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Featured Application: The design of rockfall protection structures requires information about the
falling block volumes. This can be challenging at locations with scarce rockfall records and where
block surveys are not feasible. This paper describes and validates a method for estimating rockfall
block volumes, based on structural mapping using on photogrammetric techniques. The method
can be used for dimensioning rockfall protection structures in cases where data is scarce or
not available.

Abstract: The design of rockfall protection structures requires information about the falling block
volumes. Computational tools for rockfall trajectory simulation are now capable of modeling
block fragmentation, requiring the fragmented volume-relative frequency distribution of rockfalls
as input. This can be challenging at locations with scarce or nonexistent rockfall records and
where block surveys are not feasible. The work in this paper shows that simple discrete fracture
network realizations from structural mapping based on photogrammetric techniques can be used
to reliably estimate rock fall block volumes. These estimates can be used for dimensioning rockfall
protection structures in cases where data is scarce or not available. The methodology is tested at
two sites in the Canadian Cordillera where limestone outcrops have been the source of recurrent
rockfalls. The results suggest that fragmentation will largely tend to occur through weak planes
and expansion of non-persistent discontinuities, while other block breakage mechanisms exert less
influence in the fragmented volume-relative frequency distribution of rockfalls. Therefore, block
volume distribution can be estimated using a simple discrete fracture network (DFN) with fully
persistent discontinuities. Limitations of the methods are also discussed, as well as potential future
research to address such limitations.

Keywords: rockfall; photogrammetry; discrete fracture network; volumes distribution;
structural mapping

1. Introduction

Rockfalls have long been recognized as ubiquitous hazards in mountainous regions [1–8]. Although
rockfall volumes are typically small when compared to other landslide processes, their high frequency
has often been associated with recurrent losses [5,9,10]. As a response, a variety of rockfall management
approaches have been developed to assess rockfall hazard and risk, and to support decision-making
for rockfall risk mitigation strategies [10–19].

Quantifying rockfall hazard and risk, and the design of rockfall mitigation structures, require
information about the falling block volumes (and mass), their fragmentation during motion, and
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their frequencies [13,20–24]. Information on rockfall volumes and fragmentation can be gathered
from comprehensive records or estimated through surveying fallen blocks along known rockfall
trajectories [6,11,13,16,20,23]. However, these methods present challenges where rockfall records
are scarce and block surveys are not possible due to the steepness of the terrain or falling blocks
entering waterbodies downslope from the rock fall sources. Recognizing this challenge, a number of
researchers have performed fragmentation field testing [25,26], evaluation of impact energy thresholds
for fragmentation [27], and numerical simulation of fragmentation [28,29]. These have provided
valuable insights that allowed the development of rockfall trajectory simulations capable of modeling
block fragmentation based on the power-law volume distribution typically observed in rockfall
deposits [9,30–32]. However, these models still require validation of the parameters of the power-law
distributions of block volumes used for fragmentation.

The rock block volume distribution at the rockfall source, or In situ Rock Block Distribution (IRBD),
can be calculated based on information on the rock mass discontinuities. Detailed 3-dimensional
surface models of the rockfall sources obtained through Light Detection and Ranging (LiDAR) and
photogrammetric techniques allow for discontinuity mapping and direct calculation of potential
rockfall volumes [32–35]. Further, rock mass discontinuity information can be used to develop
3-dimensional computational realizations of the rock mass structure (Discrete Fracture Networks
(DFNs)). Accounting for the stochastic characteristics of discontinuity orientation, spacing and finite
persistence in developing DFNs has shown enhanced capability for estimating IRBD of potential
rockfall events [33,34,36,37]. However, IRBD from direct measurements in surface models or DFN
realizations of the rockfall source are not compatible with rock block distributions of fragmented
rockfalls [31,35].

This paper presents a method to estimate the fragmented rockfall volume distribution in the
absence of rockfall records or fallen block surveys, which could be a direct input into rockfall trajectory
models that consider fragmentation. The method takes advantage of photogrammetric techniques to
build 3-dimensional surface models of rockfall sources for virtual structural mapping of discontinuities.
This method is based on the hypothesis that fragmentation in strong rocks will tend to occur through
weak planes and by growth of non-persistent discontinuities as the in situ blocks detach, fall, bounce,
and roll. It is assumed that the resulting fragmented blocks can be approximated by increasing
the persistence of mapped discontinuities in DFN realizations. This implies that other breakage
mechanisms in strong rocks would have less influence in the fragmented volume distribution of
rockfalls, and could be neglected for the purpose of dimensioning rockfall protection structures
without being overly conservative. The method is tested at two limestone rock cliffs in the Canadian
Cordillera: the Tornado Mountain site adjacent to a railway line owned and operated by Canadian
Pacific Railway (CP) and Site S042, adjacent to Highway 742 in Alberta which is maintained by Alberta
Transportation (AT).

2. Materials and Methods

The method is illustrated in Figure 1 after the work in [35]. In this paper, we add a step for block
volume survey in the field and comparison between surveyed and calculated fragmented volumes as a
means of validating the method and assumptions.

The method initiates with a field survey of the rockfall source area. The survey aims at capturing
high-resolution photogrammetric images (ground pixel sizes of 1 cm or smaller can be obtained with
common photographic cameras and lenses given adequate planning for photography locations) or
dense Light Detection and ranging (LiDAR) scans. It is the authors’ experience that LiDAR scans with
densities of 500 points per m2 allow for mapping large discontinuities, but tend to miss non-persistent
joint sets, particularly those with orientations sub-parallel to the line of sight with the laser scanner.
Higher densities (2500 points per m2 or above) are typically required, which can take significant
scanning time. Ground-based photogrammetry was used in this study.
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Figure 1. Method for calculating fragmented rockfall volume distribution from remote sensing, virtual
structural mapping and discrete fracture networks.

The high-resolution photogrammetry is used to develop a detailed 3-dimensional surface model.
Rock mass structures can be mapped in this 3-dimensional, virtual model (virtual mapping) to obtain
discontinuity characteristics (orientation, spacing, persistence). This information is then used to
identify major structures and discontinuity sets. Discontinuity set variability (e.g., dip, dip direction,
and spacing) is fitted to probability distributions for a stochastic representation. The probabilistic
structure information is then used to develop DFN realizations. The hypothesis that fragmentation
in strong rocks will occur through weak planes and by growth of non-persistent discontinuities is
conveniently represented by simplified DFNs that assume fully persistent discontinuities. The resulting
discrete rock blocks are finally used to calculate the fragmented rockfall distribution.

2.1. Ground-Based Photogrammetry and Structural Mapping

Ground-based photogrammetry at the study areas were performed with digital single-lens reflex
(DSLR) cameras with sensor size of 35.9 mm by 24 mm and 36.3 million pixels. The lens used at the
Tornado Mountain site had a 200 mm fixed focal length and the lens used for Site S042 had a 150 mm
fixed focal length. The distance between the camera stations and the target slope area varied between
approximately 500 m and 600 m at the Tornado Mountain site, and between approximately 200 m and
600 m at Site S042. This corresponds to ground pixel sizes between 0.7 cm and 2 cm.

Photographs were processed in ADAM Technology’s photogrammetry software suite [38].
This software package builds a digital surface model based on overlapping sets of photos using
photogrammetric principles, with tools to (automatically or manually) identify exposed discontinuity
faces and map their orientations. In this study, orientations were mapped manually for all observable
discontinuity faces. The software also has a tool that allows for measuring discontinuity spacing.

Discontinuity orientations obtained from the virtual structural mapping were input into
Rocscience’s Dips software package [39]. Dips provides stereographic projection plots of discontinuity
orientations and allows for defining discontinuity sets with manual intervention. The software
further provides histograms and exports the mapped orientations corresponding to each discontinuity
set defined.

The discontinuity orientations for each set were imported into Wolfram’s Mathematica software
package [40]. This software is capable of working with large databases, conducts complex explicit
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mathematical and numerical calculations, and provides advanced visualization of data and results.
Histograms with the probability densities of set orientations were fitted to probability density functions
(PDFs). The number of observations required for an 80% confidence is estimated at 41 according
to [41], and up to 271 for a 90% confidence. The number of observations achieved per set in this study
varied between 18 and 75. This corresponded to limitations in aerial extents of the outcrop of interest
(Tornado Mountain rockfall source) or limitations about observable discontinuities. This limitation
necessitated the use of engineering judgment when defining the PDF for each set of discontinuities.
PDFs were truncated at the minimum and maximum values measured to avoid unrealistic values at
the distribution tails. Normal distributions were assumed for the PDFs following observations in [41],
with the exception of one set which fit a LogNormal distribution. These PDFs were adopted as the
mathematical representation of discontinuity orientation variability for each discontinuity set.

Pearson’s χ2 tests were adopted to evaluate the fit of these distributions to the orientation data.
The statistic value (χ2) in this test is obtained through Equation (1), where n is the number of bins in the
histogram, Xi is the observed data, and Ei is the expected value based on the theoretical distribution.

χ2 =
n∑

i=1

(Xi − Ei)
2

Ei
(1)

The null hypothesis is that the data are a subset obtained from the theoretical distribution.
The value of χ2 obtained through Equation (1) is mapped to the χ2 Distribution to obtain the probability
that this or a larger difference will be observed between the data and the distribution. If the probability
is higher than the criteria adopted (commonly 0.05), the hypothesis is not rejected [42].

2.2. Fragmented Rockfall Volume Surveys

Fragmented rockfall volume surveys consisted of manual measurement of fallen block dimensions
using standard surveyor measuring tapes. The measurements aimed to capture the average block
dimensions for length, width and thickness. Block volumes were calculated by multiplication of the
average dimensions. It is important to note this approach introduces measurement bias; however,
more advanced methods for volume calculation were not feasible due to the large number of blocks to
survey, accessibility limitations for the Tornado Mountain site, and resource availability for the surveys.
The Tornado Mountain site is characterized by long runout distances of over 0.5 km. The survey
consisted of measuring blocks encountered within the known rockfall trajectories [35]. The survey at
Site S042 was conducted at the toe of the talus slope below the rock outcrop [38].

2.3. Persistent Discrete Fracture Network (DFN)

The persistent DFN is coded into Wolfram’s Mathematica following the PDF’s that represent
the orientations of the discontinuity sets. A DFN block size must be defined; in this study, blocks of
10 m x 10 m x 10 m were utilized. This corresponds to a DFN block size approximately 4 to 5 times
the maximum fragment sizes surveyed in each dimension (up to 2.5 m at the Tornado Mountain
site), and over 60 times in volume. Each discontinuity set is constructed in sequence. For each
set, a random location is selected within the DFN block (Random North, East, and Up). Random
generation follows the ExtendedCA methodology coded in Wolfram’s Mathematica [40]. From this
location, a plane is defined by a random selection of dip and dip direction according to the PDF of
the orientations. The following discontinuities to be generated for that set are separated by random
selection of a spacing value (according to the spacing PDF), in the normal direction to the previous
plane generated. Orientations for these planes are then randomly selected following the process
described. This sequence continues until the planes lie fully outside the DFN block. This process is
repeated for each discontinuity set. Major discontinuities (e.g., faults) can be explicitly included in
the DFN by defining them as planes. In this study, large numbers of discontinuities were defined
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and visually inspected to corroborate that the DFN block was fully constructed and populated with
discontinuities according to the structural mapping at both sites.

2.4. DFN-Based Volume Calculations

The persistent DFN defines discrete blocks. Blocks adjacent to the limits of the DFN block are
considered truncated and can be flagged for elimination during volume distribution calculations.
Volume calculation was performed by numerical integration. The DFN block is discretized in a 20 cm
mesh (discrete unit volume of 8 × 10−3 m3), and each mesh unit is assigned a code that corresponds
to the joints defining the rock block in which the mesh unit is located. This renders discrete mesh
units with unique identifiers that are shared only by mesh units within a same rock block. Adding
mesh units with the same identifier and multiplying by the discrete volume (8 × 10−3 m3) provides a
distribution of DFN block volumes.

In this study, the distribution of DFN block volumes was compared against the surveyed volumes
of fragmented rockfalls to evaluate the applicability of the method.

3. Study Sites

3.1. Tornado Mountain

The study site at Tornado Mountain is located approximately 20 km north of the town of Sparwood,
near the provincial boundary between Alberta and British Columbia, Canada (Figure 2a). The area is
characterized by a wide glacially carved valley with vegetated slopes (mostly pine trees) transitioning
to steep rock faces. The lithology in the study site comprises mostly strong, blocky limestone [18,35].

CP owns and operates a railway line in the vicinity of the study site, approximately 500 m
downslope from an active rockfall source. The rockfall source was identified after a rockfall event
reached the section of railway, coming to a stop a few meters downslope from the tracks in 2004.
In this event, two rockfalls travelled approximately 600 m horizontally and 350 m vertically. These
rock falls had maximum dimensions of 1.6 and 2.5 m, with masses of about 3750 kg and 5600 kg,
respectively [18,35]. The source of these rockfalls is shown in Figure 2b. Figure 2c shows one block,
typical of those encountered along the trajectory of rockfalls originating from this source.

The method to calculate fragmented rock volumes presented in this paper was developed
originally for the Tornado Mountain Site. The method proved to deliver adequate approximations of
the fragmented rockfall distribution [35]. Verification was done through direct comparison of the DFN
block volume distribution against the blocks surveyed (manual measurements) on site. These results
are presented in the following sections.
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Figure 2. Location of Tornado Mountain (a), view of the source of the 2004 rockfalls (b), and example
of blocks encountered within the rockfall paths during surveying (c).

3.2. Site S042

Site S042 is located on Alberta Highway 742 (Spray Lake Trail) approximately 5 km southwest of
Canmore, Alberta, Canada (Figure 3a). This site is known for its rockfall activity and was selected
to further validate the method as applied to strong rocks, particularly blocky limestones. This site is
monitored and managed by AT as part of the department’s Geohazard Risk Management Program
(GRMP). This site was selected due to the availability of information which had been gathered to
inform rockfall mitigation strategies [20].

Figure 3b shows a view of the Site S042 rock slope looking towards the southwest direction.
This figure shows the loose talus slope that extends from the edge of the gravel highway (there is no
ditch) at approximately 40◦ to a near vertical rock cliff face approximately 80 m high [20]. The rock
face mainly consists of limestones. Figure 3b also shows a vehicle and the location of a 2 m high fence
(detail in Figure 3c) for scale. The rock slope is generally oriented in the southeast direction.

The site is an active rockfall area that requires frequent road maintenance, consisting mainly of
the removal of rock blocks of 30 cm (maximum block dimension) or smaller. However, signs of activity
associated with larger rockfalls are evidenced by the rock blocks embedded in the talus slope and
blocks captured by a 150 m long, 2 m high fence along part of the toe of the talus slope (Figure 3c).
A rockfall event occurred in 2013, where several large blocks (estimated between 1 and 10 m3) detached
from the slope and landed adjacent to the highway. This event triggered an assessment of the site for
the design of rockfall protection and mitigation strategies that included fallen block surveys, rock slope
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inspections for loose blocks, and initiating scheduled inspections to evaluate the need for scaling and
removal of debris.Appl. Sci. 2020, 10, x FOR PEER REVIEW 7 of 18 
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Figure 3. Location of Site S042 (a), view of the rock face towards the southwest direction (b), and detail
of blocks contained behind a 2m height fence at the toe of the talus slope (c).

4. Results

4.1. Tornado Mountain

The method applied at the Tornado Mountain site is described in [35]. Virtually mapped
discontinuity density contours in a stereographic projection (Figure 4a) were used to define four sets of
discontinuities. This set definition was adopted to virtually measure relative spacing between joints
and find their range (Figure 4b). The work in [35] did not provide a detailed orientation distribution
fit; it was rather assumed that the randomness encountered in measurements was better represented
through a uniform distribution within the ranges of values measured, with a triangular distribution
used for measured spacing. This corresponded to the limited number of measurements given the small
rockfall source area mapped, and arguably introduced bias related to an expected normality of the
measured data. The structural mapping results are detailed in Table 1.
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Figure 4. Virtually mapped discontinuity density contours in a stereographic projection (a). Major
discontinuity sets (average) and distribution of mapped spacing (b). Modeled after the work in [35].

Table 1. Joint set data in [35] and probabilistic distribution adopted for the Tornado Mountain site.

Joint Set Dip (◦) Distribution Dip
Direction (◦) Distribution Spacing (m) Distribution

1 50–70 Uniform
within the

range

300–350 Uniform
within the

range

0.2–2 Triangular within the
range and mode at 0.6

2 65–85 Uniform
within the

range

160–180 Uniform
within the

range

0.4–2 Triangular within the
range and mode at 0.6

3 65–85 Uniform
within the

range

100–130 Uniform
within the

range

0.4–2 Triangular within the
range and mode at 0.6

4 75–90
Uniform

within the
range

0–10
Uniform

within the
range

0.4–2 Triangular within the
range and mode at 0.6

One iteration of the 10 m × 10 m × 10 m persistent DFN build based on the distributions in Table 1
is shown in Figure 5a. This figure shows the persistent DFN that defines the virtual rock blocks as
closed volumes. The 10 m × 10 m × 10 m volume discretization into 8 × 10−3 m3 units is superimposed
to the DFN. These units are color coded according to the DFN blocks, shown in Figure 5b. The colors are
selected randomly and with the only purpose of visualization. The realizations resulted in 941 blocks.
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The distribution of volumes for these blocks compared against the 81 block volumes surveyed at the
site is shown in Figure 6. This figure presents the volume distributions in 1 m3 intervals and in 0.2 m3

intervals. The average and maximum differences (in probability 0–1) between the DFN prediction and
observations were 0.03 and 0.16, when volumes are discretized in 1 m3 intervals, and 0.08 and 0.29
when discretized in 0.2 m3 intervals.
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Figure 6. Fragmented rockfall volume distribution as calculated by the persistent DFN method and
field surveys. Modeled after the work in [35].

It is common that rockfall volume-frequency distributions are presented as plots of volume
(horizontal axis) vs. cumulative frequency of rockfalls equal to or larger than the specified volume
increments (vertical horizontal axis). Figure 7a shows the fragmented rockfall volume cumulative
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relative distribution as calculated by the persistent DFN method and field surveys. The correlation
between calculated volumes and surveyed volumes appears adequate as a first approximation for
engineering purposes, based on the correlation between histograms (Figure 6). The cumulative
distributions quickly deviate (Figure 7a), however, with the DFN method overestimating the volumes
for a given relative frequency when compared to the measured observations. However, relative
cumulative frequency distributions, such as those in Figure 7, depend on the number of blocks
surveyed and the range of volumes surveyed, and therefore have a strong potential for bias. Figure 7b
shows the fragmented rockfall volume cumulative relative frequency distribution as calculated by
the persistent DFN method and field surveys, but truncating the DFN blocks to the range of blocks
observed by the surveys. Overestimation of the DFN volumes is still observed, but the DFN predictions
are significantly closer to observations.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 18 

relative cumulative frequency distributions, such as those in Figure 7, depend on the number of 

blocks surveyed and the range of volumes surveyed, and therefore have a strong potential for bias. 

Figure 7b shows the fragmented rockfall volume cumulative relative frequency distribution as 

calculated by the persistent DFN method and field surveys, but truncating the DFN blocks to the 

range of blocks observed by the surveys. Overestimation of the DFN volumes is still observed, but 

the DFN predictions are significantly closer to observations.  

 

Figure 7. Fragmented rockfall volume cumulative relative distribution as calculated by the persistent 

DFN method and field surveys, for all DFN calculated volumes (a) and for DFN volumes truncated 

in accordance with the range of surveyed volumes (b). Tornado Mountain. 

4.2. Site S042 

Orientation data from virtual discontinuity mapping was provided in [43]. Orientation data was 

plotted in a stereographic projection as shown in Figure 8. The density contours were used to 

manually define five joint sets (J1 through J5 in Figure 8). The projection is an Equal Area projection 

consisting of 207 discontinuity entries. Discontinuity J1 was the most well defined (clear clustering—

see Figure 8 in red contours) followed by discontinuities J2 and J3. Discontinuities J4 and J5 were not 

as well defined, probably due to the low frequency of their traces. 

 

Figure 8. Virtually mapped discontinuity density contours in stereographic projection for Site S042 

and manually identified joint sets. 
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4.2. Site S042

Orientation data from virtual discontinuity mapping was provided in [43]. Orientation data was
plotted in a stereographic projection as shown in Figure 8. The density contours were used to manually
define five joint sets (J1 through J5 in Figure 8). The projection is an Equal Area projection consisting of
207 discontinuity entries. Discontinuity J1 was the most well defined (clear clustering—see Figure 8 in
red contours) followed by discontinuities J2 and J3. Discontinuities J4 and J5 were not as well defined,
probably due to the low frequency of their traces.

Histograms of joint set orientation (dip and dip direction) are shown in Figure 9 for joint sets J1
through J3. These histograms correspond to the probability densities for each bin (bins are 2◦ wide).
As opposed to the Tornado Mountain case study, PDFs for the orientations have been defined based
on the statistical descriptors of the data (mean and standard deviation), truncated at the observed
minimum and maximum measurements, and assuming the normality observed for large datasets of
discontinuity orientations in [41]. The dip measurements of J2 were fitted to a lognormal distribution to
better represent the shape of the data. The distributions were truncated at the maximum and minimum
values to avoid unrealistic values at the tails of the distributions. The distributions adopted, as well
as their mean, standard deviation, and minimum and maximum values, are presented in Figure 9.
The probability values from the Pearson’s χ2 tests for goodness of fit are shown in Table 2. These
probabilities are all significantly higher than the critical value adopted (0.05); therefore, it is highly
probable that the distributions are an adequate representation of the true orientation distributions.
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Table 2. Pearson’s χ2 probability values for the goodness of fit tests for measured orientation PDF
adopted. Values over 0.05 are considered an adequate fit.

Joint Set Dip Dist. Fit Dip Direction Dist. Fit

1 0.78 0.27
2 0.13 0.55
3 0.21 0.25

The histograms for joint sets J4 and J5 are shown in Figure 10. The number of measurements
obtained for J4 and J5 were 6 and 4, respectively. These two joint sets were not considered for the
method any further due to their low frequency.

Range of spacing values for joint set J1 through J3 are reported in [43] and shown in Table 3.
Unfortunately, detailed measurements are not reported and only the minimum, maximum and mean
values were available. This study adopted triangular distributions for the spacing between the
minimum and maximum values reported and with modes equal to the mean values reported. This last
decision was made to try and capture any skewness in the data reflected by the mean values.

Table 3. Range of spacing values for joint sets J1 through J3.

Joint Set Min Mean Max Distribution Adopted

1 0.1 0.5 2.4 Triangular, mode = 0.5
2 0.1 0.3 0.4 Triangular, mode = 0.3
3 0.1 1.0 2.8 Triangular, mode = 1.0
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One iteration of the 10 m × 10 m × 10 m persistent DFN built based on the distributions in Tables 2
and 3 is shown in Figure 11a. The blocks defined by this DFN are shown in Figure 11b, randomly
colorized. The realizations resulted in 6077 blocks. The distribution of volumes for these blocks
compared against the 82 block volumes surveyed at the site is shown in Figure 12. This figure presents
the volume distributions in 0.5 m3 intervals and in 0.025 m3 intervals. The average and maximum
differences (in probability 0–1) between the DFN prediction and observations were 0.02 and 0.09 when
volumes are discretized in 0.5 m3 intervals, and 0.05 and 0.25 when discretized in 0.025 m3 intervals.
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Figure 12. Fragmented rockfall volume distribution as calculated by the persistent DFN method and
field surveys for Site S042.

Figure 13a shows the fragmented rockfall volume cumulative relative distribution as calculated
by the persistent DFN method and field surveys. Similar to the Tornado Mountain case study,
the correlation between calculated volumes and surveyed volumes appears adequate as a first
approximation for engineering purposes, based on the correlations between histograms (Figure 12),
but the cumulative distributions quickly deviate in Figure 13a. The DFN method overestimates the
volumes for a given relative frequency when compared to observations. As mentioned previously,
relative cumulative frequencies such as those in Figure 13 can be biased by the number of observations
and ranges of volumes observed. Figure 13b shows the fragmented rockfall volume cumulative relative
distribution as calculated by the persistent DFN method and field surveys, but truncating the DFN
blocks to the range of blocks observed by the surveys. Overestimation of the DFN volumes is still
evident; however, the DFN prediction is significantly closer to the observations.
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5. Discussion and Conclusions

Quantifying rockfall hazard and risk, as well as the design of rockfall mitigation structures,
require information about the falling block volumes (and mass) and their fragmentation during
motion. Information on rockfall volumes and fragmentation can be gathered from comprehensive
records or through surveying fallen blocks along known rockfall trajectories. However, these methods
present challenges where rockfall records are scarce and surveys are not feasible. Rockfall trajectory
models in recent years have successfully represented the fragmentation of rockfalls, matching the
volume distribution along the rockfall path. This is an important step forward for enhanced rockfall
hazard assessments and protection design; however, input information about the fragmented rockfall
distribution is still required. A method to estimate fragmented rockfall volume distributions, and
fragmented volume–frequency relationships, is therefore needed at locations where rockfall records
are scarce or non-existent.

This paper presents a method to estimate the fragmented rockfall volume–frequency distribution
(relative frequency) in the absence of rockfall records or fallen block surveys. The method takes
advantage of photogrammetric techniques to build 3-dimensional surface models of rockfall sources
for virtual structural mapping of discontinuities. DFN realizations are developed based on the
mathematical representation of structure orientation and spacing variability. The DFN’s assume fully
persistent discontinuities to define discrete blocks. The volumes of these blocks are used to calculate
the DFN fragmented rockfall volume–frequency distribution. This method is based on the hypothesis
that fragmentation in strong rocks (Strong to Extremely Strong rocks characterized by Unconfined
Compressive Strengths over 50 MPa) will tend to occur through weak planes and by growth of
non-persistent discontinuities as the in situ blocks detach, fall, bounce, and roll. This implies that other
breakage mechanisms in strong rocks (e.g., breakage of intact rock bridges due to high-energy impacts
and abrasion) would have less influence on the fragmented volume distribution of rockfalls, and can
be neglected for the purpose of dimensioning rockfall protection structures.

The method is tested in this paper at two limestone rock cliffs in the Canadian Cordillera, the
Tornado Mountain site and Site S042. The photogrammetry and virtual structural mapping information
is representative of the information that is typically available for practical engineering applications.
The information available required input of expert judgment when building some of the PDF’s to
represent the structure orientation and spacing. This included the limited number of observations of
dip, dip direction, and spacing for some of the discontinuities, which required selecting shapes for the
PDF’s based on previous experience. Although this introduces a source of bias, it provided for testing
the method under practical constraints commonly encountered in engineering applications.

Fragmented rockfall volume distributions obtained through DFN realizations were compared
against blocks surveyed along the known rockfall trajectories and toe of talus slopes. These comparisons
were made at two scales (in histograms) and provided good approximations, with average errors
between 0.02 and 0.08 (probability) and maximum errors between 0.16 and 0.29. These results suggest
that the hypothesis that fragmentation in strong rocks will tend to occur through weak planes and by
growth of non-persistent discontinuities is an adequate approximation. A statistical evaluation of the
hypothesis would require validation at additional locations.

Comparison of volume-cumulative relative frequencies between DFN calculated volumes and
measured observations highlighted how the number of blocks surveyed and the limited observation
period can bias the representation of these relationships. This is a consequence of anchoring the
relative distribution to the pair (lowest volume: 1.0). Therefore, the frequency of other volumes being
exceeded depends on how many blocks are surveyed and the volumes of the largest blocks. The DFN
generated volume-cumulative relative frequencies differed significantly from observations when all
volumes generated were considered. However, their similarity increased significantly when the DFN
generated volumes were truncated at the highest measured volume. This finding can be interpreted as
the DFN generated volumes overestimating the volume of the least frequent blocks, and that for the
largest blocks, fragmentation in the absence of weak planes or non-persistent discontinuities have a
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significant effect. However, it is also possible that this discrepancy is caused by observation bias, where
the likelihood of larger blocks predicted by the DFN is so small (very small frequency), that these
events were simply not observed during the discrete observation periods. As an example, the large
rockfall event in 2013 at Site S042 supports the potential for large fragmented blocks as identified
by the DFN prediction. There is also a potential for undocumented rock fall events that may have
occurred prior to the establishment of AT’s GRMP in 1999. These may also increase the number of
actual large block volumes.

The volume-cumulative relative frequencies derived from persistent DFN’s are very similar to
observations when block volumes are truncated to the largest observed volumes, however some
overprediction occurs in both case studies. At the Tornado Mountain site, the findings indicate,
for example, that 90% of blocks are smaller than approximately 3 m3 and 1.5 m3 for the DFN prediction
and observations, respectively; however, both the DFN predictions and the observations indicate
that 95% of blocks are smaller than approximately 3.3 m3. At Site S042, 90% of blocks are smaller
than approximately 0.24 m3 and 0.14 m3 for the DFN prediction and observations, respectively;
however, both the DFN predictions and the observations indicate that 99% of blocks are smaller than
approximately 0.35 m3. It is possible that these overpredictions are a result of neglecting breakage of
blocks not associated with weak planes or non-persistent discontinuities, such as breakage of intact
rock bridges at impact, abrasion during rolling and in situ effects of weathering (e.g., freeze–thaw
effects).

In the absence of fragmented rockfall databases or observations, application of the method requires
truncating the maximum DFN predicted volumes based on judgment about their likelihood according
to measurements and observations at the rockfall source, any observed fragmented blocks associated
with sources in the vicinity, previous experience, and design life of proposed mitigation measures (e.g.,
are we designing for rockfalls with a return period of 1 in every 100, 1000, or 10,000 years?).

Further investigation into the method could aim at confirming the trend in DFN overpredictions
with other case studies in similar rock materials, such that observation bias is reduced, and develop
statistical volume correction factors that could account for block fragmentation not associated with
weak planes or non-persistent discontinuities. Furthermore, the method needs to be tested at rockfall
sources with different lithological units to evaluate its applicability.
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