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Abstract. An analytical methodology is presented to evaluate rock slope stability under seismic conditions by considering the geomechanical and topographic properties of a slope.
The objective is to locate potential rockfall source areas and
evaluate their susceptibility in terms of probability of failure.
For this purpose, the slope face of a study area is discretized
into cells having homogenous aspect, slope angle, rock properties and joint set orientations. A pseudostatic limit equilibrium analysis is performed for each cell, whereby the destabilizing effect of an earthquake is represented by a horizontal
force. The value of this force is calculated by linear interpolation between the peak horizontal ground acceleration PGA
at the base and the top of the slope. The ground acceleration
at the top of the slope is increased by 50% to account for topographic amplification. The uncertainty associated with the
joint dip is taken into account using the Monte Carlo method.
The proposed methodology was applied to a study site with
moderate seismicity in Solà de Santa Coloma, located in the
Principality of Andorra. The results of the analysis are consistent with the spatial distribution of historical rockfalls that
have occurred since 1997. Moreover, the results indicate that
for the studied area, 1) the most important factor controlling
the rockfall susceptibility of the slope is water pressure in
joints and 2) earthquake shaking with PGA of ≤0.16 g will
cause a significant increase in rockfall activity only if water
levels in joints are greater than 50% of the joint height.

1

Introduction

Earthquake-induced rockfalls comprise a considerable fraction of landslides worldwide, posing a significant threat to
humans, infrastructure and property. This has motivated their
Correspondence to: O. Mavrouli
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investigation and has led to the development of methodologies for the evaluation of the seismic susceptibility of rock
slopes. The effects of earthquakes on rock slopes strongly
depend on local conditions of the rock mass. Thus when
evaluating the susceptibility of a slope to seismically induced
rockfalls, it is necessary to consider specific geologic and
topographic properties of the area as well as the respective
seismic hazard.
Keefer (1993) developed an empirically based approach
that has become one of the most widely used techniques for
assessing seismic rockfall hazards. Keefer’s (1993) methodology is based on geologic and topographic factors observed
to be characteristic of large seismically induced rockfalls.
The approach takes the form of a decision tree that relates
local conditions of an area to seismically induced rockfall
susceptibility. Critical factors associated with a high susceptibility to seismically induced rockfalls include (i) steep relief, (ii) intense weathering, (iii) poor induration and (iv) the
presence of open and closely spaced fissures. More specifically, steep relief refers to slopes inclined 25◦ or more. Intense weathering, which is indicative of the destruction of the
original rock-bonding material, is a factor promoting rock
detachment from the slope face. Poor induration refers to the
low strength of bonding of particles in fresh, unweathered
rock (unconfined compressive strength lower than 700 kPa).
The decrease of stability due to open fissures is attributed to
the lack of lateral support of the partially contained detached
sheets, columns and blocks. An average joint spacing of a
few centimeters or less is also associated with highly susceptible slopes, as is joint containing water. Based on data from
40 worldwide earthquakes, Keefer (1984) found that the minimum earthquake intensity required to trigger rockfalls corresponded to ML ≈4.0. This local magnitude is approximately
equivalent to a Modified Mercalli Intensity of VI and a European Macroseismic Scale (Gruntal, 1998) intensity level 6
to 7.
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As Keefer’s approach is empirical and qualitative, the objective of this paper is to present an alternative analytical
methodology that can be used for quantitative assessment
of earthquake-induced rockfall susceptibility. The methodology was developed to evaluate rock slope stability under seismic conditions in Solà de Santa Coloma, located in
the Principality of Andorra (see Sect. 4.1). Application of
Keefer’s (1993) decision tree indicates that Solà de Santa
Coloma has a low to moderate susceptibility (depending on
the absence or presence of water in the joints, respectively)
to earthquake induced rockfalls. Using the newly proposed
methodology, the effects of earthquakes rockfall susceptibility is considered in quantitative terms and the results from
both the empirical and analytical approaches are compared.
The methodology proposed here considers local geologic
properties, topography, and expected levels of ground shaking. The methodology is based on a limit-equilibrium model
that accounts for joint kinematics in the region of study. The
slope face is highly discretized, thus permitting the identification of potentially dislodgeable rock masses. Uncertainty
in the joint properties is accounted for by means of a Monte
Carlo simulation procedure, with model output presented as a
probability of failure Pf under a given level of ground shaking. Complementary conventional deterministic analysis is
also performed, using the average joint dip from the unfavorable joint sets, and yielding results expressed as a safety
factor. Past studies (e.g. Keefer, 1984; Khazai and Sitar,
2003; Sepúlveda et al., 2005) have attributed high rockfall
intensities to topographic effects, a phenomenon whereby topographic features, such as slopes and basins, can locally
modify earthquake ground shaking (e.g. Geli et al., 1988).
Accordingly, the proposed methodology includes provisions
to account for topographic effects using an established simplified procedure. The methodology has been implemented
with a Geographical Information System (GIS) platform using ArcMap v. 9.2 by ESRI, which allowed for graphical representation of the potential rockfall sources and their associated susceptibility. The following sections of this paper discuss the effects of earthquakes on rock slopes and provide
complete details of the proposed methodology and its application in Solà de Santa Coloma.

2

Earthquake effects on rock slopes

Earthquakes affect rock slopes in two distinct ways, each
associated with different time scales. The most obvious of
these is the immediate co-seismic detachment of rock from a
slope face or the remobilization of previously detached rock
masses. A second effect, which occurs over the longer time
frames (months to years), involves the earthquake-induced
opening of fissures and rock fracturing that may result in rock
dislodgements in the future. The analytical method presented
in this paper pertains only to the first of these two effects, the
co-seismic detachment of rock masses.
Nat. Hazards Earth Syst. Sci., 9, 1763–1773, 2009

The size and the geometry of potential failure masses in
rock slopes are controlled by intersecting joint sets. Rockfalls can only occur when the rock mass formed by the intersecting joint planes is kinematically capable of detachment, regardless of the shaking forces acting to the mass.
This criterion serves as the basis of the Markland (1972) test
of potential instability. During an earthquake, kinematically
permissible failure masses will dislodge when the shear resistance of the controlling joint surface(s) is exceeded due
to shaking-induced inertial forces. Seismic loading is cyclic
and transient and therefore its magnitude and direction are
continuously changing with the earthquake. As a result,
earthquake-induced inertial forces will alternate from stabilizing to destabilizing with respective cycles of motion during an earthquake. Moreover, these inertial forces may alternatively increase and reduce normal stresses on joint planes,
and thus the contribution of friction to the shear strength
along the plane (Hack et al., 2007).
As noted, topography can locally modify earthquake
ground shaking in slopes. Additionally, site effects, the onedimensional amplification of earthquake ground motion, can
also affect the dynamic response of soil and soft rock slopes
in earthquakes (Ashford et al., 1997). Site amplification has
been found to be less significant than the topographic effects
for steep, well indurated rock (Sepuldeva et al., 2005). While
topographic effects have shown to dramatically increase the
amplitude of ground shaking near the crests of steep slopes
(Bouchon and Barker, 1996), this same phenomenon can also
result in de-amplification of ground motion at the toe of a
slope (Boore, 1972). The main factors affecting this phenomenon are the slope inclination and the vertical distance
from the crest of the slope (Geli et al., 1988). Additionally,
the earthquake frequency content (Ashford and Sitar, 2002)
and the approach direction of seismic waves are also important factors affecting topographic amplification (Anooshehpoor and Brune, 1989).

3

Methodology for the evaluation of
earthquake-induced rockfalls

The proposed analytical methodology was developed to indentify the location of potential earthquake-triggered rock
slope instabilities and assign stability class categorizations
in terms of probability of failure Pf over local to mediumrange scale study areas (i.e. up to several km2 ). Failure is
defined as the detachment of a rock mass from the slope face
under given conditions.
The proposed methodology involves the following steps
(Fig. 1):
1. Discretization of the slope in relief units (cells), having
homogenous aspect, slope angle, rock properties and
joint set orientations.
www.nat-hazards-earth-syst-sci.net/9/1763/2009/
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Fig. 1. Methodology for the evaluation of earthquake-induced rockfalls.

2. Calculation of the maximum slope angle and the average aspect for each cell using the program ArcMap by
ESRI.
3. Estimation of joint properties: average dip angle (ψp ),
cohesion (c) and friction angle (φ) and evaluation of
the unfavorable joint sets in each cell using the Markland (1972) criteria.
4. Estimation of local shaking intensity in terms of horizontal peak ground acceleration PGA.
5. Calculation of safety factor SF taking into account the
cleft water pressures, joint properties and PGA on the
slope face.
6. Evaluation of the probability of failure Pf by additionally incorporating the variability of the joint dip angle
and using a Monte Carlo simulation.
The input data include the digital elevation model (DEM)
of the area, as well as field data on the joint sets and the
joint surface properties. The resolution of the DEM determines the detailed representation of the local relief and thus
the accuracy of the calculated slope angle and aspect. The
use of a 5 m DEM at minimum scale of 1:5000 obtained by
photogrammetry or laser scanner is recommended for the application of the methodology.
www.nat-hazards-earth-syst-sci.net/9/1763/2009/

3.1

Unfavorable joint sets and properties

Field reconnaissance is required to obtain data on the principal joint sets. Given the slope aspect, it is possible to identify
unfavorable joints for each cell using the Markland (1972)
criteria. These criteria define unfavorable joint sets based on
three conditions (Hoek and Bray, 1981): (i) potential joint
planes must intersect the slope face, (ii) potential joint planes
must have a dip angle greater than the friction angle, and (iii)
joint sets must have a maximum difference of 20◦ between
their dip direction and the slope aspect.
Given the uncertainty in estimating the joint dip angle that
could cause slope failure, an average dip value for each one
of the unfavorable joint sets may be considered along with
its standard deviation. Additionally, a more detailed statistical analysis of the joint data may be performed using joint
densities obtained by a stereonet (Gokceoglu et al., 2000).
Strength properties of the joint sets (c and φ) were estimated
based on typical values for similar rock types included in an
experimental database compiled by Barton (1974) and Hoek
and Bray (1981).
3.2

Local shaking intensity

The analytical method captures the destabilizing effects of an
earthquake using a pseudostatic scheme whereby the transient seismic forces are represented in a simplified manner
Nat. Hazards Earth Syst. Sci., 9, 1763–1773, 2009
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Fig. 2. Calculation of the PGA on the slope face PGAsf .

by a constant outward horizontal force applied through the
centroid of each potential failure mass. Vertical shaking is
often only a fraction of that in the horizontal direction, and
has therefore been assumed to be neglected in the analysis.
The pseudostatic force Fhoriz was computed as:
Fhoriz = PGA · (W/g),

(1)

where:
PGA = peak horizontal ground acceleration acting on
the potential failure mass,
W = the weight of the potential failure mass,
g = acceleration due to gravity.
The PGA along the rock slope is the intensity of base shaking PGAb modified by site and topographic effects (Fig. 2).
The intensity of base shaking is a function of the defined seismic hazard level (e.g. return period) and may be estimated
based on a site-specific seismic hazard analysis or from local
seismic codes. A site response analysis may then be used to
relate the PGAb to the free field ground motion behind the
crest PGA. This analysis may be based on simplified code
standards, such as those in the International Building Code
or Eurocode 8 (ENV 1998-5:1994), or alternatively, using a
site-specific one-dimensional ground response analysis. The
effects of topography are accounted for based on a simplified procedure developed by Ashford and Sitar (2002). The
procedure suggests that the ground motion of the free field
behind the crest PGAff be increased by 50%. The PGA on
the slope face at the location of the cells PGAsf is obtained
by linear interpolation between the base and the crest as prescribed by Eurocode 8.
3.3

Fig. 3.
Limit equilibrium model for the stability analysis
(W = weight, c = cohesion, A = basal area of the block, U and
V = uplift water forces, ψp = dip angle of the joint, ψf = slope
angle, γw = unit weight of water, z = depth of the tension crack,
zw = depth of the water in the tension crack, φ = friction angle,
PGA = peak ground acceleration on the slope and g = acceleration
due to gravity.

average value of the joint dips that represents the potential
sliding planes. The safety factor SF is calculated by Eqs. (2)–
(7) for the two-dimensional rock mass shown in Fig. 3.
SF=




c · A+ W · cosψp −PGA/g · sinψp −U −V · sinψp · tanφ

,
W · sinψp +PGA/g · cosψp +V · cosψp

where
H −z
A=
,
sinψp
W=

γr · H 2
2

   


z 2
1−
· cotψp · cotψp · tanψf −1 ,
H


z = H · 1 − cotψf · tanψp ,
U=

γw · zw · A
,
2

(2)

(3)
(4)
(5)
(6)

2
γw · zw
(7)
,
2
W = weight, c = cohesion, A = basal area of the block, U
and V = uplift water forces, ψp = dip angle of the joint,
ψf = slope angle, γw = unit weight of water, z = depth of the
tension crack, zw = depth of the water in the tension crack,
φ = friction angle, PGA = peak ground acceleration on the
slope and g = acceleration due to gravity.

V=

Safety factor
3.4

The stability of each cell can be investigated analytically for
the input data using a conventional limit equilibrium formulation for planar and wedge failures as described by Hoek
and Bray (1981) and Hoek (2007). In this paper, only plane
failure is considered. The analysis is conducted using a fixed
Nat. Hazards Earth Syst. Sci., 9, 1763–1773, 2009

Probability of failure

For the calculation of the safety factor SF and the evaluation
of the susceptibility of the slope to rockfalls, there are uncertainties introduced into the proposed methodology. Uncertainties related with topographic data (i.e., DEM precision)
www.nat-hazards-earth-syst-sci.net/9/1763/2009/
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result in variation of the maximum slope angle for each cell.
There are also uncertainties for the geomechanical properties
of the joint sets (ψp , c and φ). Additionally, water pressure
in the joints is another variable factor as is the PGAsf applied
to potential rockfalls masses on the slope face.
To address the uncertainties introduced into the analysis,
a probabilistic analysis is proposed using Monte Carlo simulation technique. For simplicity, in this work explicit treatment of uncertainty will be limited to ψp when considering
that the potential for block detachment is based on kinematics of the joint sets. However, the Monte Carlo simulation
technique presented here can be extended to include uncertainties in other factors such as topography, seismic ground
motion, water pressures, and shear strength of the joints. A
normal distribution of the joint dip is assumed of each cell,
with average value and standard deviation resulting from the
dip of all unfavorable joints for the cell. The probability of
failure may then be calculated as:
Pf = P [SF < 1].
4
4.1

(8)

Application of analytical method at Solà de Santa
Coloma, Andorra
The study area characteristics

The study area is a slope situated next to the urban area of
Santa Coloma, in the Principality of Andorra, located in the
East-Central Pyrenees. The area was selected for this study
because it experiences a relatively high rate of rockfall activity and because a number of other studies have been performed in the slope in recent years (Copons, 2004; Copons
et al., 2005; Corominas et al., 2005), thus allowing the analysis results to be checked against previous studies for consistency. Two sites are investigated within the studies area, the
Borrassica and the Forat Negre (Fig. 5a, b, and c).
The retreat of the Pleistocene glaciers about 20 000 years
ago has resulted in a typical U-shape valley profile in the
area. The subsequent occurrence of morphogenetic processes such as decompression and freeze-thaw for both sites
has resulted in intense rockfall activity under non-seismic
conditions. This is particularly apparent for the Forat Negre (Fig. 5c). Lithology at the site consists mainly of graniodiorite. The values of c=0.20 MPa and φ=35◦ were selected as conservative estimates of joint strength in this material based on data presented by Barton (1974) and Hoek
and Bray (1981). While the rock mass is relatively impervious, joints close to the topographical surface may open progressively due to stress release thus allowing the rainfall to
infiltrate with a consequent increase in the cleft water pressures. Figure 4 summarizes the principal joint sets that were
observed and measured by Comella (2003).
The seismicity of the area is related to its tectonic setting.
The Pyrenean range results from the collision of the Eurasian
and Iberian plates (Souriau and Pauchet, 1997). The eastern
www.nat-hazards-earth-syst-sci.net/9/1763/2009/
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Fig. 4. Schmidt stereogram of the principal joint sets at the study
area (after Comella, 2003).

end of the range has been locally affected by Mediterranean
tectonics, which features an Oligocene-Miocene northwestsoutheast extension resulted in the Corsica-Sardinia drift and
the opening of the Gulf of Lion. The principal fault systems
in the area are the northwest-southeast trending Bigorre fault
in the Central Pyrenees, and the northeast-southwest trending
Tet and Tech faults in the Eastern Pyrenees, which control the
Neogene to Quaternary deformation in this part of the range.
The study area is located in a region of moderate seismicity. Historical records indicate that in 1373 a relatively large
earthquake occurred in nearby Ribagorça (Central Pyrenees),
resulting in estimated Modified Mercalli intensities of VIII
to IX in the region (Olivera et al., 1994). More recently,
a series of seismic events occurring in 1973 caused Modified Mercalli levels V to VI shaking intensities in the region
(Susagna and Goula, 1999). All these seismic events were
felt at the study areas of Borrassica and Forat Negre. For
this study we adopted the results of a comprehensive probabilistic seismic hazard assessment (PSHA) of the Pyrenean
region (including Andorra) by Secanell et al. (2008) to define the local shaking intensities corresponding to an earthquake having a return period of 475 years. This return period,
which is equivalent to an event having 10% probability of being exceeded in 50 years, was selected to be commensurate
with design seismic risk levels specified in most contemporary building codes. Seismic hazard maps developed by Secanell et al. (2008) as part of their PSHA indicate a bedrock
median PGAb of 0.12 g for all of Andorra and consequently
for the study area.
Keefer’s (1993) empirical approach was applied to the
study area as shown in Fig. 6. For the existing conditions,
the path on the decision tree (shown by following the gray-,
pink- and red-shaded boxes) indicates that the study area has
a moderate to high susceptibility of seismically induced slope
Nat. Hazards Earth Syst. Sci., 9, 1763–1773, 2009
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moderate. A review of the historical archives suggested that
no significant rock failures occurred during the two strongest
earthquakes over the last hundred years, the Boi earthquake
of 1919 which resulted in local MMI shaking of V–VI, and
the Viella earthquake of 1924 (Susagna and Goula, 1999).
These historic observations corroborate with the susceptibility criteria based on the Keefer (1993) procedure.
4.2

Application of the procedure and results

A 5 m contour DEM at a 1:5000 scale obtained by photogrammetry was used in this study. Field observations as
well as terrain profiles of the DEM indicated an elevation
of 1075 m at the slope base and 1325 m at the crest of the
(a)
slope for both of the sites. The two study areas were discretized into homogeneous cells with a 25 m elevation dif5(a)
ference between the lowest and the highest contour lines of
each cell. A total of 97 cells have been defined as shown in
Fig. 6. For each cell, the maximum slope angle and the average aspect were calculated using ArcMap. The slope angles
as well as the discretization of the cells are presented on the
topographic map in Fig. 7. The maximum slope angle in the
study area was 86◦ . It can be seen that the majority of the
cells have slope angles greater than 70◦ and the investigated
area fulfills the prerequisite of being steeper than 25◦ for the
earthquake hazard evaluation on steep rocky slopes (Keefer,
1993).
Intact rock such as that at the study site often has shear
(b)
wave
velocities in the range of 800 m/s, the threshold beyond
5(b)
which site amplification is assumed to be negligible based
11 PGAff value was set equal to
on Eurocode 8. Accordingly,
the PGAb of 0.12 g. This acceleration was then increased
by 50% to obtain the PGAcr value of 0.18 g. The PGAsf
value of 0.16 g was computed by linear interpolation (average altitude: 1075 m) between the PGA at the toe and crest of
the slope. To test this simplified approach for accounting for
topographic amplification, a series of two-dimensional dynamic response analyses where performed using the finitedifference code FLAC (Itasca, 2005). Intact rock generally
exhibits linear behavior over the range of strains typically encountered during an earthquake (Schnabel et al., 1972) and
therefore modeled as an elastic material with material properties typical of those for intact igneous rocks (shear wave
(c)
velocity=3000 m/s). The numerical model was subjected to
Fig. 5. The Principality of Andorra
5(c)(a), Solà de Santa Coloma (b)
seven recorded ground motions from events in California,
and location of the Borrassica and Forat Negre sites within the Solà
USA and Italy, scaled to a PGA=0.12 g. While the full dede
Santa
Coloma
study
area (c).
Figure
5. The
Principality
of Andorra
(5a), Solá de Santa Coloma (5b) and location of the tails of finite difference analyses are beyond the scope of this
Borrassica and Forat Negre sites within the Solá de Santa Coloma study area (5c).
paper, it is noted that the PGAsf values from the detailed nu12 merical simulation averaged 0.08 g, suggesting that the simplified procedure provides a conservative estimate of accelfailure. However, for Andorra, and accordingly for Solà de
eration along the slope face.
Santa Coloma the assigned seismic intensity is VII according
Field observations in the entire area indicate that most failto the map of seismic zones of Catalonia for a return period
ures
occur along planar joint surfaces (Fig. 8). As a result a
of 500 years (Goula et al., 1997). Additionally, vegetation
limit
equilibrium model that takes into account planar suris also present. Therefore, according to Keefer’s approach,
faces
was used to compute the safety factor (Fig. 3).
rockfall susceptibility is decreased by one grade and is low to
Nat. Hazards Earth Syst. Sci., 9, 1763–1773, 2009
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Fig. 6. Decision tree for susceptibility of rocky slopes to earthquake-induced failure (Keefer, 1984), and application to the Solà de Santa
Coloma (grey: existing conditions on the study area, pink: occasionally existing condition, red: susceptibility level). The susceptibility grade
is reduced by one grade (−1) for M>6.6 and vegetation presence.

Fig. 7. Distribution of the slope angle of cells in the study area
(contour interval: 5 m).

Unfavorable joints for each cell were first determined using the Markland (1972) criteria. The average joint dip and
associated standard deviation were then calculated for the unfavorable joints of each cell. In order to assess the relative
significance of seismicity on the rockfall hazard, parametric analyses were performed for both non-seismic and seismic conditions, as well as for differing water pressures in
the joints corresponding to joint water level of 0% (no water), 20%, 30%, 40%, 60% and 70%. For these combinations
of parameters, corresponding values of the safety factor SF
were obtained based on a conventional deterministic analysis. Following this analysis, the probability of failure Pf was
then calculated considering the additional parameter of joint
www.nat-hazards-earth-syst-sci.net/9/1763/2009/

Fig. 8. View of the source area of the 2002 rockfall in Roc de Sant
Vicenç, in Solà de Santa Coloma. Note the many planar joint surfaces at the site.
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Table 1. Correlation of SF with Pf by non linear regression
analysis.
Safety factor
SF

Probability of failure
Pf

0.90
1.00
1.10
1.30

0.54
0.50
0.44
0.36

inclination standard deviation (calculated for each cell as described earlier) with the aid of the Monte Carlo simulation
software @Risk 5.0 (Palisade, 2007).
Figure 9 presents the computed Pf as a function of SF for
the full range of the parametric analyses. The plot was used
to aid the interpretation of the analyses results, and to define
four general stability classes. The cells of class 1 are those
having a minimum SF of a 1.3 and are considered very stable. The value of SF=1.3 was selected based on its wide acceptance in geotechnical engineering slope stability practice
as a threshold defining adequate stability (e.g., Wyllie and
Mah., 2004; Lorig and Varona, 2000; Singh et al., 2005). The
cells of class 2 have a SF less than 1.3 and greater than 1.1
and are also stable. Class 3 describes the susceptibility level
for those cells that have SF close to 1 (i.e., 0.90≤SF≤1.10),
that given the inherent uncertainties of the detachment phenomenon, are considered to be at incipient failure. The final
category, class 4, comprises the cells with a SF lower than
0.90, which are considered unstable. In this evaluation, the
cells of classes 3 and 4 are considered source zones for potential rockfalls.
A non-linear regression analysis was performed to determine the Pf that corresponds to the defined SF thresholds.
Results from this analysis are as shown in Table 1.
According to the results presented in Fig. 9, SF=1 corresponds to a condition where there is a 50% chance of having
a detachment of the rock mass. The same reference point has
also been used by Vick (1994) as cited by Silva et al. (2008),
Nat. Hazards Earth Syst. Sci., 9, 1763–1773, 2009
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40

50

60

70

Class

without
earthquake

water %

Fig. 9. Probability of failure Pf versus safety factor SF.

0
97
0
0
0

97
0
0
0

97
0
0
0

95
0
0
2

91
3
1
2

81
5
3
8

71
2
8
16

Class 1
Class 2
Class 3
Class 4

Pf <0.36
0.36≤Pf <0.44
0.44≤Pf <0.50
Pf ≥0.50

with
earthquake

Table 2. Number of cells for each class and modeling conditions.
Total number of cells in the study area is 97.

97
0
0
0

97
0
0
0

96
1
0
0

94
1
0
2

87
2
2
6

71
8
3
15

65
4
2
26

Class 1
Class 2
Class 3
Class 4

Pf <0.36
0.36≤Pf <0.44
0.44≤Pf <0.50
Pf ≥0.50

Pf

based on the fact that normally distributed uncertainty for
SF=1 gives Pf =0.5. This is due to the fact that in addition
to the average dip value, discontinuities with dips inclined
shallower than the average value are also considered in the
Monte Carlo analysis. As a result, in many cases of SF>1,
the probability of failure Pf is considerable (i.e., SF=1.30
corresponding to Pf =0.36).
Using these thresholds, the number of cells is further calculated for each class for various combinations of earthquake
and water conditions (Table 2). It is noted that for conditions
corresponding to no water and a water level of 20%, there
are no instable rockfalls sources both with and without seismic effects. This implies that without significant water in the
joints, an earthquake will not initiate a rockfall in the study
area. For a water level 30% and no earthquake conditions, no
rockfalls sources are indicated (susceptibility class 1), while
for the same water lever (30%) and considering earthquake
conditions, there is a single cell that has a susceptibility of
class 2.
Figure 10 shows the potential for rockfalls with and without an earthquake using a color scale related to the range of
Pf values. The results are presented for joint water level
40% (the minimum level needed to trigger rockfalls), 50%,
60% and 70%. This implies that for the level of seismicity
consider here and the assumed rock properties, an earthquake
will not trigger significant rockfalls in the study area. Thus,
the principal controlling factor appears to be the water pressure in the joints. For joint water levels greater than 50%
a significant increase in rockfalls may be expected. Under
these water level conditions, an earthquake will be expected
to increase the number of potential source zones (e.g., for
zw =50% z, the number of rockfall sources increases from 3
to 8). This amount of water in the joints is particularly high
for the study area. As a result, given that it is unlikely that
water will reach these levels in the joints, the susceptibility of
the slope to seismically induced rockfall is low. This is consistent with the susceptibility level based on Keefer’s (1993)
approach for the area. A benefit of the proposed approach is
that it provides information of the location of the source area
and a quantification of the probability that rockfalls will occur in the area given a level of seismic excitation and water
pressure conditions.
www.nat-hazards-earth-syst-sci.net/9/1763/2009/
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Fig. 11. Historical rockfall events overlaid on the rockfall source
map of the study area (from Fig. 10, column 1, row 4).

reduce the size of the rockfall points (dots) and to provide
more accurate information. Moreover given that the sources
are inaccessible, their positioning using GPS was not possible. The points presented in Fig. 11 were determined following three steps:
i The rockfall source was localized on a photograph of
the rock slope, taken vertically to the slope.
ii The source was positioned on an orthophoto image by
the help of the photograph of step i.

Fig. 10. Rockfall source areas and their probability of failure Pf .

4.3

Comparison of the results with historical
rockfall data

The results of the methodology were evaluated in relation
with their spatial accuracy using recently documented rockfall events and comparing the location of these to the Pf
computed using the proposed methodology for the specific
site locations. Given the scale of the map, the accuracy of
the rockfall location is limited; nevertheless, it provides useful information on rockfall sources. Some of the historical
rockfall events occurred after rainfalls, however the information on the infiltration due to these rainfalls is not sufficient. The most unfavorable water conditions (zw =70% z)
and non-seismic conditions are assumed. The location of the
historical rockfall events with respect to the location of the
cells in the investigated area is shown in Fig. 11. Historical
data information was collected by Copons (2004), Copons et
al. (2005) and Corominas et al. (2005). Because of the scale
of the map (1:5000) the precision in positioning the rockfall
points on it is limited. Due to this, it is not possible to further
www.nat-hazards-earth-syst-sci.net/9/1763/2009/

iii The orthophoto image was overlaid with the topographic map of the area using the program CADS that
permits the localization of the source on the topographic
map.
The sources were visible from a station vertical to the
slope. So their position on the photos was an easy and direct step. The slope has many irregularities and small trees
which are present on the photos as well as the orthophotos.
There irregularities were used as reference points to position
the sources on the orthophotos. The reference points have a
distance of less than 10 m. As a result the positioning error
on the topographic map is of the order of some meters.
Table 3 summarizes the Pf calculated using the proposed
methodology. It is noted that with one exception, all past
rockfall events occurred in cells characterized as potential
sources (i.e., Pf ≥0.4). The exception, the event of 17 August 2003, is located in a cell of low probability of failure. The failure of the methodology to predict this particular rockfall event is probably related to a localized steep
zone in the cell area, which the DEM did not adequately capture. Another possible explanation could be a localized region having low shear strength values. In general, the comparison indicates that the procedure is capable of capturing
non-seismic rockfalls, thus suggesting the efficacy of the proposed method locating potential rockfall sources and rating
their level of stability.
Nat. Hazards Earth Syst. Sci., 9, 1763–1773, 2009
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Table 3. Probability of failure Pf of cells with historical rockfall
events.
Date of rock
fall event
April 2000
November 2001
November 2002
17 August 2003
2 April 2004
20 April 2008

Probability of failure Pf
of the corresponding cell
Pf = 0.46 (class 3)
Pf = 0.72 (class 4)
Pf = 0.44 (class 3)
Pf →0 (class 1)
Pf = 0.55 (class 4)
Pf = 0.56 (class 4)

5 Conclusions
A methodology was presented to evaluate rock slope stability
under seismic conditions. It is a new procedure that accounts
for geological, topographical and earthquake parameters and
it provides quantitative results. Moreover, it is simple but still
captures the most important factors and allows its application
over large spatial scale within a GIS platform. A benefit of
the proposed approach is that it provides information of the
location of the source area and a quantification of the probability that rockfalls will occur in the area given a level of
seismic excitation and water pressure conditions.
The application of the procedure to Santa Coloma, in Andorra, for both earthquake and non-seismic conditions, and
a range of water level zw in the joints (0, 20%, 30%, 40%,
60% and 70% of the vertical joint height) indicated that for
low water level there are no unstable rockfall source areas,
either with or without seismic acceleration, implying that
for dry conditions, an earthquake of the adopted magnitude
will not initiate a rockfall event in the study area. Therefore, the principal controlling factor appears to be water pressure in joints. For conditions corresponding to the height
of the water in a vertical joint zw greater than 50%, rockfalls are probable and it is only under these conditions that
an earthquake will increase the number and the instability of
potential sources. This amount of pore-water pressure is particularly high for the study area and consequently the area
can be generally characterized as having low susceptibility
to earthquake-induced rockfalls. It is important to mention
that this conclusion applies to the specific study area, which
is of moderate seismicity. The effect of a high magnitude
seismic event on the occurrence of rockfalls remains under
investigation.
The comparison of the results of the methodology with recent rockfalls show good agreement, with the exception of
a single event, which is located in a cell having a low probability of failure. The failure of the methodology to predict
this particular rockfall event is probably related to a localized
steep zone in the cell area or presence of individual joints
that may not share these properties (for instance, they might
Nat. Hazards Earth Syst. Sci., 9, 1763–1773, 2009

be affected by processes leading to the decay of cohesion
with time such as freeze-thaw processes, root wedging, etc.).
These very local conditions are not adequately captured by
the analysis.
Future investigation should include the realistic simulation
of the variability of further factors (cohesion c, friction angle
φ, Peak Ground Acceleration PGA, water level in the joints
zw , etc.) so they may be included in the Monte Carlo simulation. Additional research should be made to check the
sensitivity of the results using the proposed methodology to
the precision of the DEM, the joint set measurements and the
evaluation of the geomechanical properties. Also the investigation of the distribution of the water level in the joints for
various intensity rainfall events would improve the accuracy
of the results. Finally, the application of the methodology to
well documented similar case-studies of earthquake-induced
rockfall events would also be useful for the evaluation of the
method.
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