Comparing rockfall scar volumes and kinematically
detachable rock masses

1. Introduction

Scenario-based risk assessment for rockfalls, requires assumptions for different scenarios of
magnitude (volume). Extreme rockfall events can be defined as those that are characterised by the
detachment of rockfall masses of one or more orders of magnitude greater than the commonly
observed events in an area. In practice, common methodologies for the rockfall hazard assessment
may involve an individual block or many blocks of different sizes (Ferlisi et al. 2012).

In the first case, some researchers propose the use of the average rock size (Abbruzzese et al. 2009, Li
et al. 2009) or the mostly expected one (Pierson et al. 1990). However, extreme events, albeit rare,
can be highly destructive or disruptive, and should be taken into account for a proper risk assessment
and management. When rockfall classes are used instead, the expected volumes for a given study site
can be introduced into the quantitative hazard and risk assessment through the establishment of
magnitude-frequency relations (Corominas et al. 2014). The incorporation of rockfall magnitude
scenarios into the risk analysis has also been proposed by Agliardi et al. (2009), Barlow et al. (2012),
Lari et al. (2014) and Macciotta et al. (2015). The volumes to be expected in a study site are commonly
defined using statistical distributions such as power law based on empirical data (Dussauge et al. 2003,
Hantz et al. 2003, Budetta et al. 2015, Hungr et al. 1999) or using data deriving from the geo-structural
representation of the rock mass (Hantz et al. 2003, Hoek and Bray 1981, Ferrari et al. 2015). During
the last decades, the alternative use of remote sensing techniques (Abellan et al., 2011) permits the
compilation of inventories with precise information on the rockfall volume.

The maximal rockfall size is commonly assumed to be the greatest inventoried one, independently of
the rock mass properties. Malamud et al. (2004), Picarelli et al. (2005), and Dussauge-Peisser et al.
(2002) suggested the extrapolation of power-law magnitude-frequency relations, for a preliminary
assessment of the largest events. Instead, the geo-structural representation of the rock mass allows
for considering the local characteristics of the jointed rock mass such as continuity lengths of the
discontinuity sets and spacings. These characteristics might be a possible reason for the truncation of
the afore-mentioned distributions, as some rockfall (Ruiz-Carulla et al. 2015a) and other landslide
inventories (Turcotte et al. 2002) indicate.

The in-situ block size distribution (Elmouttie and Poropat 2012 and Ruiz-Carulla et al. 2015b) has been
associated with unstable volumes and the failure geometry of the rock face (Kalenchuk et al. 2006,
Ferrero et al. 2011). Palmstrém (2005), proposed the block volume to be evaluated in function of the
joint spacing and geometric disposition and the volumetric joint count (Palmstrom, 1982). Lu and
Latham (1999) outlined the importance of the fractal dimensions of the three sets of discontinuity
spacing values delimiting a volume. Lu (1997), introduced an additional “relative impersistence
factor", Fimp, to take into account the effect of not fully persistence discontinuities, on the block
volume.

These studies focus on the most likely to occur or the mean block size. Nevertheless, maximum
volumes can be evaluated using the same assumptions as proposed by these studies, but in function
of the maximum values spacings. In any case, the use of the in-situ block size volumes for the



assessment of the expected rockfall volumes, disregards the potential for detachment, from the slope
face, of assemblies of blocks instead of individual ones.

To assess assemblies of potentially unstable blocks and to approximate their volumes in search of big
volume events, a detailed engineering geological mapping of the entire rock face and the potentially
unstable rock masses on it can be performed (Saroglou et al. 2012, Copons 2005). This technique is
mainly based on the detection of open joints and kinematically unstable rock masses. However
unstable volumes are not always visible on the slope surface. For assessing the stability of block
assemblies, too, Yarahmadi Bafghi et al. (2003) suggested the key-group method that takes into
account the presence and intersection of discontinuities in the rock mass. However, this method
presents limitations for its massive application on a rocky slope, in order to detect the biggest volumes.
Additionally it requires information on the persistence of the discontinuities inside the rock mass,
which is seldom available.

The afore-mentioned procedures can be mostly applied for the detection of the commonly observed
rockfall sizes in an area, and do not contemplate extreme events which might be produced under the
presence of particularly adverse conditions. The establishment of an extreme maximum but realistic
rockfall volume for a given study site, still remains a challenge.

The assessment of the maximum credible rockfall volume at a rocky slope presents several
uncertainties, including different, although inter-related issues. These include: a) The role of the joint
orientation, spacing, and persistence, limiting the detachment of large blocks (Brady and Brown 1992;
Kim et al. 2007, Palmstrom et al. 2001, Elmouttie and Poropat 2012, Lambert et al. 2012, Wyllie and
Mah 2004); b) the scale analysis which will determine whether the smaller blocks bounded by
persistent discontinuities inside larger ones that might failure individually from the first-order larger
blocks will be taken into consideration. For the investigation of the maximum rockfalls, just the first-
order larger blocks may be considered; and (c) the failure mechanisms, including structurally
controlled failure of individual blocks, step-path failure of blocks linked by rock bridges, rock mass
failures in intensely fractured rock masses. Instability is much more likely to occur if spacings are dense
and joints are fully persistent, given the usually much higher resistance of intact rock compared to
that of joints (Einstein et al. 1983). Nevertheless, Kim et al. (2007) outlined that as joint spacing gets
wider, brittle failure of the intact rock mass is more likely to occur and also bigger rock blocks are
expected. Moreover, greater rock blocks are expected for not fully persistent joints than for fully
persistent ones. Einstein et al. (1983), Frayssines and Hantz (2006) suggested that most discontinuities
are not fully persistent and that, during rock slope failure, a complex interaction occurs between pre-
existing discontinuities and brittle fracture propagation through intact rock bridges. This failure
mechanism was termed “step-path” failure by Jennings (1970). Brideau et al. (2009) outlined its
importance especially for large rock slope failures.

Rock stability analysis may include these effects according to its level of sophistication. Stead et al.
(2006) indicated three levels of increasing complexity, varying from the conventional application of
kinematic and limit equilibrium techniques to simulate simple failures to the use of numerical
continuum—discontinuum codes with fracture simulation capabilities, well suited to complex
instabilities. Prior to all types of analysis, the modelling requires effective data collection in the field
and data interpretation for potential failure modes with reference to the field observations. The use
of LIDAR and photogrammetry techniques have permitted the collection of that data (Sturzenegger
and Stead 2009, Jaboyedoff et al. 2012).

In this direction, the scope of this paper is to discuss the data that has been obtained from previous
studies by detailed engineering geological mapping, combined with point cloud (Santana et al. 2012),



and GIS data analysis (Mavrouli et al. 2015), with focus on the maximum realistic rockfall volume that
can be expected at a given study-site in Andorra.

The study-site is a rocky slope situated next to the urban area of Santa Coloma, known as Forat Negre
(Figure 1). Its special interest lies in its intense rockfall activity, posing a threat to buildings,
infrastructure and persons at the adjacent built area. Important funds have been invested by the
Government of Andorra for the installation of highly dissipative steel fences to retain and decelerate
falling blocks. Yet a residual risk is attributed to the rock blocks that cannot be retained by protective
barriers (Corominas et al. 2005), due to excessive energy or bouncing height. This risk can be
associated to potential extreme events, which implies the need for an extensive investigation of a
realistic maximum rockfall volume.

In Forat Negre, the rockfall size volume distribution has been investigated using two independent
analyses. The first analysis (Santana et al. 2012) aimed at measuring the dimension of the scars
produced by past rockfalls, in order to obtain information on the volume distribution of previous
events. The measuring was performed by means of a point cloud obtained with a Terrestrial Laser
Scanner, TLS. The second analysis (Mavrouli et al. 2015) focused on detecting kinematically detachable
rock masses on a Digital Elevation model, DEM, applying the Markland criteria (Markland 1972) at
each cell of the DEM. The joining of adjacent cells on the DEM where the same unfavourable
discontinuities outcropped represented unstable zones. The distribution of the potential rockfall
volumes at these zones was calculated, in function of the unstable zone areas on the DEM, and then
transformed into equivalent volumes.

A brief description of the two analyses is included here. Their results serve as a starting point for the
objectives of this work, which are (i) to compare the fundamental assumptions for the evaluation of
the size-distribution of the scars and of the cinematically detachable rock masses and to discuss their
differences; (ii) to relate the maximum assessed volumes with these assumptions; (iii) to discuss the
role of joint persistence in the establishment of a maximum rockfall volume, for the study site; and
(iv) to suggest realistic failure mechanisms for extreme rockfalls in the study area with reference to
the field observations related to the persistency of the joints and the size of the rockfalls and the
analysed data.



Borrassica

Fig. 1 The slope above the town of Santa Coloma and the chute of Forat Negre (Foto credit: Joan
Torrebadella)

This study, that includes the investigation of the results for the previously calculated maximum
volumes, focuses on the determination of the factors that are related to the jointed rock mass and
affect the maximum credible rockfall volume. It aims at identifying the conditions and failure modes
that permit or impede the occurrence of a biggest rockfall event and to propose the determining
factors that should be analysed at similar case studies. This is a first step of an on-going work towards
the determination of credible detachment mechanisms of big rockfall events in the study site.

2. The study site

The Sola d’Andorra is a rocky slope, about 2 km long and with a maximum altitude of 2179 meters,
above the urban areas of Andorra la Vella and Santa Coloma in the Principality of Andorra. As



described at Corominas et al. (2005) during the Pleistocene period the glaciers invaded the Valira
valleys and attained thicknesses of several hundred meters the main phase of glacier retreat started
40000 years ago (Bordonau 1992). At Andorra la Vella the glacial erosion produced an over-deepend
depression of the valley floor which is now filled with lacustrine, deltaic and fluvial sediments to a
depth of 50-60 m. Erosive feature and the presence of till deposits abandoned in the slopes indicate
that, at this location, glaciers reached a thickness of 350 m, and their erosion produced steep slopes
up to a height of 1300 m , 300 m above the present valley foot. The northern side of the valley is
formed by the Carroi massif, composed of granodiorite rocks and the slope of the Sola d’Andorra
develops at its foot.

Various rockfall scars, chutes, screes and talus deposits indicate the occurrence of a high rockfall
activity in the area, produced by the combination of several mechanisms such as stress-relief, freeze-
thaw weathering, wedging by thee roots and raise of cleft water pressures from rainfall. Repeated
rockfalls have produced fan-shaped talus cones at the foot of the rock cliffs.

The general average frequency is 1 event every 2 years. Zones with intense activity are Forat Negre,
its adjacent zone Borrassica (Figure 1) and the distant zone of Bassera Mateu (Corominas et al 2005).
The average annual rainfall precipitation is of 1071.9 mm. A direct relation with the rainfall
precipitations that might trigger a rockfall has not been established so far.

A rockfall that occurred in 1997, causing major damage of a building due to the impact of a block of
25 m3, raised the public awareness of the risk and the local authorities were mobilized to take action
against rockfalls. A prevention policy was applied through three work plans (Copons et al. 2005): the
rockfall master plan (related to construction permissions), the mitigation plan (with reference to the
installation of structural protective measures) and the surveillance plan (focused on the location of
possible future rockfalls and documentation of past ones).

The delimitation of hazard zones and the calculation of the energy against the protective barriers, for
the rockfall master plan and the mitigation plan, have been performed using a representative block
volume. This volume was calculated considering the size of the deposited blocks on the scree, as well
the size of potentially unstable blocks detected on the slope face (Copons et al. 2005). Neither plan
considers the potential of a big volume event, which implies several impacts at a time and possibly a
mass movement.

This work investigates this potential in the chute of Forat Negre. It is a steep V shaped couloir formed
in the Southern slope of the Enclar peak (2383m). The couloir extends from 990 m to about 1300 m
a.s.l. The rock mass is intensely fractured granodiorite. Since approximately 1968, 11 rockfall events
have occurred with a maximum recorded rockfall of 150 m3 (April, 2008) that destroyed extensively
the rock barriers and damaged an unoccupied building located in a high hazard area, according to the
rockfall master plan. So far, the biggest observed event in the wider area has been of 1000 m? (zone
of Tartera de la Pica, April 1969).

3. Rockfall volume analysis

The two analyses for the assessment of the rockfall scar size and the kinematically detachable rock
masses have been included here. Detailed information on the methods can be found in Santana et al.
(2012) and Mavrouli et al. (2015). Only the results which are exclusively related to the maximum
rockfall volumes are presented here.



3.1 Rockfall scars

The analysis of Santana et al. (2012) focuses as well on the chute of Forat Negre. It estimates the size
distribution of the rockfalls that occurred in the past, measuring the size of the scars that have been
produced by the detachment of rock masses from the slope face, forming the actual topographical
relief. This distribution is an indicator of the rockfall activity over the last thousands of years. For this
technique, point cloud data obtained by a Terrestrial Laser Scanner was used. This was proposed as
an alternative to the evaluation of the rockfall frequency-magnitude relation based on historical
records and reconstructed series of events, where this information is incomplete or unavailable.

As mentioned at Santana et al. (2012) during the application of this methodology, all the involved
parameters were calibrated, comparing at several steps of the procedure, the generation of the
rockfall scar areas with the lidar DEM relief and photos of the zone. As a validation, we were able to
reproduce several reference scar areas identified on the photos and in situ and in particular the
maximum ones. Neither by photos (qualitatively) or using the proposed method (quantitatively) have
not observed rockfall scars with greater area than some hundreds of square meters.

The assessed size distribution was expressed in terms of volume of the rockfall masses that miss from
the scars. The volume is the product of the scar base area with its height (Figure 2). The basic
assumptions of this procedure are: (a) each scar basal plane corresponds to a unique rockfall, and (b)
neighbouring scar basal planes with a step greater than 0.2 m, define more than one events. The
assumption (a) although might overestimate the volume corresponding to a rockfall scar, it provides
conservative results for the determination of the maximum volumes for the case-study, which is the
objective of this work. On the other hand, it does not consider the scenario of a rockfall leaving several
scars on the rock face. This scenario was discarded for this work, given the fact that no big stepped
surfaces can be observed in the field and that even for the greatest scars (Figure 10), the steps are
low.




Fig. 2 Scar missing volume as the product of the scar basal area with its height

In the study area, the detachment of the rock mass from the slope takes, commonly, place along pre-
existing discontinuity sets, so that the scars edges are exposed planes of these discontinuities. The
predominant failure mode is planar failure. For the study area, as only slight changes are observed on
the relief, assuming a pre-failure topography parallel to the basal plane and defined by the tension
crack dimensions is realistic. Thus a prerequisite for the application of the methodology was the
definition of those sets. Figure 3 shows the dip direction and dip angle of sets defining kinematically
detachable rock masses. The slops have an indicative dip direction of 160°.

F1: 54,59
F7:141/89
F3: 157/56
F5: 182/47
Discontinuity Dip direction Dip angle (%) Role
set ]
F1 54 59 Lateral plane/tension crack
F3 157 56 Basal sliding plane
F5 182 47 Basal sliding plane
F7 141 89 Tension crack

Fig. 3 Stereonet and joint characteristics

Rockfall scars mostly have prismatic shapes, which are formed by the intersection of 4 joint sets. The
sets F3 and F5 alternate in the formation of sliding planes, or elsewise scar bases. They are drawn as
polygons. They are intersected, almost perpendicularly, by F1 and F7 which play the role of lateral



plane and tension crack. F1 and F7 are faults with large persistence. Figure 4 shows how the
discontinuity sets intersect each other to form rock masses on the cliff face.

Fig. 4 Examples of intersection of discontinuity sets for the formation of rock blocks in the study-site

To measure the size distribution of the scars, the points of the point cloud belonging to each one of
the four sets F1, F3 and F5, and F7 were filtered and planes were adjusted to them. These planes
correspond to the scar edges. Their areas, the maximum width (along the strike) and length (along the
dip) were measured. The heights of the scars are the intersections of the tension cracks F1 and F7,
and their distribution was defined by the length (dip direction) of these planes. Eventually, the size
distribution of the scars was calculated by means of a Monte Carlo simulation, multiplying the scar
areas with the heights.

For a sample of 5000 scars, which is of the same order of magnitude as the identified scars on the
point cloud, the maximum calculated scar volumes are of the order of few thousands of m3 (~3000
m?3). This corresponds to the maximum rock mass size that has been detached actually from the slope
face leaving a scar on it. The largest observed scar base was 213 m?, indicating a respective scar height
of the order of 15 m.



3.2 Kinematically detachable rock masses

While the rock masses that are missing from the scars reveal the rockfall activity that took place in the
past, the expected rockfalls in the future, can be associated with the unstable rock masses on the
slope face. Following the procedure of Mavrouli et al. (2015), stability was defined after kinematic
analysis based on the geometry of discontinuities and the slope orientation and angle. The size
distribution of kinematically detachable rock masses was then calculated.

This analysis describes a conservative scenario such as that (a) the potential rockfall mass is detached
entirely at a single rockfall event, without taking into account that smaller successive failures are
possible instead, (b) the important joint sets are present all over the slope, and (c) the discontinuities
outcrop at the lowest part of each cell. Following this procedure, no restriction isimposed on the rock
mass detachment due to the existence of lateral confinement.

A GIS data analysis was performed to assess the zones of the slope that are unstable. This procedure
consisted in using a raster DEM (cell resolution: 1 m x 1 m), derived from a topographical map at
1:5000 scale and covering the entire zone of Forat Negre. The selected cell resolution is enough to
avoid inducing a significant error in the estimation of areas of hundreds or thousands of square
meters. Kinematic analysis was performed at cell level to identify those cells that for the
discontinuity sets F3 and F5 (the basal sliding planes), they fulfil the Markland instability criteria: (a)
slope angle > joint dip and (b) slope orientation=dip direction+202. No potential scenarios of wedge
or toppling failure have been considered for the kinematic analysis, after observation of the failure
mechanisms in the study area. These cells were marked on the DEM. Next, those of them that were
adjacent were joined to form wider areas, of area A. Figure 5 resumes schematically this procedure.
A prerequisite for the application of this method is that the discontinuities F3 or F5 are present at
every cell of the DEM, and that they are fully persistent.
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Fig. 5 Detection of kinematically detachable rock masses on a DEM. Left: (a) test of cell for instability
and (b) formation of unstable areas by adjacent unstable cells (modified from Mavrouli et al. 2015)

The zones of the kinematically detachable rock masses were afterwards superposed on orthophotos
to verify the instability. The most extensive zones are depicted in Figure 6.
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Fig. 6 The polygons in yellow are the areas on the DEM that fulfil the Markland instability criteria. In
blue the cells with critical aspect (unfavourable F3 and F5 outcrops) and in purple the cells forming
steep walls

The areas of these zones are indicative of the size of the rockfalls that might be expected in the study-
site. To transform the area, A, into volume, V, two alternative simplistic shapes of the detachable rock
masses were assumed: cubic or prismatic. For both shapes, the base, corresponds to the area A. The
height depends on the persistence of the basal plane inside the rock mass (see “joint length” in Fig.
4). For cubic shape this length is taken as L=V/A and for prismatic as L=0.5V/A. The cubic and prismatic
volumes were respectively given by Equations (1) and (2).

V=A3? Equation (1)

V=0.5A%2 Equation (2)

The maximum volumes obtained with this analysis were of the order of 50.000 m* and 25.000 m? for
cubic and prismatic volumes accordingly. The largest calculated basal area was 1.361 m?. As the co-
existence of all the afore-mentioned hypotheses (a) to (c) is lowly probable and the assumptions made
for this analysis are very conservative (worst-case scenario), these volumes establish an upper limit
for rockfalls in the study-site. In the following section, however, a discussion is carried out on whether
these thresholds are credible.

4. Comparison of scar volumes with kinematically detachable rock masses

11



4.1 Assumption differences and effect on maximum rockfall volume

The observed size distribution of the rockfall scars is an empirical evidence of past rockfalls. Instead,
the kinematically detachable rock masses indicate hypothetical rockfalls that might occur in the
future. Hence a comparison is made here between the empirical evidence of rockfalls and the
calculated rockfall failures.

Despite the two diverse approaches in the analysis of the rockfall size distribution, the difference
between the scar volumes (3000 m? approximately) and the kinematically detachable rock masses
(25000 or 50000 m3 respectively for prismatic and cubic volumes) is limited to 1 order of magnitude.
This difference can be mainly attributed to the divergence of the analysis assumptions.

The calculation of the scar volumes is based on the joint traces length, which is that part of the
discontinuities that after a rockfall remained exposed on the slope face. Thus, according to this
analysis, the apparent extent of the discontinuity surface that is implicated in the detachment of the
rock mass from the slope face is determined by the scar edges and it is limited. On the contrary, for
the detection of the kinematically detachable rock masses, the discontinuities are considered more
persistent, allowing them to deeply penetrate into the rock mass. Therefore, the extent of the
discontinuity surface that is involved in the detachment is larger.

An additional difference refers to the presence of discontinuities on the rock mass. While for the
observed scars the discontinuities planes are the real ones, for the calculated volumes it is accepted
that the discontinuity planes F3 and F5 outcrop at every cell of the DEM, which is very conservative.
In reality, the presence of the discontinuities depends on their spacing and persistence.

A further issue is the consideration of step-path failures. For the observed scar volumes step-path
failures with steps smaller than 20 cm are considered as unique rockfalls, but failures with steps higher
than 20 cm are associated to separate rockfalls. Instead, the calculated kinematically detachable rock
masses do not contemplate step-path failures, but only the detachment along continuous basal
planes. These basal planes, which are assumed to outcrop at the lowest part of the detected unstable
zones, are the deepest possible ones, and thus provide the greatest possibly detachable rock masses.
Any other sliding surface, as for example, along a step-path surface would hence yield smaller
volumes.

These methodological assumptions may explain the magnitude difference between scars and
predictive volumes. In fact, although the predictive rockfall failures assume that the big continuous
planes up to 1361 m?(shown in Fig. 5) might be possible, these planes are not observed on the actual
slope, where the maximum detected area is 213 m2. Figure 7 shows a common mechanism for the
formation of extensive continuous planes, when more than two intersecting discontinuities are
involved. The detachment of blocks takes place, gradually in single blocks or all at once as a block
assembly, along very persistent pre-existing discontinuity sets. The lack of evidence of this mechanism
at the study-site was therefore investigated here in association with the persistence of the basal
planes of F3 and F5 and the spacing of the tension cracks and/or lateral planes F1 and F7.
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Fig. 7 Formation of large sliding planes through the gradual detachment of blocks along the pre-
existing discontinuities (the discontinuities inside the rock mass are drawn with dashed line). The
simultaneous detachment of all blocks (large unique failure) would give the same result as well.

4.2 Persistence and spacing

After field reconnaissance, an interruption of the scar planes (discontinuities F3 and F5) was observed
at their intersection with the tension crack and/or lateral planes F7 and F1. This interruption prevents
the formation of large failures as shown in Figure 8.

Fig. 8 Interruption in the persistence of large basal planes F3 and F5 by the tension crack planes F7

13



The scar planes of Santana et al. (2012), permitted measuring the spacings of the discontinuity sets,
as the perpendicular distances between successive planes (254, 162, 104 and 34 measurements for
F1, F3,F5and F7, accordingly). The software Rhinoceros was used to this aim. The spacing distributions
are shown in Figure 9. It can be observed that the joint sets are highly present, with spacings up to
few meters. Using the same data, the visible length (along the dip) of the scar edges was also
calculated, as the maximum edge distance along the dip of a plane (Figure 10).
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Fig. 11 Comparison of the F3 and F5 visible length distributions with the F7 spacing

Figure 11 indicates that the distributions of F3 and F5 (the basal instability planes) are very similar to
the distribution of the planes of F7, although obtained by independent procedures. Table 1
summarizes the results for the maximum areas, average and median lengths. Their modal and average
value are of the same order of magnitude. This, along with the visual observation of the exposed
surfaces (Figure 7) that shows several planes of F3 and F5 being interrupted by F7 planes, suggests
that in most cases F7 exerts a control over the length of the planes F3 and F5 limiting their persistence
at their intersection. Hence for the study-site, the presence of F7, expressed by its spacing, plays a
critical role in the determination of the maximum expected rockfall size, as it restricts the detachment
of big rock masses. This factor makes the maximum credible volume for Forat Negre significantly
smaller than the kinematically detachable rock masses.

Table 1 Measured areas and lengths of the scar edges and spacings of the discontinuity sets

F1 F3 F5 F7
Max spacing (m) 8.09 6.35 4.11 5.60
Average spacing (m) 2.11 1.84 0.76 1.22
Modal spacing (m) 1.63 1.22 0.53 1.00
Max area (m?) 121 236 144 213
Max length (m) 19.85 27.08 14.65 19.14
Average length (m) 0.96 1.45 0.99 1.19
Modal length (m) 0.76 1.04 0.73 0.89

Nevertheless, a second observation arises from the results: In some cases, the planes of F3 and F5,
that are the basal planes of the failures, are longer than the spacing of F7 that usually plays the role
of tension crack. In fact, the maximum measured length of F3 and F5 (27.08 m and 14.65 m
respectively) is one order of magnitude longer than the spacing of F7. Some of these cases were
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localised on photos (Figure 11), demonstrating that for the study site, the rockfall failure does not
always occur between two successive planes of F7; instead the formation of basal surfaces across
more than one (although few) spacings of F7 is possible. For these areas, small steps, smaller than 20
cm, could be recognised on the photos, suggesting the potential of a step-path failure, through the
interaction of F3 and F5 with pre-existing discontinuities or minor brittle failures. As a conclusion,
besides the detachment along continuous sliding planes, rockfalls may occur via step-path failures.
The maximum volume will then depend on the length of the basal plane and the resistance of the rock
bridges, if any.
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Fig. 11 Indicative basal plane of the discontinuity set F5, including various spacings of F7

5. Conclusions

The determination of the maximum rockfall volume which can be expected at a study-site is not a
trivial issue, especially for intensely fractured rock masses where several discontinuity sets are
present.

In this paper, the results from two previous analyses on the rockfall size distribution, at the chute of
Forat Negre, in Andorra, are discussed. The first analysis provides the observed size distribution of the
rockfall scars, and it is an empirical evidence of past rockfalls. The second one calculates the
kinematically detachable rock masses, indicating hypothetical rockfalls that might occur in the future.
Despite the two diverse approaches in the analysis of the rockfall size distribution, the difference
between the scar volumes (3000 m? approximately) and the kinematically detachable rock masses
(25000 or 50000 m3, respectively for prismatic and cubic volumes) is limited to 1 order of magnitude.
The comparison provided an insight into the critical factors that affect the maximum realistic rockfall
volume, which can be expected at the study-site.

The persistence of the discontinuity sets is a key factor for the volume of big rockfall events. In the
study area, the discontinuity set F7 exerts a control over the length of the planes of the discontinuities
F3 and F5 and implies a limitation on their persistence. In fact, in most cases, the length of the planes
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F3 and F5 coincides with the spacing of F7. This leads to the conclusion that the maximum credible
rockfall volume should be considerably lower than the greatest kinematically detachable rock mass,
as their detachment as a whole is repeatedly restricted by the presence of F7, when it is estimated
without consideration of the persistence of the basal planes.

Still, this volume restriction can be overcome to some extent. Asthe greatest basal planes of the scars
indicate, the formation of basal planes across more than one spacings of F7 is possible. This may occur
either along continuous sliding planes or via step-path failures, which might imply pre-existing
discontinuities or minor brittle failures. In that case, the spacing of the basal planes is a determining
factor for the maximum volume. As a conclusion, the key factor for the determination of the maximum
credible volume at the study-site is the maximum realistic length of the basal planes, penetrating into
the rock mass, their spacing, and, if applied, the contribution of the rock bridges to the overall rock
mass resistance.
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