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ABSTRACT: Rockfall remains one of the most critical and least understood hazards faced in open pit mining. The factors controlling
when and where rockfalls occur are abundant and highly variable site to site, hindering development of effective tools for proactive
rockfall hazard mapping at scales relevant to mining operations. Observations from controlled rockfall tests on mined pit slopes
conducted by NIOSH support previous studies, highlighting the significant influence of sub-bench-scale topographic features on
rockfall trajectories. Specifically, bench face protrusions at a lower angle than the overall bench face, which tend to “launch” rocks
into trajectories with greater horizontal velocity components. While often described by previous researchers, the phenomenon is
rarely evaluated quantitatively. The influence of launch features on rockfall trajectories and kinetics can be evaluated using detailed
stochastic 2D rockfall modeling. This study presents the preliminary results of such modeling, which focuses on primary rockfall
impact distances beneath these launch features using 27 systematic combinations of launch feature widths, angles, and heights above
the catch bench, with model parameters calibrated to the NIOSH rockfall tests. This analysis serves as a critical first step in creating
generalizable, predictive rockfall hazard maps incorporating launch feature geometries mapped from as-built high-resolution pit slope
surveys.

in large open pits. The time between an initial detectable
rockfall movement and a life-threatening rockfall hazard
occurs in the order of seconds to minutes, compared with

1. INTRODUCTION

Increasing demands for critical minerals have

necessitated deeper and steeper open pit mine designs to
access resources while limiting the expansion of mining
footprints. Consequently, significant advancements in
slope monitoring have been made to ensure these slopes
are mined and maintained safely, efficiently, and
economically (Sharon & Eberhardt, 2020). The
proliferation of technologies such as ground-based radar
and drones have facilitated rapid and accurate
identification of large-scale slope movements well in
advance of total collapse, allowing for advanced
observational mining practices where operations can
coexist with active, well-understood slope movements
(Chandarana et al., 2016). Despite these advancements,
rockfall remains a poorly mitigated and frequent hazard

detectable precursory signs of large-scale slope collapses
which generally span 10’s of minutes to months or even
years (Williams et al., 2021). Recent advancements
utilizing doppler ground-based radars and thermal
imaging technologies yield promising results for real-time
tracking and alarming for rockfall, and for longer-term
analyses such as rockfall source area mapping, runout
distance tracking, and rockfall retention performance
(Carla et al., 2024; Wellman et al., 2024; Potter et al.,
2024). However, in the case of rapidly evolving rockfall
hazards, real-time alerts should serve as a last-resort
mitigation strategy that bolsters a proactive, robust
understanding of likely rockfall hazard areas.



Rockfall is a complex phenomenon, with numerous
variables influencing their timing, trajectory, and kinetics.
While this complexity creates challenges for accurately
predicting when, where, and how rockfall will occur,
previous and ongoing work has begun to tackle these
temporal, spatial, and mechanistic uncertainties. Recent
studies have evaluated the temporal relationships between
external forces and rockfall initiation, such as
meteorological events, with good results, suggesting that
factors such as precipitation, freeze-thaw cycles, and solar
irradiation are some of the leading drivers of increased
rockfall frequency (Macciotta, 2019; Nigrelli et al.,
2022). However, more work is required to confidently
apply these correlations for temporal rockfall forecasting.
Potential rockfall source area identification has been
assessed by various methodologies for natural slopes,
including terrain analysis that identifies areas of steep
rocky outcrops and cliff faces (Loye et al., 2009),
kinematic analysis of mapped rockfall discontinuities in
steep terrain (Yan et al., 2023), and estimates of regional
rock mass strengths based on slope and relief
relationships from known rockfall source outcrops (Wang
et al., 2021). Due to the nature of open pit mining
practices, where rock is blasted, excavated, and the
remaining slopes are steep by design, the entirety of an
excavated slope likely has potential for rockfall initiation.
This, and the time-intensive nature of rockfall modeling,
has traditionally led to focused 2D modeling efforts in
areas of expected rockfall risk or where worker safety and
infrastructure security is critical. Recent advancements in
3D rockfall modeling capabilities allow for the creation
of point, line, and plane rockfall source seeders (e.g.
Rocscience, 2023), facilitating greater modeling coverage
over large areas. However, these models tend to require
significant topographic simplification, eliminating
important small-scale terrain features that impact rockfall,
and can be challenging to calibrate without empirical
rockfall observations.

Despite the challenges faced in rockfall forecasting,
simplifying assumptions can help converge on
generalizable kinematic outcomes for hypothetical
rockfalls. For example, the range of possible rockfall
trajectories down a slope is limited by physics, the
material properties of the slope and falling rock, and the
morphology of the slope. Material properties of the slope
and rock can be constrained to a range of realistic or
published parameters (e.g. Saroglou & Bar, 2017), and
other variables such as rock shape and dimension can
either be calibrated to historical rockfalls or assumed
using broad, reasonable ranges. Slope morphology is
highly irregular and variable within and between mine
sites, however studies have suggested that specific
topographic features are a dominant controlling factor in
rockfall trajectories (Pierson et al. 2021; McNabb et al.
2024). In the case of open pit mines, isolated features
protruding at lower slope angles than the overall bench

face have been shown to translate falling rock into
trajectories with greater horizontal velocity components,
increasing runout and making them more likely to bypass
subsequent benches (Figure 1). Pierson et al. (2001) refer
to these as “launch features” (LFs), which occur in
various shapes and sizes, each affecting rockfall
differently, and commonly result from adverse geological
conditions (e.g. discontinuities) and mining practices (e.g.
blasting, double-bench mining). McNabb et al. (in
review) demonstrated that these LFs, along with bench
crest loss, were the primary factors resulting in a
hazardous rockfall observed during controlled rockfall
testing by NIOSH in an open pit mine. LFs are ubiquitous
on mined slopes, and with modern high-resolution
topographic surveys are now readily observed, mapped,
and analyzed at scales relevant to rockfall assessment.

Low-Angle /

Low-Angle —

Launch Feature |
Launch Feature

Local Slope

w

Figure 1. Schematic (A) and real-world (B) examples of
launch features occurring on mined bench faces. The example
in B is a 3D point cloud from an open pit gold mine in
Nevada, U.S.A, with a colored overlay indicating areas of
local slope angle between 20° and 50°.

Unlike previous studies that analyze topography to infer
areas of likely rockfall initiations, this study focuses on
generalizing the effect of small-scale topography (launch
features) on rockfall trajectories. The goal is to investigate
the fundamental relationships between LF morphologies
and the trajectories of rockfall that may encounter them.
These relationships will serve as a foundational element
in delineating potential rockfall hazard zones imposed by
LFs and other topographic features identified from high-
resolution topography (e.g. bench crest loss). This work
will be combined with concurrent efforts to automate LF
mapping and classification from high-resolution point
clouds, which will serve as the real-world topographic
datasets to which these fundamental relationships can be
applied.

2. BACKGROUND

This study stems from an ongoing collaboration with the
National Institute of Occupational Safety and Health
(NIOSH) and the University of Arizona’s Geotechnical
Center of Excellence (GCE) to analyze the results of real-



world rockfall tests within open pit mines. The rockfall
tests were designed and implemented by NIOSH as part
of their ongoing research titled Rockfall Catchment
Design and Slope Performance Monitoring at Surface
Mines and Quarries, which aims to increase safety in open
pit mines and quarries by using empirical rockfall testing
data to (1) improve catch bench design criteria and (2)
improve slope monitoring guidelines and capabilities
(NIOSH, 2022). The GCE became involved in the project
in 2021 as part of their study Development and
Application of Automated Rockfall Recognition using
Computer Vision Approaches applied to Thermal Video
from  Open Pit Mines (NIOSH  contract
75D30122C14875), which aimed to develop a
commercially viable rockfall monitoring solution using
thermal video and an automated rockfall detection
algorithm. The GCE benefitted from the NIOSH rockfall
tests by collecting thermal video data during the tests,
which unlike natural rockfall, can be assessed in greater
detail due to the controlled nature of the tests with respect
to rock dimension, fall initiation, and timing.

Data collected during empirical testing included video of
the rockfalls in their entirety and high-resolution point
clouds of the test highwalls. These data combined allow
for high spaciotemporal analysis of rockfall dynamics
from initiation to completion. McNabb et al. (in review)
presents a detailed analysis of three test rocks, complete
with their velocities, kinetics, and trajectories mapped
with high precision. They concluded that low-angle
topographic protrusions (launch features) and catch bench
loss were the primary factors resulting in the most
hazardous rockfall dynamics.

3. METHODS

To quantify the effects of launch features on rockfall
impact distances, 2D rockfall modeling was conducted
using Rocscience’s RocFall2 software (Rocscience,
2023). A systematic approach was implemented to
evaluate a range of LF dimensions. A 24-m tall, 67°
synthetic control (no LFs) bench was generated,
mimicking the typical bench design observed during the
NIOSH rockfall testing. Then, model scenarios were built
from the control bench, which included 27 combinations
of three LF angles, three LF widths, and three heights
above the catch bench (Figure 2). A horizontal data
collection line was placed at the level of the catch bench
to measure the impact distance of each simulated rockfall.
The data collection line registers a measurement each
time a simulated rock crosses it, regardless of the
direction it crosses. Therefore, the catch bench shown in
the model (Figure 2, in green) was lowered ~8 m beneath
the collection line and assigned material parameters to
quickly arrest the rockfalls, avoiding erroneous readings
from rockfalls bouncing upward off the catch bench and
into the data collection line from below. Each simulation

involved 10,000 rockfalls initiated 1 m above each LF
with varying initial conditions, rock shape, and slope
material parameters (Table 1). Rock mass was kept to 100
kg for this preliminary analysis. Initial vertical velocities
varied from a minimum of 0 m/s to a maximum that
assumes a fall distance equal to the vertical distance from
the crest of the bench to the LF midpoint plus another full
bench height (Table 1). This assumption is based on
observations made during the NIOSH rockfall testing
where a singular rockfall was able to bypass a catch
bench, allowing it to freefall greater than the height of a
single bench, before impacting a LF on the subsequent
bench face (McNabb et al., 2024). Initial horizontal
velocity ranges were kept constant for each simulation to
avoid high initial horizontal velocities that would allow
some rocks to bypass the modeled LF. To ensure the
entire LF surfaces were impacted by the 10,000 simulated
rocks, horizontal line seeders were required for the 1.5 m
and 3.0 m LF’s, whereas point seeders were adequate for
the 0.5 m LF’s. The rigid body method of rockfall
simulation was chosen for its ability to model the
influence of rock shape on rockfall dynamics.

Table 1. 2D rockfall simulation parameters

*Rn 0.35 - 0.40, Rt 0.82 - 0.87, Fd 0.44

Bench Face Material ~0.60, Fr0.15 - 0.32

No. of rocks per

) . 10,000
simulation

Initial Horizontal

Velocity 0-1m/s

Initial Vertical 0 - 24 m/s (upper bench), 0 - 27 m/s

'Velocities (mid-bench), 0 - 30 m/s (lower bench)
Initial Rotation =720 deg/sec
Rock Mass 100 Kg
Sphere, Circle, Oval (5:6; 2:3),
Triangle, Square, Pentagon, Hexagon,
Octagon, Egg, Rhombus, Ellipse (5:6;
2:3; 1:2; 1:1), Super Ellipse”4 (5:6 ;
Rock Shapes 2:3;1:2; 1:1; 5:6; 2:3;1:2), Polygon

Triangle, Polygon Square, Polygon
Pentagon, Polygon Hexagon, Polygon
Octagon, Polygon Rectangle (5:6; 2:3;
1:2)

*Rn = coefficient of normal restitution, Rt = coefficient of tangential
restitution, Fd = dynamic friction, Fr = rolling friction
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Figure 2. 2D rockfall simulation model setup. A) control
bench with no launch feature. B) Example model with a
launch feature at the mid-bench level.

4. RESULTS

Full results from the 27 simulations are presented in Table
2 and Figure 3, and a plot showing the 95% impact
distance by angle, width, and height above the bench is
shown in Figure 4. Of the variables tested in the analysis,
LF width proved to have the most significant effect on
rockfall impact distance when compared to LF angle and
height above the catch bench. Figure 5a shows the 95%
impact distance vs LF width for all three LF angles.
Overall impact distances decrease with increasing LF
width, from higher impact distances at 0.5 m, to lower and
similar distances for 1.5 m and 3.0 m. When considering
LF angle, the 10° LFs exhibit both the highest impact
distances at 0.5 m and the lowest at 1.5 m and 3.0 m
compared to the 30° and 50° scenarios, mimicking a
power-law decay curve. 30° LFs show decreased impact
distances at 0.5 m width compared to 10° LFs, but higher
impact distances at 1.5 m and 3.0 m widths, following a

Table 2. Full simulation results.

Height o
Above Angle Width Ir?l?)zf:: ¢ Ixszé ¢
Beig{f?m) (Deg.) (M) | Dist. (m) | Dist. (m)
4 NA (Control) 1.5 19.2
4 10 0.5 5.6 25.6
4 10 1.5 2.2 24.7
4 10 3 2.2 25.3
4 30 0.5 5.1 25.7
4 30 1.5 3.5 24.6
4 30 3 3.2 23.2
4 50 0.5 2.6 22.0
4 50 1.5 3.0 23.0
4 50 3 2.7 23.5
12 NA (Control) 1.7 22.9
12 10 0.5 6.2 28.7
12 10 1.5 1.5 26.7
12 10 3 1.6 26.5
12 30 0.5 59 28.9
12 30 1.5 3.8 26.6
12 30 3 3.7 25.5
12 50 0.5 4.1 25.5
12 50 1.5 4.0 27.1
12 50 3 3.9 26.8
20 NA (Control) 1.5 23.2
20 10 0.5 3.8 26.9
20 10 1.5 1.3 223
20 10 3 1.3 23.0
20 30 0.5 4.3 27.5
20 30 1.5 2.5 27.6
20 30 3 2.4 24.2
20 50 0.5 3.2 25.0
20 50 1.5 3.4 254
20 50 3 34 27.1

similar power-law-like decay, but with a slower decay
than 10° LFs. Finally, 50° LFs follow a sub-linear trend
(or a fully diminished power-law decay), with no
discernible differences in impact distance among the 0.5
m, 1.5 m, and 3.0 m widths. Figure 5b shows the 95%
impact distance vs LF angle with each LF width plotted
as distinct markers. Overall impact distances show high
variance at lower LF angles that converge at higher LF
angles. When considering LF width, this plot again shows
the highest average impact distances for 0.5 m wide, 10°
LFs. With increasing LF angle, the average impact
distance for 0.5 m wide LFs drops for 30° and 50° LFs.
Conversely, the 1.5 m and 3.0 m wide scenarios show an
increasing trend with an increasing LF angle, each with
similar values.
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Figure 3. Full simulation results.
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Figure 4. Simulated rockfall impact distances for all
modeled scenarios.
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Figure 5. Figure 5. 95% rockfall impact distances vs LF width
(a) and LF angle (b).

5. DISCUSSION

Results from this preliminary analysis indicate complex
and non-linear, but decipherable relationships between
LF width and angle and modeled rockfall impact
distances. No apparent trends are observed with respect to
LF height above the bench face, given this limited dataset.
The strong relationships between LF width and angle with
impact distance highlights their potential for predicting
impact distances based on these dimensional LF
characteristics. While the mechanisms behind these
trends are not fully understood at this time, hypotheses
can be derived for further evaluation. The trends shown in
Figure 5 suggest that as LF angle steepens, the influence
of LF angle on impact distance diminishes to a baseline.
This is expected as increasing LF angle approaches that
of the overall bench face angle. Lower width LFs tend to
yield greater impact distances (Fig. 5a), perhaps because
a rockfall is likely to impact a narrow LF only once,
bouncing off the LF and continuing its fall downslope.
Rockfall on wider LFs on the other hand are more likely
to experience bouncing, rolling, and sliding if the



trajectories after initial LF impact aren’t sufficiently
energetic enough to bounce off the LF. Low angle, wide
LFs exhibit this dynamic best, where a rock that is not
cleared of the LF after the first impact is subject to
bouncing/rolling/sliding over the width of the LF prior to
continuing its travel.

5.1. Validation With Empirical Rockfall Data
Figure 6 shows an example documented during the
NIOSH highwall tests in which test rocks impacted bench
face LFs and experienced altered trajectories. The
example illustrated by the red star impacted a 0.55-m-
wide, 36° LF, which yielded an impact distance of 3.3 m
on the catch bench below, which are plotted over the
results presented in Figure 5. Two additional examples
from the NIOSH tests are plotted in Figure 6 (yellow and
pink stars). Comparing these measurements to the
preliminary relationships developed in this study shows a
reasonable match, however further validation with field
observations is required to refine and test these
relationships.
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Figure 6. Observed rockfalls from NIOSH test campaign
(stars) that impacted launch features plotted over the results
from this analysis.

6. FUTURE WORK

The results presented here represent a small subset of
potential LF morphologies, but they characterize a range
of dimensions commonly observed on mined bench faces.
Future efforts will focus on simulating additional
combinations of LF angles, widths, and heights above the
catch bench, as well as variable rock sizes and initial
conditions. Additional validation with empirical rockfall
tests is imperative for further model calibration and
refinement. 3D rockfall modeling must also be
implemented to evaluate dynamics not fully captured in
2D modeling such as lateral dispersion and complex LF
morphologies. Other avenues of terrain analysis may also

be explored with respect to impact distance, such as bench
crest loss and bench face roughness. A key component of
rockfall lacking in this study is total rollout distance,
which may be explored using empirical rockfall
observations, modeled runout distances, and modeled
horizontal velocities upon catch bench impact, which can
be correlated with both total runout and relative hazard
post-impact. If a robust framework for estimating impact
distance from topographic measurements can be
established, machine learning may be applied to integrate
the full process from terrain analysis to hazard area
mapping.

7. CONCLUSION

This study presents a preliminary analysis linking
topographic launch feature morphologies to initial
rockfall impact distances. The results serve as the
foundation for future work that will further establish these
relationships by evaluating additional parameters such as
variable rock size, overall slope angle, broader material
properties, and incorporating 3D modeling all in
furtherance of generating site-wide rockfall hazard maps
based on high-resolution terrain analysis. This work is
concurrent with efforts to automate LF detection and
characterization from high-resolution topographic
surveys, which will serve as the primary data set to which
these LF / impact distance relationships will be applied.
Additional topographic features known to result in
hazardous rockfall trajectories, such as bench loss, will be
evaluated and incorporated into the hazard mapping as
well, and further validation from empirical rockfall
testing will aid in further establishing these relationships.
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