross-correlation function of Eq. (1)

— the day’s temperature range, indicated by the minimumior Réunion by considering various delays. A maximum
temperature Imin), maximum temperatureZ/ay), and  value of 0.563 is reached for a delay of 1 day; this value is
temperature amplitud&§mp= Tmax— Tmin); statistically significant in terms of the significance threshold

applied to the data. If the cross-correlations are larger than

1.96//n in magnitude, withn as the number of pairs oR,

P,) available (equal to the number of days in the databases),

then they are deemed significant. Similar cross-correlation

These meteorological parameters were provided by Météamnalyses were performed for the other two study sites and

France (the French national weather service) for each sectdwo meteorological parameters (the daily temperature and

3.1 Possible triggering factors considered in this study

Possible triggering factors include the following:

@)

— the daily duration of freezing. This factor was consid-
ered only for Burgundy and Auvergne because the tem
peratures on Réunion are never beloWX0

www.nat-hazards-earth-syst-sci.net/14/1953/2014/ Nat. Hazards Earth Syst. Sci., 14, 19884 2014
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Figure 2. Temperature, rainfall, and rockfall for a 3-year period for the three studied sites (30-day moving av@jdgecipitation (mm
of rain). (b) Rockfall. (c) Minimum of temperature®C). (d) Daily temperature amplitud€C). (e) Duration of the freezing period (min).

Furthermore, these days typically contain only one event
06 (1 % of days with rockfalls are days with several events in the

g railway databases). These characteristics lead to a smoothing
K of the results and do not permit us to draw any conclusions
£ 04 regarding potential correlations.
bt Our proposed method does not consider the delay in time,
§ 0.2 only the influence of the intensity of the parameters on
rockfalls.
Significance thresholds [~ ﬂ’—
0 == ey s | | | M o |
76 -5-4-3-2-1012 3 45 6 7

4 Suggested new methodology of analysis
Time lag (days)

Figure 3. Cross-correlation of rockfall and rainfall f¢a) Réunion 4.1 Principle

and(b) Burgundy. The significance threshold, equal to 0.031, is rep-

resented by the dashed lines. The objective of the new methodology is to weight the num-

ber of rockfalls by the probability of occurrence of the stud-

ied triggering factor (rainfall, temperatures, and freezing pe-
the daily freezing duration), but none of these yielded sat.fiod). To thi; end, three steps are required. These steps will
isfactory results (maximum value of 0.07 with a significant oW be detailed for the case of rainfall.

threshold of 0.031). First, rainfall intervals P;, P;y1] are defined, where?
designates the daily or cumulated rainfall. These intervals are
3.3 Limitations of the typical approach defined such that (i) the number of days within this rainfall

interval is equal or greater to five (to avoid non-statistically

The preliminary analysis presented here only confirms thesignificant intervals) and (II) at least one event occurs within
visual correlation between rainfall and rockfalls for Réunion. this rainfall interval.
Although meteorological factors are frequently mentioned in Second, the following ratio is calculated for each interval:
the literature as an explanation of rockfalls there, no other
correlations were identified for the two other databases. E; = Nr; /Nd; @)

This lack of significant results can be explained by the e
nature of databases: using only 3% of the days in thewhere Ny is the number of rockfall(s) that occurred within
database resulted in a relatively weak time series analysighe given rainfall interval and Nds the number of days in

Nat. Hazards Earth Syst. Sci., 14, 19531964 2014 www.nat-hazards-earth-syst-sci.net/14/1953/2014/
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Table 2. Number of rockfalls for various intervals of daily rainfall.

1957

RN1 on Réunion

Burgundy Auvergne

Daily Frequency Frequency of Daily Frequency Frequency of Daily Frequency Frequency of
rainfall of the rockfalls rainfall of the rockfalls rainfall of the rockfalls
interval interval in the interval interval in the interval interval in the
(mmday1) interval (mmday?l) interval (mmdayl) interval
0-20 0.97 0.76 0-5 0.79 0.6 0-5 0.88 0.77
20-40 0.014 0.053 5-10 0.099 0.16 5-10 0.062 0.12
40-60 0.0077 0.072 10-15 0.051 0.13 10-15 0.022 0.049
60-80 0.0032 0.022 15-20 0.029 0.044 15-20 0.014 0.035
80-100 0.0014 0.02 20-25 0.014 0.022 20-25 0.0077 0.014
100-120 0.00075 0.013 25-30 0.0055 0.007 25-35 0.0072 0.007
120-140 0.00075 0.023 30-35 0.0055 0.022 35-60 0.0048 0.007
140-160 0.0005 0.022 35-50 0.0061 0.015

160-180 0.00075 0.012

180-220 0.00075 0.003
220-370 0.00025 2

this interval. ThusE; corresponds to the daily rockfall fre-

quency for each interval.
Third, a linear regression analysis of the valugds per-

formed with respect t@; to search for a possible linear rela-
tionship between the magnitude of the triggering factor and
the corresponding average number of rockfalls. To validate
the correlation, we have considered the squared correlation
coefficient R? and thep value of the linear regression. If
the p value was less than 0.05 (significance level), the linear

model was considered satisfactory, and Rfevalue corre-
sponds to the best correlation.

To test the relevance of the method, virtual rockfalls and
rainfall databases were created. To confirm the importance of

— the ratio between rainfall and the number of events,

which gives the number of rockfalls given the amount
of rain for each day, is taken to be equal to 0.1 in the
case of the virtual databases (a rainfall of 10 mm over 1
day is assumed to trigger one rockfall on the same day;

in the case of a day without rainfall, zero rockfalls occur
on this day);

— k, the time delay (in days) between a rain episode and

the rockfalls that it may have triggered.is always
equal to zero in the virtual databases (because all rock-

falls are assumed to occur within the same day of the
rain episode).

the number of events in the database, rich and poor databas&o other parameters will vary depending on the databases:

were generated such that the correlation between rainfall and
the number of events could be determined in advance. The
method was then applied to determine the correlations for

different cases.

4.2 Validation of the new methodology: case study on
virtual databases

4.2.1 Generation of virtual databases

— the “correlation rate’C, between rainfall and number

of events. For example, a perfect correlation (correla-
tion rate of 100 %) indicates that all rainy days are days
with rockfalls, in accordance with the fixed proportion-
ality coefficient. A correlation rate of 50 % means that
half of the events are perfectly correlated with rainfall,

whereas the others are randomly distributed throughout
the database;

For the first case study, the virtual databases were generated — 1€ proportiont of days with events. Three cases were

using Mathematica software (V9, Wolfram Research, Cham-
paign, lllinois, USA). The following parameters were used

as fixed components of the databases:

— the number of days in the entire databasg. (V is con-

sidered as equal to 4015 days (11 years), similar to the

real databases;

tested: (1)x =43 %, corresponding to the proportion
of rainy days in the Réunion database; 2> 13 %,
corresponding to the proportion of days with events in
the Réunion database; and (3} 3 %, corresponding

to the proportion of days with events in the railway
databases.

The cross-correlation approach and the method developed

— the type of triggering meteorological factor and its dis- were used for the virtual databases, and the results are pre-
tribution. The chosen factor is rainfall, which follows sented in the next section. The comparison of the results al-
the same distribution as the measured rainfall of Réu-ows for the detection and verification of correlations by the

nion (Fig. 5). Overall, 43 % of the days were rainy;

www.nat-hazards-earth-syst-sci.net/14/1953/2014/

proposed method even in the case of the railway databases.
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Figure 4. Qualitative correlation between rockfalls and rainfall (30-day moving average) for the 12 virtual datdlyasmsesponds to the
“correlation rate” between rainfall and number of events, amdrresponds to the proportion of days with events. ¥taxis shows days.
They axis shows daily rainfall in mm (above zero) versus the number of rockfalls (below zero).

4.2.2 Results Similar tests were also performed with the rainfall distri-

bution for Burgundy (Fig. 6), and the results were found to
Figure 4 shows the different cases tested and the correlepe similar to those presented here.

tions from a graphical perspective. The correlation is no-

ticeable regardless of the proportienof days with events

if Cr =100 %. . _ 5 Application of the proposed method to the three real
If this value decreases, the proportion of days with events  §atapases

has a stronger influence.

Table 3 presents the values of the cross-correlation funcTaple 5 summarizes the correlations identified using the pro-
tion for all of the databases, obtained for a time délay0.  posed method. Only the maximum correlation values are pre-
In the case of a high-frequency database=@3%), the  sented in the table. The new method confirms the existence of
correlation was detected f@f; = 50 %. However, the cross- 3 positive correlation between rainfall and rockfalls on Réu-
correlation did not permit the establishment of a correlationnjon. This correlation exists with the daily rainfall and with
between rainfall and rockfalls faf; = 25%. The same neg- the cumulative multi-day rainfall (Fig. 7) but is more signif-
ative conclusion applies to the case of a database with 13 %ant in the case of the accumulated rains. The method also
of days with events whe@; =50 and 75 % for a “typical”  detects a correlation between the minimum and maximum
databasex(= 3 %). Thus, by analogy, the value of the max- temperatures and the rockfalls in the same region, which is
imum of the cross-correlation function (0.563) for the Réu- not surprising because the rainy season is characterized by
nion database indicated that at least 75 % of the events wengoth high temperatures and intense rainfall. These correla-
correlated with rain. tions are maximal for a time delay of 1 day.

Table 4 presents the results obtained with the proposed Whereas the standard analysis did not identify any corre-
method, allowing us to identify the correlation between rain-|ation for the two other databases, the new approach detected
fall and number of rockfalls, provided that the number of several correlations. Indeed, the new approach detected a
rockfalls and rainfall events are 100 % correlated. correlation between the accumulated rainfall and rockfalls

for Burgundy. More precisely, the method indicates that the

Nat. Hazards Earth Syst. Sci., 14, 19531964 2014 www.nat-hazards-earth-syst-sci.net/14/1953/2014/
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Table 3. Values of the cross-correlation between rainfall and rockfalls for three virtual databases, with a time delay of zero days. This value
is compared to the significance threshold, which is equal to 0.031 in all cases. The results presented in italic identify the non-significant
correlations (values equal to the threshold value were also considered insignificant).

x=43% x=13% x=3%

Cr=100% Maximum value of cross- Maximum value of cross- Maximum value of cross-
correlation=0.65 correlation= 0.42 correlation=0.23

Cr=75% Maximum value of cross- Maximum value of crossMaximum value of cross-
correlation=0.45 correlation=0.18 correlation=0.031

Cr=50% Maximum value of cross- Maximum value of cross- Maximum value of cross-
correlation=0.23 correlation=0.031 correlation=0.031

Cr=25% Maximum value of cross-  Maximum value of cross-  Maximum value of cross-

correlation=0.031 correlation=0.030 correlation=0.026

50

Table 4. R? and p values of the linear regression line obtained by
the proposed method for three virtual databaggscorresponds

to the correlation rate between rainfall and number of events, and
x corresponds to the proportion of days with events. The results

3500
3000
2500

2000 AN . - :
1500 shown in italic identify non-significant correlations.
30
1000
500 )C:43% X=13% x=3%
20 2 . 2 . 2 .
Cr=100% R?=0.98; R?=0.93; R?=0.73;
5 10 15 20 pvalue~10-36  pvalue~1018  pvalue~10-6
10 Cr=75% R?=0.88; R2=0.81; R2=0.57;
pvalue~10729  pvalue~10712  pvalue~10~%
0 T I Cr=50% R?=0.72; R2=0.71; R2=0.50;
pvalue~10~1  pvalue~10~7  pvalue~10-3
Rainfall (in mm) 2 2 >
Cr=25% R%?=0.54; R?=0.41; R?=0.47;
. . . A ~10-6 ~ 104
Figure 5. Histogram of rainfall for Réunion. p value~ 10 p value~10 p value>0.05
p value=0.06
Cr=10% R?=0.25; R2=0.18; -
occurrence of two successive days with intense rainfall is the pvalue~10-%  p va:ue> 0.05
p value=0.13

most favourable meteorological factor, among those studied,

for triggering rockfall events (Fig. 8).

A correlation between the daily minimum temperature and
number of rockfalls was also identified for the Auvergne
database. The maximal correlation occurred for the mini-
mum temperature recorded two days before the evbp} (
(Fig. 9). Temperatures lower thar?Q also triggered rock-
fall events after a delay of two days. The method presented in this paper highlights several statis-

For the two databases, no correlation was detected beical correlations between rockfalls and meteorological fac-
tween rockfalls and the daily temperature amplitude or thetors, depending on geology and the climate of the stud-
freezing duration. Another marker of freeze—thaw activ- jed sites. Below are several physical interpretations of these
ity could be the number of freeze—thaw cycle occurrencesorrelations.
in a day. This marker is frequently cited in the literature  On Réunion, intense rainfall events, typical of the island’s
(Douglas, 1980; Matsuoka and Sakai, 1999) and could beropical climate, are the main triggering factor for rockfalls.
used to validate or invalidate our results. Unfortunately, thisTheir effect is very short term, lasting no longer than 1 day.
marker was not available for the studied data. Rockfalls here consist of a leaching of the cliff, during which

already unconsolidated blocks of rock are swept along by
temporary torrents flowing down the steep topography.

6 Discussion

6.1 Physical processes involved in each study sites

www.nat-hazards-earth-syst-sci.net/14/1953/2014/ Nat. Hazards Earth Syst. Sci., 14, 19884 2014
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Table 5.Correlations between the chosen meteorological factors and the daily number of rockfalls; results obtained with the proposed method
on the real databases. Only the maximum correlations are presented here.

Réunion

Burgundy Auvergne

Daily precipitation ¢)

For D1 — R2=0.70
p value=10"°
Correlation coefficient=0.12

No correlation No correlation

Cumulative daily
precipitation @c)

FomD, — R2=0.74
p value=10"13
Correlation coefficient=0.10

ForD, — R2=0.54 No correlation
p value=10"5

Correlation coefficiert 0.012

Daily minimum
temperatureXmin)

ForD, — R2=0.69
p value=10"6
Correlation coefficient= 0.5

No correlation Fob, — R2=0.34
p value=10"°

Correlation coefficient 0.05

ForD1 — R2=0.60 No correlation No correlation
p value=10"5

Correlation coefficient=0.8

Daily maximum
temperatureTmax)

Daily temperature No correlation No correlation No correlation

amplitude {amp)

Daily freezing
duration

No correlation No correlation No correlation

Dy is the day of the event(s) studied, arg}, identifies the: days before, with n varying from 1 to 10.

Geologically, the steep slopes in Burgundy are mainly ] ) Nrq
characterized by alternating layers of limestone and marl.P (rockfall given the interval = N 3
The marls are capable of absorbing rainwater that infiltrates
and causes creeping of the clay minerals contained withirwhere Ng is the number of days with at least one event
the substrate (Peck and Terzaghi, 1948). This process is relavithin the considered interval anily is the total number of
tively slow and is primarily related to low-intensity rainfall days within the considered interval.
episodes lasting several days. Repeated water infiltrations Table 6 provides the conditional probabilities for (1) the
cause the rupture of the overlying pre-fractured limestoneaccumulated rainfall over 2 days for Réunion, (2) the accu-
layers via a fatigue effect (Pariseau and Voight, 1979). mulated rainfall over 3 days for Burgundy, and (3) the tem-

Auvergne differs significantly from Burgundy in that the perature minimum fo, for Auvergne. The values of the
rupture processes leading to block detachments are assocgionditional probabilities (N¥Ng) can be compared to the
ated with different geological settings and triggering factors.daily rockfall probability in each case (number of events di-
Auvergne is located in a region of volcanic and plutonic mag-vided by the total number of days in the database). Given
matic rocks, and the main meteorological factor observed tdhe interval for the meteorological factor (e.g. the daily rain-
correlate well with rockfalls in this region is a strong negative fall), the infrastructure manager can then estimate the proba-
temperature gradient occurring 2 days before the rockfallsbility of rockfall and make a risk management decision based
This correlation can be explained by the freeze—thaw proces®n a rainfall forecast (a rainfall prediction provided at least
inducing progressive expansion and loosening of rock frac-a day in advance). Specifically, for both Réunion and Bur-
tures by repeated diurnal freezing and thawing of water-filledgundy, when 15 mm of cumulative rainfall is reached (over 2
cavities (Coutard and Francou, 1989; Matsuoka and Sakaind 3 days, respectively), the probability of a fall is doubled
1999; Matsuoka, 1994, 2008). compared to the daily rockfall probability. For Auvergne, this
probability is doubled wher5°C is reached. When 120 mm
of rain falls in Réunion, the conditional probability of rock-
o _fall reaches 1, which means that the daily rockfall probability
The new approach also allows the estimation of the condiig mytiplied almost by 8. In the most unfavourable case, this

tional probability of rockfall given the interval of rain&f,  probability is multiplied by 5.5 for Burgundy and by 3.5 for
P;11]), to be determined as follows: Auvergne.

6.2 Conditional probabilities used for risk management
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Table 6.Probability of having at least one event on a day falling within a given interval of daily rainfall (Réunion and Burgundy) and different
intervals of daily minimum temperatures (Auvergne).

Réunion Burgundy Auvergne

Interval of Probability Interval of Probability Interval of Probability
cumulative of at least cumulative daily  of at least daily of at least
daily rainfall one event rainfall over one event minimum of one event
over 2 days 3 daysip temperature

(Do + D1) + D1+ Dy) (D2) (°Cday ™)

(mmday1) (mmday1)

Daily rockfall probability Daily rockfall probability: Daily rockfall probability:

0.13 0.02 0.029
0-5 0.09 0-5 0.013 —20;-10 0.1
5-10 0.16 5-10 0.026 -10;-5 0.052
10-15 0.25 10-15 0.036 -5;0 0.039
15-20 0.32 15-20 0.041 0-5 0.024
20-30 0.39 20-30 0.032 5-10 0.023
30-40 0.45 30-40 0.03 10-15 0.029
40-50 0.55 40-50 0.043 15-22 0.027
50-70 0.54 50-70 0.053
70-90 0.64 70-136 0.111
90-120 0.64
120-150 1
150-200 1
200-516 0.73
6.3 Advantages and drawbacks of the proposed basis, as is the case when patrolling is performed daily. The
approach study of the correlations between the events of the day (

and the meteorological factors of the days befdyg)(is not

The correlation between rockfalls and meteorological factorspossible if these conditions are not met. Furthermore, the
is a typical observation. However, the correlations are diffi- studied site should present homogeneous geological condi-
cult to detect (cf. Part 3) for databases with fewer rockfallstions to allow the statistical analyses to be relevant to the
(such as the Burgundy and Auvergne databases) (Frayssinestire database. Indeed, differences in geological conditions
and Hantz, 2006). By testing the proposed method on a virmay lead to differences in the failure mechanisms (Douglas,
tual database (cf. Table 4), it was confirmed that with a cor-1980; Fityus et al., 2013; Luckman, 1976); in such an event,
relation rate () of 100 %, a correlation could be detected it is probable that both the triggering factors and statistical
even within databases containing very few events 8 %). conclusions will differ. To be more precise in the analysis, the
By reducing the correlation rate, a correlation can still be de-Burgundy and Auvergne databases could be divided into dif-
tected for only 50 % of days with events completely corre- ferent parts according to the geology. However, the databases
lated Cr =50%). In terms of the size of the intervals used are not sufficiently rich to allow this partitioning.
in the correlation analysis, we conducted several tests using Moreover, the assessment of the conditional probability of
either the smallest or largest possible interval size when atockfall given the interval of the meteorological factor allows
least one event and 5 days were observed. The results, exts to compare each of the conditional probabilities with the
pressed in terms of the value, did not change significantly. daily rockfall hazard, which corresponds to the proportion of
However, theR? values increased slightly in the largest in- days with events in the entire database.
tervals. Our evaluation of the cross-correlation method using At present, one of our objectives is to investigate other
the virtual databases (cf. Table 3) demonstrated that no crosgields by testing this method on databases involving events
correlation is detected if there are fewer than 3 % of days withother than rockfalls. This extension will permit us to exam-
events. Moreover, the cross-correlation analysis appears unire the scope of this method, particularly in the study of
suitable if only one event occurs per day (given that the crossslow phenomena (at least 15 days between the factor and the
correlation is calculated as a function of the daily number ofevent).
rockfalls).

For the proposed method to be applicable, the database
must be as complete as possible and re-established on a daily
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7 Conclusions Brunetti, M. T., Guzzetti, F., and Rossi, M.: Probability distributions
of landslide volumes, Nonlin. Processes Geophys., 16, 179-188,

The objective of this study was to identify any possible cor- d0i:10.5194/npg-16-179-2002009.

relation between meteorological factors and rockfalls, everBull, W. B, King, J., Kong, F., Moutoux, T., and Phillips, W. M.:

in the case of databases containing very few events. Prelim- Lichen dating of coseismic landslide hazards in alpine moun-

- o . . tains, Geomorphology, 10, 253-264, 1994.
inar istical anal hel identi veral correla- ;
ary statistical analyses helped to identify several co eaChau, K.T.,Wong, R. H. C., Liu, J., and Lee, C. F.: Rockfall hazard

t!ons n tf:je casedof a h”Ch databgseI. “Howfvgr’ nk? corrtzla- analysis for Hong Kong based on rockfall inventory, Rock Mech.
tion was detected in the more typical “poor” databases due Rock Eng., 36, 383-408, 2003,

to the sparse representation of days with several rockfallsgqytard, J.-P. and Francou, B.: Rock Temperature Measurements
The proposed method uses the probability of occurrence of in Two Alpine Environments: Implications for Frost Shattering,
the chosen triggering factor to assess the influence of this Arct. Alp. Res., 21, 399-416, d4i0.2307/15516491989.
factor on the rockfalls. This approach serves to highlight theDouglas, G. R.: Magnitude frequency study of rockfall in
correlation between a small number of events and a meteo- Co. Antrim, N. Ireland, Earth Surf. Proc., 5, 123-129, 1980.
rological factor. For a database containing only 3 % of daysPurville, J. L.: Remarks on the use of probability techniques in the
with events, the method used to detect a correlation assessedfield of natural hazards: The cas of landslides, Bulletin des labo-
whether approximately 50 % of the events were perfectly cor-_ atoires des Ponts et Chaussées, 249, 3-17, 2004. _
related with the meteorological factor chosen. The use of thidPUssauge, C., Grasso, J. R. and Helmstetter, A.. Statis-
method confirms the positive correlation between rainfall and t!cal analysis of rockfa}ll volume _ distributions: Implica-

. , . Lo . tions for rockfall dynamics, J. Geophys. Res., 108, 2286,
rockfalls in the Reunlqn da’gabase. It h|gh||ghts_ a correlation doi:10.1029/2001JB000652003.
between the cumulative rainfall and rockfalls in Burgundy, riyyys, s. G., Giacomini, A., and Buzzi, O.: The significance of
and it detects a correlation between the daily minimum tem-  geology for the morphology of potentially unstable rocks, Eng.
perature and rockfalls in the Auvergne database. The pro- Geology, 162, 43-52, ddif.1016/j.engge0.2013.05.Q@013.
posed method allowed the probability of events to be esti-Frayssines, M. and Hantz, D.: Failure mechanisms and
mated given the value of the meteorological factor studied. triggering factors in calcareous cliffs of the Subalpine
These probabilities should be helpful in terms of risk man- Ranges (French Alps), Eng. Geology, 86, 256-270,
agement, for example, for optimizing the patrolling services d0i:10.1016/j.enggeo.2006.05.0@506.

for each site according to the susceptibility of that site to theGunzburger, Y., Merrien-Soukatchoff, V., and Guglielmi, Y.: Influ-
meteorological factors. ence of daily surface temperature fluctuations on rock slope sta-

bility: case study of the-Rochers de Valabres-slope (France), Int.
J. Rock Mech. Mining Sci., 42, 331-349, 2005.
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