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Abstract (150-250 words)

The impact-induced rock mass fragmentation in a rockfall is analyzed by comparing the In Situ Block Size
Distribution (IBSD) of the rock mass detached from the cliff face and the resultant Rockfall Block Size Distribution
(RBSD) of the rockfall fragments on the slope. The analysis of several inventoried rockfall events suggests that the
volumes of the rockfall fragments can be characterized by a power law distribution. We propose the application of a
three-parameter Rockfall Fractal Fragmentation Model (RFFM) for the transformation of the IBSD into the RBSD. A
Discrete Fracture Network model is used to simulate the discontinuity pattern of the detached rock mass and to
generate the IBSD. Each block of the IBSD of the detached rock mass is an initiator. A survival rate is included to
express the proportion of the unbroken blocks after the impact on the ground surface. The model was calibrated using
the volume distribution of a rockfall event in Vilanova de Banat in the Cadi Sierra, Eastern Pyrenees, Spain. The
RBSD was obtained directly in the field, by measuring the rock blocks fragments deposited on the slope. The IBSD
and the RBSD were fitted by exponential and power-law functions, respectively. The results show that the proposed
fractal model can successfully generate the RBSD from the IBSD and indicate the model parameter values for the
case study.

1. Introduction:

A fragmental rockfall is characterized by the separation of the rockfall mass into smaller pieces after impact upon the
ground surface (Evans and Hungr, 1993). The generated individual rock fragments move as independent rigid bodies,
which propagate with different velocities and follow divergent trajectories (Figure 1). Fragmental rockfalls are
distinguished from rock avalanches as, during the latter, the mass of fragments moves in a flow-like mode. The deposit
of a fragmental rockfall consists of blocks of different sizes scattered on the ground surface (Figure 1). In the case of
large fragmental rockfalls (thousands to tens of thousands of cubic meters) a more or less continuous Young Debris
Cover (YDC) is formed. The size distribution of the deposit depends on the fragmentation degree.

Rock fragmentation is the progressive change in the particle size of an initial rock mass by application of actions.
Incorporating the fragmentation in rockfall analysis is fundamental in many aspects. For hazard and risk assessments,
its effect on the number, magnitude and intensity (kinetic energy) of the rock blocks is major (Corominas et al. 2012;
Ruiz-Carulla et al. 2015, Jaboyedoff et al. 2005). As the rockfall mass splits into pieces, the number of blocks is
multiplied (Corominas and Mavrouli, 2013) and their energy changes (Agliardi and Crosta, 2003). This affects their
trajectories and run-out, as well the encounter probability with elements at risk (e.g. building, people, vehicle) and
their destructive potential. Therefore, a rockfall analysis considering large unbroken rockfall masses may produce
unrealistic results (Okura et al. 2000; Dorren 2003) and instead the fragmentation should be taken into account.
Fragmentation may also affect the propagation mode in rockfalls, rockslides and rock avalanches, modify the location
of the front of the deposit and the position of the final center of gravity (Haug et al. 2016). The design of protection
structures such as barriers and rockfall sheds also requires data for the number and size of the rock blocks after
fragmentation.

Although, rock fragmentation has been frequently observed during rockfalls it is rarely considered for the rockfall
analysis. This can be attributed to the complexity of the physical process. Many parameters may have an influence
such as the presence of discontinuities in the boulders including their persistence, aperture and orientation at the
moment of the impact, the intact and joined rock resistance, the impacting energy, rigidity of ground conditions,
impact angle and velocity (Dussage et al. 2003; Wang and Tonon, 2010). Further references on the advances regarding
the fragmentation process and analysis are given in section 2 of this paper.



Important contributions on the analysis of the rock fragmentation come from the field of blast design and rock
avalanche analysis. To the knowledge of the authors, there are almost no rockfall kinematic models to simulate the
fragmentation of the rock mass in the case of fragmental rockfalls. An exception is the model incorporated at the
trajectory analysis software Hy-Stone (Wang, 2009), which applies a trained neural network to determine the mass
and velocities of the fragments right after the impact.

This work aims to contribute to the modeling of the fragmentation of fragmental rockfalls, through the proposal of a
three-parameter rockfall fractal fragmentation model, RFFM (section 3). The model is based on the assumption that
the fragmentation can be considered as a transformation from the state with the In Situ Block Size Distribution (IBSD)
at the cliff face (Lu and Latham, 1999) and the resultant Rockfall Block Size Distribution (RBSD) (Hantz, 2014; Ruiz-
Carulla et al. 2015). This assumption is supported by the relationship between the intact rock properties and
discontinuity structure of the rock mass, with the fragmentation degree and has been proved efficient for the
characterization of the blastability of rocks (Lu, 1997). The proposed transition model from the IBSD to the RBSD is
a three-parameter fractal model, based on that of Perfect (1997), where the resulting number-size distribution of
fragments depends on the probability of failure, P(b); a survival rate, Sr; and a scaling factor, b.

Using field-obtained data from a large rockfall event that occurred in 2011 in Vilanova de Banat in the Cadi Sierra,
Eastern Pyrenees, Spain, we explore the applicability of the proposed fragmentation model (section 4). We investigate
the potential for calibration of the three parameters that are involved in the calculation of the RBSD using the proposed
model, to fit the observed deposits.

Section 5 discusses the efficiency of the proposed model and the main controlling factors. It also casts a light on the
points to focus on, for developing and advancing the model with a view to general application.
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Fig. 1. Fragmental rockfall at Gurp, Central Pyrenees, Spain. A Young Debris Cover (YDC) is formed just below the rockfall
source (purple polygon). Four large individual blocks (blue circles) followed both independent and divergent trajectories after the
impact on the ground.

2. Rock Fragmentation

Rock fragmentation is a topic that has been addressed in a variety of scientific disciplines, such as in structural geology
interested in the fracture pattern of rocks as the result of the tectonic activity (Molnar et al. 2007; Sammis and King,
2007); in fracture mechanics for the analysis of the response of cracks to both static and dynamic loading (Atkinson,
1987); in the assessment of the performance of the drilling equipment, mechanical excavators, tunnel boring machines
(TBM), and for the consumption of disc cutters (Bakar et al. 2014); and in the mining industry, interested in the size
distribution of muck piles after blasting and on the subsequent crushing and grinding (Aler et al. 1996; Morin et al.
2006; Kulatilake et al. 2010; Sanchidridn et al. 2014). At rock mass instabilities the fragmentation of the detached
rock mass has been acknowledged by several researchers either for rockfalls (Dussauge 2003, Giacomini et al. 2009,
Wang and Tonon 2010, Agliardi et al. 2009, Crosta et al. 2015) or for rock avalanches (Locat et al. 2006; Crosta et al.
2007; Davies et al. 1999; Hewitt, 1998, 1999; Hermanns et al. 2006; McSaveney and Davis, 2007; Weidinger et al.
2014).

Different types of mechanisms are invoked to explain the progressive change in grain size by application of actions.
Crushing, grinding, comminution, fragmentation and dynamic fragmentation are the mechanisms usually quoted
(Crosta et al. 2007). Fragmentation can occur as a result of dynamic crack propagation during compressive or tensile
loading (dynamic fragmentation) or due to stress waves and their reflection during impact loading (ballistic
fragmentation).

Davies et al. (1999) introduced the term fragmentation to describe the breaking of rocks into pieces smaller than those
defined by the joint system of the parent rock mass. Nevertheless, for the purposes of this paper, fragmentation is used
as a generic and inclusive term, meaning the division of an initial rock block or rock mass caused by either the breakage
of the rock pieces, the disaggregation of joint-determined blocks, or both (Ruiz-Carulla et al. 2015). The breakage
takes place under stresses that exceed the strength of the intact rock, resulting into new fractures.

2.1 Characterizing the fragmentation degree

The characterization of the rock fragmentations involves the measuring of the block size of the fragments. This is
commonly performed either manually or by means of image analysis, the latter considering different assumptions for
the extraction of block volumes from the image data (Locat et al. 2006, Crosta et al. 2007).

A range of descriptors can be used for the fragment size characterization. The dsyo diameter or the mean size before
and after the fragmentation are frequently used. In mine blasting, Kuznetsov (1973) associated the latter with the
explosive energy and powder factors. Locat et al. (2006) also determined the degree of fragmentation for rock
avalanches, by comparing the mean diameters of the blocks within the intact rock mass and the deposited fragments.
Cunningham (1983 & 1987) further introduced a uniformity index “n”, depending on blast characteristics to describe
the block size variation. Having obtained the mean size and the uniformity coefficient, statistical distributions can be
fitted to the sizes of the fragmented blocks. The Rosin-Ramler model (Latham et al. 2006, Morin et al. 2006, Gheibie
et al. 2009, Kulatilake et al. 2010 and Hudaverdi et al. 2010) is one of the most commonly used in rock blast
fragmentation. Alternatively, if data are available, the characterization can be realized based on the block size
distribution BSD of the entire fragmented deposit (Hardin, 1985). The BSD is typically represented as a grain size
curve, in terms of percentage of material passing a certain size in a length unit as millimeters or meters, typically with
3 or 4 orders of magnitude of sizes.

The observation of different BSD has indicated that the fragments size follows a fractal distribution or power law
(Turcotte 1986 & 1992, Poulton et al. 1990, Crum 1990, Hartmann 1969, Xu et al. 2016, and Peng et al. 2009. The
power-law gradient is variable and it increases with the intensity of the fragmentation process (Hartmann 1969).
Turcotte (1986) added that the fragmentation is often a scale invariant process, and the preexisting zones or planes of



weakness where failure occurs exist on all scales. Crosta et al. (2007) collecting data for the deposit of a rock avalanche
indicated that its size distribution is characterized by a fractal dimension that was found consistent with other rock
avalanche deposits (Dunning, 2006). Perfect (1997) discussed the use of the fractal theory and presented alternative
models to analyze fragmentation in rock and soils.

The authors reported a fractal pattern in the volume distribution of six inventoried rockfalls in the Pyrenees, Catalonia,
which exponents range between 0.5 and 1.3 (Ruiz-Carulla et al. 2016). The obtained RBSD from the direct measure
of the blocks deposited in each inventoried rockfall are plotted in Figure 2 in terms of relative frequency versus block
size in cubic meters. Table 1 shows the characteristics of each case. The mentioned literature and our empirical
observation supports the use of fractal patterns to perform a fragmentation analysis of fragmental rockfalls.
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Fig. 2: Rockfall Block Size Distribution (RBSD) from 6 fragmental rockfalls events inventoried in Catalonia.

Table 1: Characteristics of the inventoried rockfalls:

Pont de N Vilanova de
Gulleri Lluca Omells Malanyeu Banat Gurp
Lithology Schist Sandstone Sandstone Limestone Limestone Conglomerate
Total rockfall volume (m?) 2.6 10.7 42 5000 10000 100
Max block size (m?) 0.28 8.5 1.1 445 31 22
Min block volume measured (m?) 0.0001 0.0007 0.0007 0.0001 0.01 0.01
N° of blocks measured 116 78 48 2721 1524 500
N° of blocks estimated 116 78 48 25500 60000 500
Exponent of the fitted power law 0.92 0.51 0.53 0.72 1.27 0.74
Min block vol considered for fitting (m®) 0.001 0.001 0.01 0.001 0.01 0.01
R? of the fitted power law 0.94 0.95 0.89 0.98 0.95 0.98

2.2 Obtaining the BSD from the IBSD

The influence of the IBSD of the rock mass in the BSD is well known in the mining industry. Latham et al. (1999)
focused on the blasting energy needed to convert the IBSD into a new fragment-size distribution. Locat et al. (2006)
analyzed the fragmentation in rock avalanches comparing as well the IBSD and the BSD of the deposit, and assessed



the equivalent energy for the generation of the latter. To determine fragment sizes produced during a dynamic event,
Grady (1982) and Grady and Kipp (1987) adopted an energy approach to the dynamic loading regime in which a
balance between local kinetic energy and fracture energy is made. Lu (1997) proposed models for the transition of the
size distribution of the initial rock mass to the size distribution of the fragments after blasting. Alternative approaches
include the use of Rock Engineering Systems (RES) to study the influence of each controlling parameter of the
fragmentation phenomenon by blasting and predict the resultant fragment size distribution (Faramarzi et al. 2013),
multivariate analysis (Aler et al. 1996, Chakraborty et al. 2004 and Hudaverdi et al. 2010), Monte Carlo simulations
(Morin and Ficarazzo, 2006) or neural network and artificial intelligence methods (Kutilake et al. 2010, Monjezi et
al. 2009, Saavedra et al. 2006).

There is a scarcity of models for the prediction of fragmentation in the case of rock instabilities. Viero et al. (2012)
carried out a mass balance of a rockfall case. They calculated that 80% of the material was converted in a cloud of
dust. The real scale tests of Giacomini et al. (2009) and Gili et al. (2016) for fragmental rockfalls indicate the
complexity in predicting the size distribution of the fragments based on impact energy thresholds. Wang & Tonon
(2010) used a Discrete Element Method, DEM, code to simulate impact-induced rock fragmentation in rockfall
analysis, and developed a trained neural network code that was integrated into the HY-STONE trajectory software
(Crosta & Agliardi 2003). Bowman et al. (2014) studied the effect of the IBSD on the fragmentation and the runout
of collapsed chalk cliffs. They performed several laboratory tests using different block assemblages and their findings
for the amount of fragmentation showed consistency with use of Hardin (1985) breakage parameters for the definition
of how much fragmentation has taken place during a breakage event related with the total runout of the rock mass.
Charriere et al. (2015) also presented a model to calculate the successive block size distribution after fragmentation
during a rock slide, which describes the breaking of a cubic block into two fragments with a random volume ratio,
and in their turn their successive breaking in two more fragments each, for a chosen number of cycles. Further work
is needed to develop transition models from the IBSD to the RBSD for fragmental rockfalls.

3. A Rockfall Fractal Fragmentation Model

This study defines different scenarios for the fragmentation of the rockfalls (Figure 3). The detached mass from a cliff
may consist of an individual block or a rock mass. In case of an individual block, when hitting on the ground it can
either remain intact or break if there is enough impact energy (Figure 3a and b, respectively). Alternatively, failure
may consist of the detachment of a coherent rock mass including joint sets. Within the rock mass, individual blocks
of different sizes and shapes are present due to the mutual intersection of the joint sets. The range of volumes of these
blocks is characterized by the IBSD. After its detachment from the rock wall and/or due to a low energy impact on
the ground, the rock mass disaggregates. In this case, the block fragments are basically bounded by the preexisting
joints and the RBSD generated is similar to the initial IBSD (Figure 3c). If the impact energy is enough to break the
blocks, the generated RBSD will differ from the initial IBSD (Figure 3d). Different volume distribution of fragments
(RBSD) should be expected from an initial IBSD which must reflect the predominant mechanisms involved in the
fall. The RBSD can be used therefore to characterize the fragmentation phenomenon and to identify the predominant
mechanism as disaggregation, pure breakage or a combination of both.
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Fig. 3: Considered mechanisms in the fragmentation of falling rock blocks and rock masses. Conceptual schemes of changes in the
block size distribution in the case of fragmentation by: a) lack of breakage of a single block; b) Breakage of a single block; ¢)
Disaggregation of the rock mass through the preexisting joints; ¢) Disaggregation and breakage of the detached rock mass.

We proposed a Rockfall Fractal Fragmentation model RFFM that can express the aforementioned scenarios. In this
model, the fragmentation of the rock mass initiates with the disaggregation of the rock mass along preexisting
discontinuities and continues with the breakage of the rock blocks generating new fresh faces. Based on this, we
consider the disaggregation of the mass, as controlled by the joint pattern, the first step for the fragmentation.

The RFFM proposed is based on the generic fractal fragmentation model of Perfect (1997). The model uses an initiator,
which is either a single block or the individual blocks forming a rock mass. According to the model, if breakage does
not takes place the initial volume distribution is preserved (Figure 3a and 3c). If the impact energy is high enough, the
individual blocks will break either all of them or a percentage only (Figure 3b and 3d). Each broken block will produce
a new distribution of fragments. The model is used to generate a RBSD from an initial IBSD. The fragmentation is
assumed as scale-invariant, although the model may also perform as scale-variant.

The RFFM considers a cubic block of unit length that breaks into smaller pieces following a power law. Fractals are
hierarchical, often highly irregular, geometric systems generated using iterative algorithms with relatively simple
scaling rules (Mandelbrot, 1982). The size distribution of elements in a fractal system is given by (Eq.1):
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Where N(1/b') is the total number of fragments at the ith level of hierarchy; k is the number of initiators of unit length;
b is a scaling factor >1, that define the geometric proportion between the original block and the generated blocks; and
D is the fractal dimension. N is rounded to the lower nearest integer.

The actual number of fragments produced depends on the probability of failure at the ith level, P(1/b’), which is
defined as:
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Where n; is the number of fragments generated in the ith level. P(1/b') is the proportion of block that breaks. The
P(1/b') can be physically related to subunit interfaces and their boundary strength, like in the case of fractured rocks,
these interfaces represent preexisting planes of weakness, like anisotropy or non-persistent joints (Perfect, 1997). If
the probability of failure is scale-invariant P(1/b') = P(1/b'*'), it can be expressed as:

PA/b)=b"" Fq.4
or D, =3+ M Eq. 5
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Where Dy is the fragmentation fractal dimension. The range for the probability of failure is b*<P(1/b))<1. When
P(1/b))=1I and D=3 the whole block is fragmented, while for P(1/b%) < b the block remains unbroken.

The scale-invariant case is the simplest version of the fractal fragmentation model, where the parameters to be
calibrated are the scaling factor b and the probability of failure P(1/b%). Looking for the physical interpretation of the
probability of failure, if the block impact energy on the ground is low, the probability of failure is almost b, and in
the opposite scenario, if the block impacts energy is high, the probability of failure is close to 1.

An example of how the model works is presented in the Figure 4. A simple cubic block is considered as the initiator
(original block). Defining the geometric factor as b=2 the original block contains 8 possible breakables blocks. The
probability of failure 1/8, defines the threshold for new block generation. For values of P(1/b) below 1/8, the block
will remain unbroken. For values just above 1/8, new blocks will be generated. The example shows the cases of:
P(1/b")=2/8=0.25, where 2 blocks are generated; P(1/b')=3/8 where 3 blocks are generated and the case where
P(1/b")=4/8=0.5 where 4 blocks are generated. P(1/b%) can take values up to 8/8 or 1, where the whole original block
will be fragmented generating 8 new blocks. The number of new blocks generated is a natural number. The example
shows that the same generation rules over the blocks apply for successive iterations. This example is scale-invariant,
where P(1/b)= P(1/b"*!), then, P(1/b")= P(1/b?).



Fig. 4: Scheme of the fractal fragmentation model (scale-invariant) using b=2 and examples of smaller block generation for
P(1/b)=1/8, 2/8, 3/8 and 4/8=0.5, considering 1 or 2 iterations.

One of the limitations of the model is that the blocks generated at each iteration have exactly the same volume. The
real block size distribution obtained from the field measurements shows a progressive decrease of the volume of the
blocks in a continuous variation. To avoid this limitation, Perfect (1997) proposed to apply the model using the
cumulative number of fragments in terms of I/l Where .. is the maximum fragment size (length), and / is the size
(Iength) of each fragment generated. With this procedure, the 1/b' is substituted by //,..x. This methodology could be
useful when considering the scenario in which only one single block is detached.

We have modified the model of Perfect (1997) to adapt the fractal fragmentation model to the case of rockfalls. The
first modification is that the number k refers to an individual rock block (k=1) for the fragmentation of a single rock
block, or to the IBSD if a rock mass is analyzed instead. In the latter case the IBSD should first be classified into bins.
The second modification is the idea that not all the blocks will be fragmented. We define the Survival rate, Sr, as the
ratio of blocks of each block size bin that remain unbroken after propagation. According to this, the final scheme of
the fractal fragmentation model proposed for rockfalls is shown in the Fig.5 for a given IBSD classification bin.

A simple example is presented here (Figure 5): We assume 3 blocks in the bin 1-2 m® of the IBSD. We define the
survival rate i.e., Sr=0.33. In this case, 33% of the blocks from the IBSD will survive the propagation, and will be
added directly to the RBSD. The rest 66% of the blocks of this bin will be fragmented using the fractal law. We used
a mean volume for each bin to represent the volume of the blocks inside it. (Using b=2; P(1/b')=0.5 ; Sr=0.33 and 2
iterations)



Fig. 5: Scheme of the fractal fragmentation model applied over a bin 1-2 m? with 3 blocks (average size 1.5m?) from the IBSD with
a survival rate Sr=0.33, probability of failure P(1/b')=0.5, scaling factor b=2 and using 2 iterations.

The geometric factor “b” controls the change of the average size. The number of blocks increases when the geometric
factor “b” increases, allowing the generation of a larger number of fragments with two or three orders of magnitude
smaller than the original blocks (Figure 6 A), also due to the use of two iterations. When “b” increases, the dso (median)
of the generated block size distributions decreases, as Figure 6 shows, (B plot in terms of % of material passing versus
block size in cubic meters). The comparison of the geometric factor influence shown in Figure 6 is realized using two
iterations, and considering the P(1/b')=1, that implies a D=3, and a Sr=0.
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With a P(1/b')=1, the effect of the fractal behavior is less evident because each fragment is fully broken in all the
possible blocks of volume defined by the geometric factor “b”. The same “b” effect analysis was carried out using a
P(1/b')=0.5 (as the case of P(1/b')=4/8 in the example of Figure 4). In this case, as shown in Figure 7, the fractal
behavior of the model is more evident as the block size distributions generated is well fitted by a power law in the

log-log plot.
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power laws are shown as dashed lines.

Field observations indicate that during a rockfall, not all the blocks break (Figure 8) and in the extreme case just blocks
bounded by preexisting joints are found (pure disaggregation). To simulate this, the survival rate is introduced. For
high survival rates, the breakage is minimal. For the particular case of Sr=1, the distribution obtained will be identical

to the IBSD.
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Fig.8: Example of a fragmental rockfall where the RBSD is very similar to the original IBSD. The rock mass was disaggregated
along preexisting joint faces and no new fresh faces were generated by breakage

The proposed model considers only the IBSD and the final RBSD, however, it can run several cycles with different
model parameters to characterize the high energy conditions from the first impacts (with higher probability of failure
and lower survival rate) and the following impacts (with lower probability of failure and higher survival rate). In this
case, the results from the first impacts should be used as an input again in the model to use it with another set of
parameters for the rest of the impacts with a lower energy scenario (Fig. 9).
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Fig. 9: Scheme of the cycle method in which different model parameters are used to simulate the scenarios generated by the
successive impacts.

4. Application of the RFFM to a the rockfall event of Serra del Cadi

The model has been applied to a large fragmental rockfall event that occurred in November 2011 in the Cadi massif,
Eastern Pyrenees, near Vilanova de Banat hamlet. The source area is a fault zone composed of Eocene limestones.
The rockfall detached a mass of about 10000 m* and the young debris cover (YDC) extending over an area of 30000
m? (Figure 10).
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Fig.10: Rockfall event occurred in November 2011 in Cadi massif, Eastern Pyrenees, Spain. The source area is delimited by a
dashed blue line, where the IBSD is estimated. The deposit is delimited by a dashed red line, where the measurements to obtain the
RBSD were performed.

We obtained the RBSD measuring the deposit, the IBSD by reconstructing the joint pattern of the missing rock mass
at the cliff and applied the RFFM to convert the original IBSD (estimated) to the RBSD (measured). This task has
been carried out by an error minimization process in which the model parameters have been calibrated. Even though
several solutions are possible, the model coefficients obtained vary only within a limited range of values.

4.1 Obtaining the RBSD

In small rockfall events, it is feasible to manually measure all the blocks in situ and thus obtain the RBSD. In the case
of large fragmental rockfalls, the measurement of all blocks becomes a tedious task that is often limited by access and
economical restrictions: We developed a methodology to obtain the RBSD in the case of large fragmental rockfalls
(Ruiz-Carulla et al. 2015). Mid-size to large fragmental rockfalls often generate a more or less continuous Young
Debris Cover (YDC) of smaller debris and Large Scattered Blocks (LSB). Given the difficulty in measuring the
volume of all the blocks in the YDC, we defined several size-homogeneous zones and Sampling Plots (SP) inside
them (Figure 11). The SP have a square shape and variable dimensions proportional to the size of the blocks. All
blocks (over a certain size) inside each SP were measured. The block size distribution obtained at each SP is
extrapolated to the corresponding size-homogeneous zone, according to the ratio between the respective areas (Ruiz-
Carulla et al. 2015). All the Large Scattered Blocks were measured and georeferenced individually. The volumes of
all the blocks were measured in the field as the product of three dimensions, assuming that their shape is prismatic.
Finally, all the block size distributions were added to generate the RBSD representative of the whole rockfall deposit.
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Fig .11 Scheme of the methodology to obtain the RBSD in the case of large fragmental rockfalls (Ruiz-Carulla et al. 2015)
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We measured 272 Large Scaterred Blocks (LSB) and 1252 blocks within 6 Sampling Plots (SP). The volume of the
biggest measured boulder is 30.8 m?, and the measured maximum runout distance from the source area is 683 m. The
area of the Sampling Plots ranges between 25 m? and 400 m?2 The area of the plots increases with the size of the
largest blocks found inside the plot. The minimum block size measured was 0.015 m®. Further details of the procedure
followed are included in Ruiz-Carulla et al. (2015). The volume of the overall rockfall deposit calculated with this
procedure is approximately 8000 m?, and it includes more than 60000 blocks larger than 0.015 m?.

4.2 Generation of the IBSD

Different methods to generate the IBSD of a cliff are available. Some of them use statistical simulations of the joint
pattern based on data obtained from scanlines. The lack of accessibility often forces the measurements being collected
at the bottom of the rock wall, which may not represent the fracture pattern at the source. This issue has been discussed
in the literature and several procedures have been proposed to overcome it (Da Gama, 1977: Miles, 1972; Hudson and
Priest, 1979; Lu and Latham, 1999; Kalenchuk et al. 2006; Stavropoulou, 2014; Elmouttie and Poropat, 2012). The
common idea is to use the field measurements of the joints set attributes to develop algorithms which generate
stochastically combinations of the joint sets that follow the statistical distributions fitted in the real field measurements.
A Monte Carlo simulation of the joint spacing, the location, and the orientation, and considering either fully or
partially persistent joints, may be performed to generate Discrete Fracture Networks (DFN). The volume and shape
of blocks obtained in this way can be measured. Some limitations may appear related to the number of joint sets,
typically 3, and whether they intersect at right angles or not. In any case, the effect of the persistence of the joints in
a simulated IBSD is found more significant than the angle between the joint sets used (Kim et al. 2006).

Alternatively, 3D Digital Surface Models (DSM) of the rock wall may be prepared with either digital photogrammetry
or LiDAR, which allow obtaining the actual joint pattern at the source area (Brideau et al. 2012; Firpo et al. 2011;
Gates et al. 2012; Haneberg et al. 2006; Lato et al. 2012; Pate et al. 2011; Riquelme et al. 2016; Sturzenegger et al.
2009). The discontinuities can be extracted either from 3D point clouds (Riquelme et al. 2014) or 3D meshes (Umili
et al. 2013) of LiDAR images, by means of specialized software such as Coltop3D (Jaboyedoff et al. 2007), Cloud-
Compare (Girardeau-Montaut 2006), Split-FX, or Sirovision. These methods work with geometrical concepts like the
normal vector, the coplanarity of the points and clustering of vectors to define the joint pattern. However, the joints
that do not generate relief cannot be identified. Instead, digital photogrammetry (using the software Agisoft Photoscan,
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http://www.agisoft.com) generates DSM that have the geometrical information and also the texture, thus allowing the
visual identification of traces of joints in a rock wall (Ferrero et al. 2011, Firpo et al. 2011, Haneberg et al. 2006, Gates
and Haneberg 2012, Lato et al. 2012, Sturzenegger et al. 2009)

In the Cadi rockfall, the joint pattern of the rock mass was obtained by manual identification of the joints on digital
images and modelling of their surfaces using Rhinoceros 3d software (http://www.rhino3d.com) over a DSM of the
cliff. The procedure for the generation of the IBSD, then, involves two steps: (i) the calculation of the volume of the
detached rock mass (Ruiz-Carulla et al. 2015), (ii) the overlay of the joint pattern on the detached rock mass for the
generation of the IBSD. The intersection of the joint sets generates rock volumes that can be listed and provides an
estimation of the IBSD. Both steps (i) and (ii) are performed by means of the Rhinoceros software. Several
assumptions have been considered, namely: (a) all the joint sets have infinite persistence, and (b) the same mean dip

angles and dip directions have been assigned to each individual plane of the set. However, the location and the spacing
of the joints are the real ones identified in the 3d photogrammetric model. The methodology is summarized in the
following paragraphs.

The detached rockfall volume was calculated by subtracting the DSM of the cliff before and after the event. The DSM
before the event is based on model provided by the Cartographic and Geological Institute of Catalonia (ICGC), while
the DSM of the cliff after the event was generated from ground pictures taken with a camera Nikon D90 with a focal
length of 60 mm and a resolution of 4288x2848 px (12Mp) and subsequent photogrammetry treatment. The difference
between the DSM of the scar before and after the rockfall yielded a detached rock mass volume close to 10000 m?
(Fig 12A).

colored with the same dip and dip direction on the 3D photogrammetric DSM of the scar.

In order to identify the joint pattern and obtain the IBSD, we represented the DSM of the scar in terms of dip and dip
direction. We draw all the joints on a picture and then we modelled the same joints over the DSM of the scar using
Rhinoceros, obtaining a Discrete Fracture Network (DFN). Automatic and semi-automatic software like
CloudCompare or Coltop3d allow identifying only the joints that generate relief (Fig. 12B). The manual modelling
using the texture over the DSM has allowed us to define joints that do not generate relief. We identified up to 5 joint
sets plotted at a stereographic representation in (Fig. 13, A) and modelled with their real spacing (Fig. 13, B).
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Fig. 13: Stereographic representation of the 5 joint sets (A) and the 3d modelled joints over the DSM of the scar assuming the same
dip and dip direction for each joint family (B).

The detached rock mass volume is then cut by overlapping the facture pattern obtained in the previous step to it. In
order to check how the shape of the detached rock mass may affect the ISBD, we have worked with two missing rock
mass shapes, the one reconstructed from the scar (irregular shape) and a prismatic mass with the same volume. We
have identified five joint sets which have been assumed to have an infinite persistence. However, the analysis is
repeated without the less frequent set in order to account for the presence of rock bridges. The generated blocks are
listed by volume and plotted in relative frequency versus block size, which is an estimation of the IBSD of the detached
rock mass. Four scenarios in terms of number of joints and the shape of the overall rock mass detached have been
analyzed. Figure 14 shows the joint pattern cutting the prismatic shape (A) and the same joint pattern cutting the
reconstructed detached volume from the scar (B). Figure 14 (C) shows the IBSD obtained by: cutting the reconstructed
detached volume using 5 joint sets (blue), cutting the prismatic shape volume using 5 joint sets (purple), 4 joint sets
(pink) and using only the half part of the prismatic shape with a volume of 5000 m?® and 4 joint sets (orange). The
distribution of the volumes of the LSB is also seen (green). The IBSD generated can be well fitted by exponential
laws with coefficients of determination close to 1.
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Figure 14: IBSD generated taking a prismatic volume (A) or a reconstructed irregular volume of the detached rock mass (B), and
the corresponding IBSD (C) considering 4 or 5 fully persistent joint sets.
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4.3 Comparison of the IBSD and RBSD

The estimated volume at the source area is approximately 10000 m?, which is bigger than the volume of 8000 m?
based on measured rock fall blocks. The 2000 m* of difference between both volumes is likely ought to the fact that
approximately the 20% of the rock mass can result in dust and blocks smaller than 0.015 m? that were not measured
in the field. In fact, by extrapolating the RBSD to a block size of 0.005 m?, a volume of 10000 m? is obtained. Another
possible reason for this difference is the uncertainties and the errors associated to the topographic DSM and the scar
DSM.

Comparing the obtained IBSD and the RBSD we can observe changes in the shape of the distributions and in terms
of both, the total number of blocks and sizes. Four IBSD were obtained considering different assumptions and all of
them follow exponential laws. However, all the block size distributions for the deposits and the final RBSD are very
well fitted by power laws (Ruiz-Carulla et al. 2015). Figure 15 (A) shows the IBSD obtained using the reconstructed
detached volume and 5 joint sets, and the final RBSD, plotted in terms of relative frequency versus block size. By
comparing them in terms of cumulative number of blocks (Figure 15, B) a significant reduction of the number of
blocks bigger than one cubic meter, and a sharp increase of blocks with volumes smaller than a cubic meter are
observed. The total number of blocks estimated in the IBSD is close to 6000 blocks, increasing to 60000 blocks
estimated in the RBSD after the propagation and the fragmentation of the rock mass. The difference between the area
defined by the IBSD and that of the RBSD is typically attributed to the fragmentation energy in blastability studies.
In the case of rockfalls it must be related to the impact energy. Even though rockfall blocks can be generated by
disaggregation of the originally detached rock mass, in what concerns the Cadi case, the substantial increase of small-
size blocks indicates that block breakage is the predominant mechanism during the propagation.

A Case 1: Irregular, 10000m?, 5f B Case 1: Irregular, 10000m?3, 5f
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Fig. 15: IBSD (irregular shape, 5 joint sets) and RBSD, in terms of relative frequency (A) and cumulative number of blocks (B)
versus block size.

As expected, the impact of the rock masses on the ground causes the reduction of both the number and size of the
largest blocks and the increase of the small ones. The central size of the distribution is found around 1m?. The number
of blocks larger than this size is notably reduced. However, the large number of new blocks generated smaller than 1
m?, and specially smaller than 0.1m% suggests that besides the breakage of the blocks by impact on the ground,
breakage by pressing (crushing) may play an important role.
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4.4 Application of the RFFM

The rockfall fractal fragmentation model RFFM was used in order to obtain the RBSD from the IBSD as an input.
Three parameters have to be defined to apply the model: Py, probability of failure; b, geometric factor; and S,, survival
rate (see Section 3). The parameters were calibrated, matching the modelled RBSD with the observed one, by a trial
and error process. Four different scenarios were considered, depending on the number of joint sets and the shape of
the detached rock mass, to generate the initial IBSD (Figure 14, B). The procedure allows performing several iterations
in order to generate new fragments. The more the iterations performed the smaller the fragments will be. We tested
performing 1 and 2 iterations to generate blocks sizes as observed in the field. Figure 16 shows the IBSD obtained
from the irregular reconstructed volume, the RBSD measured in the field and the RBSD obtained from the
fragmentation model calibration using 2 iterations.

Table 1 summarizes the values of the parameters obtained for the different IBSD. We obtained a range of values:
between 0.05 and 0.34 for the S,, between 0.73 and 0.80 for the Prand between 1.6 and 3.4 for b. We used the reduced
Xi? test (Dussauge, 2003) to optimize the Py, S, and b values and to test the goodness of the results obtaining a range
between 0.02 and 0.06 for the four cases of different IBSD as input and using 1 or 2 iterations. In the case of the IBSD
generated using 4 joint sets, the size of the blocks of the detached rock mass is bigger than in the case of the IBSD
generated using 5 joint sets. Thus, to generate the observed RBSD, it is required using a bigger geometric factor b,
generating smaller fragments, or using a smaller survival rate in order to break more blocks. Using only one iteration,
bigger values of the geometric factor are required to obtain the observed RBSD. Different combinations of these
parameters generate very similar results.

The results show that it is possible to successfully generate the RBSD from the ISBD. The best results are obtained in
the case 3 of the table 1, where the input is the IBSD based on a prismatic shape with 10000 m* using 4 joint sets.
However, the procedure followed is a trial and error process until the fitting between both the modelled and observed
RBSD is reached. Further work, is required to relate P; S, and b to the local geological, geomechanical, and
morphological characteristics of the detached rock mass and the slope.
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Fig. 16: IBSD (irregular shape, 5 joint sets), RBSD from the measurements in the field and RBSD generated using the Fractal
Fragmentation Model; in terms of relative frequency (A) and cumulative number of blocks (B) versus block size.
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Table 1: Summary of the calibrated parameters of the rockfall fractal fragmentation model, considering four (4f)
and five (5f) fully persistent discontinuity sets.

2 iterations 1 iterations
IBSD b  PA/MDY) Sr rXi? D b  P@A/d) Sr rXi? Dr
Case 1: Irreg. 10000m> 5f 1.6  0.80 034 002 252 3 0.75  0.04 0.06 273
Case 2: Prism, 10000m> 5f 175  0.75 020 003 248 3 075  0.02 0.04 2.73
Case 3: Prism. 10000m? 4f 1.75 080 0.10 0.02 249 3 0.75  0.01 0.02 273
Case 4: Prism. 5000m? 4f 215 073 020 005 258 | 34 075 001 0.05 2.76

Small errors in the mass balance between the IBSD and the RBSD can be justified by the use of bins for the block
size classification. The use of a mean volume for each bin generates uncertainty in the calculation of the real
volume of each block. Figure 17 (A) shows the volume of the rock mass for each bin in the IBSD, the observed
RBSD and the RBSD generated by the fragmentation model for the mean volume of each bin. The results indicate
that the RBSD generated with the RFFM tends to reduce the total volume of rock mass in bigger blocks generating
volume of rock mass in smaller volumes. The difference of volume of rock mass in each bin between the IBSD
and the observed RBSD or the RBSD generated by the RFFM shows the decrease of the total volume of blocks
bigger than 1 m?, and the increase of the accumulated volume of blocks smaller than 1 m® (Fig. 17, B).

A Case 1: Irregular, 10000m?, 5f B Case 1: Irregular, 10000m?, 5f

2000 B 2000

—&— BSD
———i§—— RBSD
e RFFM_RBSD

Volume difference
—.— Vol dif IBSD-RBSD
e /o) dif IBSD-RFFM

1000 —

Volume of each bin size (m?3)

-1000 —

Volume difference for each bin size (m?)

o= \ﬁuul T T TR -2000 T T T T T T

0.01 o1 1 10 100 om 0.1 1 10 100

Block size (m3) Block size (m3)

Fig. 17: A) Total rock mass volume of blocks in each bin for the IBSD, RBSD and the Rockfall Fractal Fragmentation Model
results. B) Volume difference between IBSD versus RBSD and IBSD versus the RFFM results.

5. Conclusions

Few models exist for obtaining the size distribution of fragments at rockfalls. We proposed a three-parameter rockfall
fractal fragmentation model RFFM to be applied to this aim. It is a transition model from the In Situ Block Distribution
(IBSD), to the Rockfall Block Size Distribution, RBSD, that is based on fractal laws. The three parameters required
to perform the model are: 1) the probability of failure which express the degree of breakage of each initiator block 2)
the survival rate, which expresses the percentage of the blocks in a rock mass that remain unbroken, and 3) the scaling
factor b, which expresses the ratio of sizes between block and its fragments. The procedure is iterative for a given
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number i of hierarchies. Successive iterations result in a progressively smaller fragment sizes. The fragmentation is
assumed scale-invariant, although the model may also perform as scale-variant. For Sr=1, the RBSD reproduces the
IBSD, as only disaggregation and no breakage takes place. The model allows the reproduction of two fragmentation
mechanism defined as disaggregation and pure breakage.

An advantage of this model is that it is simple enough to be incorporated into rockfall trajectory analyses. Additionally,
the proposed RFFM allows the possibility of considering different model parameters according to the energetic
scenario of each impact. The minimum size of the deposit can be efficiently reproduced using proper number of
iterations i.

At the proposed model, the mass balance is not fulfilled. This is due to the classification of the fragmented block sizes
into bins, and the use of the lower, average and upper bin values for the calculation of the total volume after
fragmentation. To overcome this problem it is possible to work with all the listed volumes from the IBSD avoiding
the use of the classification in bins.

The application of the RFFM to the rockfall event of 2011 to the Sierra del Cadji, in the East Pyrenees, Spain, has
shown that the model is efficient in providing with sufficient accuracy the RBSD, provided that the IBSD is known
beforehand. The results of the model may vary depending on the assumptions made for the joint pattern at the rockfall
source as well as the strength of the rock, the impact energy and the ground rigidity. The obtained ranges of values
for the parameters were: between 0.05 and 0.34 for the S,, between 0.73 and 0.80 for the Prand between 1.6 and 3.4
for b. The application of the model to the case study of Sierra del Cadi has also shown that two iterations are sufficient
for reproducing the block size distribution was observed in the field.

Despite of this performance, further work including more rockfall events, lithologies, heights of fall, ground surface
rigidity and joint patterns, is needed before assigning beforehand values to the model parameters, in order to be able
to use it as a forward predictive model.
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