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ABSTRACT: Rockfall remains a prominent hazard for transportation corridors worldwide. Recent
studies have shown promising results in resolving the relationships between rockfall activity and triggers,
including in some cases detecting precursor activity prior to failure, which could have implications to
improving safety and performance of transportation corridors. The aim of this study is to better
understand rockfall failure processes and triggers for cut slopes in interbedded sedimentary rock through a
long-term study using photogrammetry data with high spatio-temporal frequency. The combination of
daily data, high precision rockfall volume estimation, and 22 month monitoring duration is unique among
studies that evaluate rockfall triggers, and allows us to derive insights into differences in rockfall
triggering between blocks of different volumes. The data collected allowed the relative frequency of
rockfalls of different volumes to be well-constrained for volumes ranging from 0.01 m? up to 76 m? (the
largest event that occurred during the monitoring period). A quantitative comparison between
precipitation and rockfall activity established that precipitation was the primary trigger for rockfall at the
site, with only 1.4% of 24-hour photo intervals without precipitation having at least one rockfall, as
compared to 25.0% of photo intervals with precipitation (and 57.1% of photo intervals with at least 5 mm
of precipitation). The marginal impact of additional rainfall above 8 mm per 24 hour period on rockfall
probability was negligible among all rockfalls observed, whereas the probability of the largest rockfalls at
the site (>1 m*) occurring continued to increase as a function of precipitation up to 20 mm per 24 hour
period. Detailed analysis of change data leading up to the largest (76 m?) rockfall observed illustrated the
progressive failure mechanism of the block, including observations of forward toppling motion and
smaller precursor rockfalls around its perimeter. This rockfall was also used for a proof-of-concept
demonstration of the potential for a spatio-temporal rockfall density metric to be used to help identify
areas of potential hazard. Ultimately, the findings from this study contribute to knowledge on rockfall
processes outside alpine regions, which have historically been less well-studied.
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1 INTRODUCTION

Rockfall is a hazard that is present in mountainous terrain around the world, and the Colorado Rockies are
no exception. While the processes and environmental factors that lead to rockfall have been widely
studied (e.g. Matsuoka and Sakai 1999; Paranunzio et al. 2016; Weidner and Walton 2021; Mourey et al.
2022), the relative importance of different processes and factors varies significantly depending on climate
and rockmass characteristics. This variation means that even if the general mechanics of rockfall and
associated triggering processes are understood, further studies are needed to evaluate the differences in
observed phenomena for specific slopes in a variety of regions. Additionally, improvements in data
collection approaches now allow for rockfall phenomena to be studied with greater resolution and
precision than was previously possible.

Over the past decade, the Colorado Department of Transportation has invested in the development and
deployment of remote sensing technologies to monitor, evaluate, and forecast rockfall hazards. This is
consistent with the broader trend of lidar and structure-from-motion (SfM) photogrammetry being
increasingly applied in the field of rockfall monitoring research (Abelldn et al. 2014; Eltner et al. 2016;
van Veen et al. 2017; Williams et al. 2019; Weidner and Walton 2021). In this case, we have utilized a
previously developed fixed photogrammetric monitoring approach (Kromer et al. 2019) to collect high-
spatio-temporal resolution monitoring data and develop a novel rockfall database spanning 22 months
with daily resolution. This database is unique, in that most existing studies on rockfall processes focus on
slopes above the permafrost limit and rely on short or incomplete rockfall records (Mainieri et al. 2023),
whereas this study focuses on an interbedded sedimentary rock cut in a non-alpine, “Humid Continental
(NOAA 2023) environment. The goal of this study is to use this database to develop insights regarding
rockfall mechanisms, triggers, and precursors to eventually inform geotechnical asset management
practices.

1.1 Background and Research Objectives

Photogrammetry is commonly used to study slope characteristics and landscape evolution, including
rockmass structural mapping (e.g. Salvini et al. 2017; Calio et al. 2023), change detection in glacial
environments (Sledz et al. 2021), rockfall trajectory evaluation (e.g. Sarro et al. 2018; Gallo et al. 2021;
Robiati et al. 2023), rockfall hazard evaluation (e.g. Vanneschi et al. 2019; Guerin et al. 2020; Janeras et
al. 2023), and evaluation of rockfall processes and controlling factors (e.g. Fleischer et al. 2023; Graber &
Santi 2023). Regarding the study of rockfall processes specifically, other methods have historically been
used to develop rockfall databases, including manual collection of fallen rock debris (e.g. Matsuoka and
Sakai 1999; Imaizumi et al. 2020), visual analysis of time lapse or stereoscopic photographs (e.g.
D’Amato et al. 2016; Matsuoka 2019), dendochronlogy (e.g. Stoffel et al. 2005, Zielonka and Wronska-
Walach 2019), review of historical reports (e.g. Delonca et al. 2014; Macciotta et al. 2015; Banji et al.
2021), and repeated laser scanning (e.g. van Veen et al. 2017; Williams et al. 2019; Weidner and Walton
2021; Birien and Gauthier 2023). Several prior studies evaluating rockfall processes have developed large
databases spanning long time periods and used these databases to establish freeze-thaw, precipitation, and
wildfire impacts on rockfall hazard. These longer-term studies tend to use longer monitoring intervals and
as a consequence, associating a specific trigger event with the precise timing of a rockfall becomes
difficult (e.g. Hartmeyer et al. 2020; Weidner and Walton 2021; Graber & Santi 2023; Birien and
Gauthier 2023). Studies that have evaluated rockfall triggers using databases with precise rockfall timing
have typically not considered differences in rockfall trends depending on block size (e.g. Delonca et al.
2014; D’ Amato et al. 2016). Studies employing shorter monitoring intervals (on at least a daily basis)
have yet to be widely applied over the long term (>1 year), but have shown promise in detecting smaller
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magnitude rockfalls, evaluating rockfall triggers and analyzing precursor activity (e.g. Kromer et al. 2017;
Williams et al. 2019; Giacomini et al. 2020; Mourey et al. 2022; Nunez-Andrés et al. 2023).

In evaluating rockfall triggers and precursors (e.g. peripheral rockfalls or block movement), high spatial
resolution is critical to allow the smallest (most frequent) rockfalls to be detected, spatial relationships
between distinct rockfall events to be identified, and rockfall volumes to be reliably established.
Additionally, high temporal resolution is necessary to allow for the timing of individual rockfalls to be
more precisely correlated to the occurrence of potential triggering events (Williams et al. 2019).
Accordingly, various researchers have worked to develop advancements in data collection and processing
workflows to enable high spatio-temporal resolution data collection and analysis using lidar (Kromer et
al. 2017; Williams et al. 2019; Anders et al. 2021) and photogrammetry systems (Roncella and Forlani
2015; Santise et al. 2017; Eltner et al. 2017; Parente et al. 2019; Kromer et al. 2019; Blanch et al. 2020,
2021; Nufiez-Andrés et al. 2023).

In this study, we use a system based on the one developed and deployed by Kromer et al. (2019) along the
Interstate-70 highway through Colorado to develop daily photogrammetry models for rockfall detection
based on its ability to automatically collect and process photogrammetric data, as well as its relatively low
cost and high degree of automation (we refer the reader to Kromer et al. 2019 for a full description of the
applicability of the system and comparison with alternatives). Our aim is to use a high spatial temporal
resolution rockfall database collected through daily fixed photogrammetric monitoring to get unique
insights into the rockfall behavior at the slope including any triggering factors and precursory activity.
Specifically, our research focuses on answering the following questions:

e  What factors are triggering rockfalls at this site, and over what timescales are these factors
acting? How does this relate to findings regarding triggers at other slopes with different
geological and climatic characteristics?

e Are there variations in rockfall triggers and/or mechanisms as a function of block size?

e What kinds of precursors to rockfalls can be detected using this type of monitoring approach?

e How can high-resolution point cloud models be used to evaluate the spatio-temporal evolution of
rockfall hazard across the slope?

Answering these questions to advance understanding of rockfall processes in great detail as enabled by
our high spatio-temporal resolution database can contribute to interpretation of slope behavior and the
management of slope hazards more broadly. For example, in a geotechnical asset management context,
obtaining a better understanding of slope deterioration rates at cut slopes can be used to optimize slope
maintenance activities, and detecting precursor activity can also guide the allocation of resources for more
immediate hazard mitigation efforts, which will ultimately improve asset performance.

We note that while previous studies have attempted to answer similar questions in the context of different
study sites and methods, our study is distinct in two main ways: (1) the combination of geological
(interbedded mudstone-sandstone), geotechnical (cut slope rather than natural) and climatic conditions is
unique relative to other related studies in the literature; (2) the extended monitoring length (22 months)
and high temporal resolution (day-to-day change detection) used for this study combined with the
evaluation of individual rockfall volumes allows for analyses to be conducted that would not have been
possible (or prohibitively costly or time consuming) using most alternative methods for rockfall database
development.
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2 METHODS
2.1 Site Description

The slope of interest for this study is a near-vertical (75°) rock cut on the North side of US highway 24 in
Manitou Springs, Colorado. The location of the slope is shown in Figure 1, and Figure 2 illustrates the
monitored area, which covers approximately 2500 m? of rock slope. A ditch is positioned beneath the
slope to minimize the potential for rockfall from the slope to reach the highway.

The slope consists of interbedded arkosic sandstones and mudstones of the Fountain Formation in
foothills of the Rocky Mountains. This formation is of Pennsylvanian-Permian age, and was formed by
lithification of sediments eroded from the Ancestral Rocky Mountains. Based on variations in
depositional conditions over time and space, the formation includes a variety of distinct lithologies, with
conglomerate and sandstone being most prominent. The absence of conglomerate and presence of
mudstone beds at our study site suggest the sediments were deposited under lower-energy conditions than
much of the formation (Sweet et al. 2015). The thickness of the beds is highly irregular, ranging from a
few centimeters to multiple meters, although the sandstone beds are typically thicker than the mudstone
beds. Although strength data for the intact sandstone and mudstone units are not available, it is clear that
the mudstone is much weaker than the sandstone, as significant differential erosion is visible on the slope,
which leads to the occurrence of overhanging sandstone layer geometries.

Figure 3 presents an annotated photo of the slope with key rockmass features highlighted. The primary
fractures present in the slope correspond to highly persistent sub-horizontal bedding planes that dip
shallowly to the Northeast. Two sets of sub-vertical cross joints are also present, with average dip
directions towards the NNE and E. The cross-joint spacing is highly variable between different layers (see
Figure 3), and ranges from a few centimeters to multiple meters. The joints are typically fresh to slightly
weathered and primarily planar and rough, with some joints exhibiting an undulating-rough character
(ISRM 1978).
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Fig. 2 Panorama view of the monitored slope

Fig. 1 Site location approximately 5 km west of Colorado Springs on highway US-24 (Esri 2022)
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Fig. 3 Annotated slope photograph illustrating key rockmass features.

2.2 Photogrammetry Data Collection and Processing Workflow

On January 24, 2020, five fixed camera stations were installed opposite the target slope (see Figure 4) at a
distance of approximately 60 m. The system design was based on that of Kromer et al. (2019). Each
station consists of a camera (Canon T7i) and lens (24 mm focal length), a solar panel, an internal battery
pack, a microcomputer controller, a wireless internet connection, and a weatherproof and tamperproof
protective housing.
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Fig. 4 Images illustrating (a) camera locations shown with stars and camera numbers in white and
(b) close-up view of camera station 2, looking eastward

Starting on 2020-01-24, each camera was set to capture photos at noon and 12:30 pm each day. This study
presents an analysis of the data collected between 2020-01-24 and 2021-11-30.

Each day, each station’s USB LTE modem uploaded the photos to an FTP server. A scheduled program
was then set to run the subsequent data processing steps, including SfM model construction, automated
registration with scale, vegetation removal, and change calculation. The overall workflow matches that
described in detail by Kromer et al. (2019), and is represented by the flowchart in Figure 5. Camera
calibration parameters were estimated during construction of the initial baseline model, and were fixed for
all subsequent models to maximize change detection precision (e.g. by ensuring any distortion effects
remain consistent from day to day) (Kromer et al. 2019). A terrestrial laser scan was collected using a
Faro Focus 3D x 330 scanner at the start of the monitoring period, and the corresponding point cloud was
used for scaling and referencing of the initial baseline photogrammetry model. Differences between the
lidar point cloud and the initial photogrammetric model (i.e. with negligible real slope change) had a
standard deviation of 3 cm (representative of photogrammetric model accuracy), with the largest
differences occurring towards the edges of the photogrammetric model due to distortion effects, likely
caused by a lower degree of photo overlap than in the central part of the slope. Comparisons between
photogrammetric models with consistent camera calibration parameters (per Kromer et al. 2019) revealed
a smaller standard deviation, typically on the order of 1.5 cm (representative of change detection
precision); this lower standard deviation is a function of broad photogrammetric distortion effects
remaining consistent between day-to-day photogrammetric models, and therefore not influencing
localized change results (or associated rockfall detection).
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Fig. 5 Data processing pipeline from data collection to production of change detection results
(Kromer et al. 2019)

2.3 Rockfall Identification

Change maps produced by the automated process described in Section 2.2 were reviewed a minimum of
once per week to manually interpret the causes of the apparent changes on the slope. While large rockfalls
were immediately clear from the change maps, smaller areas of apparent change needed to be manually
assessed to determine whether they represented rockfall or noise (due to, for example, local
photogrammetry model distortion or residual unmasked areas of vegetation). Approximate volumes for all
change regions identified to represent rockfall were estimated using the 2.5-dimensional volume
calculation tool built into CloudCompare because of its ease of use during routine visualization and
interpretation of results (CloudCompare 2019). While this method is likely to tend to overestimate
volumes in contrast to more sophisticated volume calculation approaches, we note that while the absolute
volume estimates should not be considered precise, the relative volume trends that are the focus of this
study are expected to be reliable (DiFrancesco et al. 2021).

In addition to evaluating the regularly produced change maps, the raw photographs themselves were also
inspected in detail to avoid missing rockfalls. This was critical, particularly because some rockfalls that
failed to register a detectable change in the comparison of photogrammetry models were noted to be
visually observable in the raw photographs collected by the monitoring system. The reason for increased
resolvability of rockfall events in the photographs is that the process of converting two-dimensional
images into a three-dimensional photogrammetry model is inherently associated with a loss of resolution
and an increase in uncertainty due to smoothing, filtering, and downsampling during image matching as
well as the introduction of survey and algorithmic uncertainty (James et al. 2017). Although specific
volumes could not be estimated for the smallest rockfalls identified strictly from the photographs, based
on their areal extents and the typical surface-area-to-volume ratios calculated for larger rockfalls, these
rockfalls were recorded as having a volume of less than 0.01 m? (approximately 0.4 ft*); for the purposes
of analyses considering total daily rockfall volumes, these smaller rockfalls were assigned a volume of
0.005 m>. Note that regions of channelized erosion in the weaker mudstone layers visible in some of the
photos were not recorded with the rockfalls and not included in any volume calculations.
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2.4 Potential Rockfall Triggers — Weather Data

To allow for comparison of observed rockfall trends with weather patterns at the site, a meteorological
data set was retrieved from an online weather data repository (Weather Underground 2021). Specifically,
data from a WS-2902 weather station located approximately 1.1 km south of the monitoring system and at
the same elevation (1,980 m) was used (Station ID: KCOMANIT26). The dataset includes temperature,
cumulative precipitation, and precipitation rate data. Data were recorded by the weather station at an
interval of five minutes. Raw temperature and precipitation data for the study period are presented in
Figure 6.
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Fig. 6 Temperature and precipitation data for the study period from a weather station located ~1.1
km from the monitoring site

One major limitation of the type of weather station used is that snow is not accounted for in the
precipitation totals recorded (Ambient Weather 2018); this is reflected in the negligible precipitation
totals shown during the winter months in Figure 6.

To evaluate the potential influence of snowmelt on rockfall at the site, photos were visually examined to
evaluate the presence or absence of snow on (or above) the slope for each day of the study period. Based
on this visual examination, photo intervals where the amount of snow on the slope was observed to
decrease (i.e. indicating snowmelt) were noted.
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Note that seismicity was not considered as a potential significant rockfall trigger at the study site, as the
region is not highly seismically active; only one event with magnitude > 1.0 occurred within 30 km of the
study site during the study period, and the largest event within 150 km of the study site during the study
period had a magnitude of 2.5 (USGS 2022).

2.6 Development of a Spatio-Temporal Rockfall Density Metric

To aid in the interpretation of the rockfall data collected, a spatio-temporal rockfall density metric
(conceptually similar to Anders et al. 2020) was developed. Such a metric is of interest because clustering
of smaller rockfalls (in both space and time) can precede larger rockfall events (Rosser et al. 2007; Royéan
et al. 2014; Kromer et al. 2015; Royén et al. 2015); therefore, a method that can be used to identify such
precursory spatio-temporal clustering of rockfalls may be used in the assessment and management of
future rockfall hazard.

To calculate the rockfall density metric, the slope was first discretized into a two-dimensional grid
consisting of 1 m x 1 m grid cells (see Figure 7). Every rockfall was assigned to a grid cell; note that the
uncertainty in positioning rockfalls visually identified from photographs is a major reason why a grid size
smaller than 1 m x 1 m was not considered.
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Fig. 7 Gridded view of the monitored slope

For every day of the study period and every grid cell, the spatio-temporal rockfall density metric was
calculated according to the following equation:

n ( 1 1 )
T\ —r -z E- "

STRFD(x,z,t) = (1)
;'n=1 Ziﬂ ! a’ 1 b
JE—5)72+ @z-z)? - ti)
where the variables in this equation are defined as follows:
e STRFD = Spatio-Temporal Rockfall Density
e x = the horizontal coordinate of the centroid of a given cell of interest
e 7 = the vertical coordinate of the centroid of a given cell of interest
e t=a given date of interest
e a=distance weighting coefficient
e b =time weighting coefficient
10
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e i=counter for rockfalls

e n = total number of rockfalls as of date “t”

e j=counter for grid cells

e m = total number of grid cells covering the outcrop (not including blank cells around edges)
e k= counter for days

e p = total number of days from the start of monitoring to date “t”

The numerator of the equation represents the total rockfall activity near in both space and time to the grid
cell of interest (x,z) on the date of interest (t), while the denominator represents the maximum possible
recorded variable of the numerator (as if a rockfall occurred in each grid cell on each day of monitoring).
This normalization ensures that the scale of the STRFD remains consistent from day to day (and from
grid cell to grid cell) such that relative values can be appropriately compared; without the presence of the
denominator term, equation (1) would be biased towards higher values near the center of the outcrop and
later in the monitoring period. Note that the calculation of the normalization factor in the denominator by
assuming the maximum rockfall activity corresponds to a single rockfall in each cell each day is a
practical simplification; in reality, more than one rockfall could theoretically occur in any given cell on
any given day.

Singularities exist in equation (1) when a rockfall has occurred in the cell of interest and/or on the date of
interest. In these cases, the rockfall is treated as if it were one grid cell away (in the former case) or one
day in the past (in the latter case). Accordingly, the maximum contribution of any given rockfall to the
numerator of the STRFD equation is one.

“a” and “b” represent empirical weighting coefficients that determine how “far” influence of a given
rockfall propagates in space and time, respectively. Considering spatial units of meters and temporal units
of days, it was initially expected that “a” should be greater than “b”, as we hypothesized that the potential
for a given rockfall event to influence rockfall hazard decreases more as one moves “d” meters away from
the fall than if “d” days of time pass. To determine specific values of these constants, a calibration
exercise was performed based on the knowledge that a significant number of smaller rockfalls occurred
around the periphery of a large block prior to when it fell between photos taken on July 3 & 4, 2021 (see
Section 3.3 for a more detailed examination of this event). Therefore, for the purposes of identifying areas
of potential rockfall hazard, it was determined that values of “a” and “b” should be selected such that the
precursor rockfalls around the periphery of the large event should be highlighted. Based on a manual trial
and error process, values of a = 1.7 and b = 0.5 were determined to be appropriate. Note that these
empirical constants are approximate in nature, and are expected to be slope-dependent rather than
universal. The general principle of the STRFD metric could be applied and tuned for application at other
slopes, particularly those where large volume rockfalls occur more frequently, and small precursor falls
are expected to be more common.

3 RESULTS
3.1 Observed Rockfall Activity

Over the course of the study period, a total of 220 rockfalls were identified. Of these, 117 had volumes of
greater than 0.01 m? that were able to be estimated using the change clouds produced by photogrammetry
model analysis (the remainder were smaller falls identified through visual analysis of the raw
photographs). Figure 8 shows the annualized Magnitude-Cumulative-Frequency (MCF) for rockfall
activity at the site. The lack of any visually apparent “roll-over” effect towards the lower end of volumes

11
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suggests that there was no systematic under-sampling (i.e. lack of identification) of rockfalls 0.01 m? or
greater in volume.
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Fig. 8 Magnitude-Cumulative-Frequency curve with least-squares power law fit overlaid

Figure 9 presents the final change map obtained from comparison of the models generated on 2020-01-24
and 2021-11-30. This change map shows a number of rockfalls that occurred during the study period, as
well as several areas of noise, typically associated with shadows or block edges; noise is slightly more
prevalent near the edges of the model due to minor distortion effects present in the photogrammetric
model generation.

Rockfalls

+50 cm

0cm

sbueyn pajejnojen

Debris Accumulation Removal of Debris by
Maintenance Crews

Fig. 9 Annotated change map for the entire study period (note that many smaller rockfalls that are
visible are not annotated); change below 5 cm is fully greyed out

Although the cumulative change map shown in Figure 9 gives some sense of rockfall locations, the
presence of noise and lack of information about locations of rockfalls that were too small to be identified
from the change map make it an incomplete representation of the spatial distribution of rockfalls on the

12
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slope. Therefore, as an alternative visualization, Figure 10 shows the number of rockfalls with centroid in
each grid cell (refer to Section 2.6). No spatial patterns are immediately obvious, other than perhaps that
the thick, massive white sandstone bed near the center of the slope height experiences slightly less
rockfall than the surrounding layers.

S||BPO0Y JO #

Fig. 10 Spatial distribution of rockfalls shown as number of rockfalls with centroids in each 1 m x
1 m grid cell

Of particular interest are the seven largest rockfall events greater than 1 m?® in volume that occurred
during the study period. Photos showing the slope conditions prior to and after each of these events are
shown in Figure 11. The largest event that occurred during the photo interval spanning 2021-07-03 to
2021-07-04 is analyzed in greater detail in Section 3.3.

Examination of these photos shows that large rockfalls at the site are associated with some degree of
undercutting of weak mudstone layers as well as one or more sub-vertical lateral release planes. It can
also be seen that the out-of-plane dimension of these rockfalls is relatively consistent, and is controlled by
the presence of a sub-vertical cross-joint that is sub-parallel to and set-back from the slope. These
observations suggest a combination of wedge and toppling failure mechanisms are predominant for larger
rockfalls at the slope.

13
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Fig. 11 Before and after photos showing the seven rockfalls with volume > 1 m® observed during the
monitoring period

14
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3.2 Weather Influences

When the daily precipitation data are represented in cumulative form and overlain with the cumulative
rockfall volume at the site (Figure 12), two trends become apparent: (1) there is a visually apparent
correlation between precipitation and rockfall and (2) the volume of rockfall during the colder months
when freeze-thaw typically occurs (mid-October through mid-April) is minimal. Further comparison of

freeze-thaw occurrence to short-term rockfall trends did not reveal any apparent influence of freeze-thaw

as a rockfall trigger at the site; specifically, a cross-correlation analysis did not identify any consistent
time-lag between individual intervals with freeze-thaw and intervals with rockfall. Accordingly, the
results presented in this section focus on the triggering influence of precipitation on rockfall. However,
the potential influence of freeze-thaw in conditioning the slope to generate rockfall in the following
Spring and Summer months is discussed in Section 4.
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Fig. 12 Cumulative precipitation compared against (a) cumulative number of rockfalls and (b)
cumulative rockfall volume (note the axis break associated with the large volume event in July
2021)

A threshold-based analysis was conducted whereby the proportions of photo intervals with rockfalls of

different sizes were determined considering a variety of precipitation thresholds (in 0.01 inch / 0.254 mm
intervals to match the resolution of the precipitation data). The results (Figure 13) show that, as expected,

the proportion of photo intervals with rockfall increases as the precipitation threshold considered is
increased. The consistency of the trends shown is a function of the relatively large dataset used. This
trend appears whether considering all rockfalls or only rockfalls above a specified volume threshold.
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Additionally, the decrease in slope that occurs above 24-hour precipitation on the order of 8§-20 mm
(depending on the range of volumes considered) indicates that the marginal impact of additional
precipitation on increasing the likelihood of rockfall is negligible above this threshold. Note that a similar
analysis was conducted considering 48-hour precipitation (including both the precipitation during the
photo interval considered for rockfall and the preceding 24 hours), and similar trends were observed,
suggesting short-term antecedent precipitation does not act as a significant trigger of rockfall (above and
beyond precipitation within a given photo interval itself).
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Fig. 13 Percentages of photo intervals with precipitation above a specified threshold, t, that
experienced at least one rockfall with a specified minimum volume, V

To evaluate the potential impact of local snowmelt on the slope contributing to the triggering of rockfall,
an analysis similar to the one presented in Figure 13 was conducted separately for days with and without
visual evidence of snowmelt on the slope. Although the total proportion of photo intervals with active
snowmelt experiencing rockfall was higher than the corresponding value for photo intervals without
snowmelt (11.6% versus 6.6%), for every non-zero precipitation threshold, t, days with snowmelt
experienced rockfall at a lower rate than those without snowmelt. It should also be noted that the most
precipitation that occurred during a day with active snowmelt was approximately 4 mm, and the largest
rockfall that occurred on a day with active snowmelt had an estimated volume of 0.04 m>. Taken together,
these findings suggest that while local snowmelt on the slope may act to trigger small rockfalls in the
absence of precipitation, the overall influence of local snowmelt on rockfall processes at the site is limited
relative to that of precipitation.

Although the cumulative representation of the influence of precipitation on rockfall as presented in Figure
13 is useful, it does not allow one to estimate the likelihood of rockfall occurring within a photo interval
during which a specified amount of precipitation occurred. Accordingly, Figure 14 shows the proportion
of photo intervals with rockfall for various ranges of precipitation totals during the same intervals. These
results illustrate that the overall trend is for the likelihood of rockfall occurring to increase approximately
linearly as a function of precipitation up to a 24-hour precipitation total of approximately 15 mm. Note
that the decrease in the proportion of photo intervals with rockfall for precipitation totals in the range of
20 mm to 30 mm is due to the limited number of photo intervals with precipitation observed in this range.
Indeed, the results for precipitation totals greater than ~15 mm should be interpreted with caution given
the limited sample size.

16



O Joy b WN

100
80|
60|
407
207

% of Photo Intervals
w/ Rockfall

QO O & ® o
N R '@ﬂ« %09'(1,'% 7::

Precipitation (mm)

Fig. 14 Proportion of photo intervals that experienced at least one rockfall as a function of the
precipitation measured during the same interval; numbers above the bars indicate the total number
of intervals in the dataset having precipitation totals within the specified bins

An alternative way to present the data is to consider how the distribution of 24-hour precipitation totals
varies for different rockfall cases (Figure 15). These results show that (1) the vast majority of photo
intervals without rockfall also do not have any recorded precipitation; (2) most photo intervals with
rockfall also have some precipitation (50% of such intervals have at least 3 mm of recorded precipitation);
(3) the precipitation distribution generally shifts towards higher values when considering larger volume
rockfalls. This last finding is consistent with the idea that when a rockfall occurs, its volume may be
related to the amount of triggering precipitation. To evaluate this further, the total rockfall volume (sum
of all individual volumes) from each photo interval was plotted against the corresponding precipitation
value (Figure 16); note that precipitation was not plotted on a logarithmic axis to allow for the
representation of rockfalls that occurred on days with no precipitation.
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Fig. 15 Boxplots illustrating 24-hour precipitation distributions for different rockfall cases
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Fig. 16 Semilog plot of total rockfall volume versus precipitation for all photo intervals with
rockfall

Figure 17 shows that although precipitation and total rockfall volume tend to increase together, any
underlying relationship is highly noisy. Indeed, when testing log-linear and power law models, even when
the large (~76 m?) outlier rockfall was excluded, R? values less than 0.2 were obtained despite the models
being statistically significant (p < 0.05). Similar results were obtained when considering the maximum
rockfall volume within a given interval as opposed to the total. These findings suggest that although an
underlying relationship between precipitation and rockfall volume is likely to exist, this relationship is
weak relative to the natural variability present in the rockfall processes considered.

3.3 Evaluation of a Major Rockfall Event on July 3, 2021

At around 1:30 pm on July 3, 2021, a ~76 m? block of rock fell from the monitored slope and resulted in a
closure of US-24 during the cleanup of debris (Figure 17). This was the largest event recorded during the
study period. Although the KCOMANIT26 weather station recorded a small amount of precipitation (0.01
inch or 0.254 mm) during same interval as the rockfall, this precipitation was actually recorded after the
rockfall occurred. The precipitation that occurred most recently prior to the rockfall event was another
0.01 inch (0.254 mm) reading early in the morning of July 2 (around 3 am), over 24 hours prior to the
rockfall. Accordingly, precipitation was not a key trigger of the rockfall (and it therefore appears as an
outlier in Figure 16).
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Fig. 17 Post-failure photographs illustrating (a) the source zone scar (circled in black) and (b)
rockfall debris on the roadway (photo courtesy CDOT)

Similar to many of the other large rockfalls at the site (see Figure 11), instability occurred due to a
combination of undercutting and the presence of sub-vertical lateral fractures bounding the block that
ultimately failed. For this particular large rockfall event, the occurrence of a series of smaller rockfalls
were critical in loosening the unstable block. Figure 18a shows the sequence of these falls surrounding the
larger block, which initiated with the loss of a block from a lower sandstone layer that was holding a
previously displaced loose block in place (wedged between the lower layer and the large rockfall block).
Following this, in the week leading up to the large rockfall event, a series of blocks towards the left flank
of the large block fell, releasing lateral confinement on the large block; some blocks above the main
rockfall block also fell during the same time period, although based on their position were unlikely to
have had a major effect on the progression of the failure of the large block. Note that all of these smaller
falls occurred during photo intervals where precipitation was recorded. Figure 18b shows the state of the
block on July 2, where comparison with the earlier photos (e.g. Figure 18a) reveals some forward
toppling motion of the large block (visible even in the two-dimensional raw photographs) as well as
downward movement of blocks above the main rockfall block into a growing backscarp; note that these
changes are more readily visible when viewing the photos as a GIF (see online supplementary material).
We interpret the forward motion of the large block and the surrounding rockfalls to be related, with block
motion promoting the occurrence of precursor falls around the block perimeter, and vice versa.
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Fig. 18 Photos of the large rockfall block illustrating (a) precursor falls on a photograph from 2021-
05-05 (dates correspond to the first date for the photo interval within which each fall occurred) and
(b) evidence of failure development on a photograph from 2021-07-02

The toppling failure mechanism of the block can be clearly seen in a change map (Figure 19) comparing
photogrammetric models from the start of monitoring (2020-01-24) to just before the rockfall occurred
(2021-07-03). Specifically, in addition to the precursor rockfalls being clearly shown in blue, the large
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block shows outward movements of up to ~10 cm, with a clear gradient from the top of the block to the
bottom being indicative of toppling motion.

25m +15cm

abueyn parenojen

-15¢cm

Fig. 19 Change map derived from comparison of photogrammetric models from 2020-01-24 and
2021-07-03; the white circle near the top of the moving block indicates the point tracked to develop
the change time series presented in Figure 20. Note that unlike in Figure 9, change below 5 cm is
not greyed out to allow spatially extensive lower-magnitude change to be observed (e.g. the lower
part of the large block)

The evolution of block movement over the months was evaluated by tracking the movement of a single
point on the slope (shown as a white circle in Figure 19) based on the daily change calculation results for
the months leading up to the large rockfall (starting on 2021-01-24, one year after the start of monitoring).
The result, shown in Figure 20, illustrates that the movement of the block was negligible prior to the May
11-12 precursor fall, suggesting the rocks below were providing appreciable buttressing support; starting
on 2021-07-01, the movement began to accelerate towards failure. In comparing the pre-failure
movement to the pre-failure deformation database of Kromer et al. (2018), it can be seen that the total
magnitude of pre-failure movement is generally consistent with extrapolation of the trend illustrated by
Kromer et al. (2018) for smaller toppling blocks; the total duration of pre-failure deformation is much
smaller, however (60 days versus a value of several thousand days as predicted by extrapolation of the
Kromer et al. (2018) trend). This comparison demonstrates that the characteristics of pre-failure
movement can vary significantly from slope to slope depending on factors such as slope morphology,
geological setting, climate, etc. (all of which differ between this study and Kromer et al. 2018).
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Fig. 20 Pre-failure movement of a point towards the top center of the large (76 m?®) rockfall block
that fell on 2021-07-03 (see the white circle in Figure 19 for the location of the query point used);
the dashed red line corresponds to the May 11-12 precursor rockfall

3.3.1 STRFD Prior to the July 3, 2021 Rockfall Event

As stated in Section 2.6, the motivation of developing the STRFD metric was to allow for spatio-temporal
clusters of rockfall that might precede large rockfall events to be easily identified. From a practical
perspective, regions of high STRFD can be considered as meriting further scrutiny (e.g. detailed
examination of change results to look for evidence of nearby forward block movement, field
investigation, etc.), but should not be interpreted to indicate that further rockfall is necessarily likely to
occur nearby in the near future.

With this in mind, STRFD values were calculated based on all rockfall events that occurred up to the
photo interval ending on 2021-07-03 (just prior to the ~76 m? rockfall event). In evaluating the raw
STRFD results (Figure 21a), it can be seen that although the rockfall precursors surrounding the large
rockfall blocks correspond to areas of relatively high STRFD, there are also several other regions of the
slope with similar STRFD values. From a rockfall forecasting perspective, this suggests that the number
of “false positive” indications of potential future rockfall activity is high.

As a potential alternative to these STRFD values, a second set of STRFD values was calculated by
considering only rockfalls with volume greater than or equal 0.01 m®. This alternative calculation was
motivated by three factors: (1) the hypothesis that very small rockfalls should be less critical as precursors
of large rockfalls; (2) the potential to derive STRFD values automatically in future based solely on larger
rockfalls that can be identified directly from the point cloud change maps; (3) the fact that for these larger
rockfalls, one can be confident that all such rockfalls on the slope have been detected (per the magnitude-
cumulative-frequency curve shown in Figure 8). In comparing the alternative STRFD values calculated
considering a volume threshold (Figure 21b) to the baseline values (Figure 21a), it can be seen the
number of slope regions with elevated STRFD is significantly lower; this suggests that many of the “false
positives” associated with the original calculation were associated with the occurrence of very small
rockfalls. Although one erroneous region of elevated STRFD persists near the bottom left of the
monitored area (no large rockfalls occurred in this region of the slope during the monitoring period), the
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regions corresponding to precursors of the large July 3, 2021 event more clearly stand out as regions of
elevated rockfall activity.

Note that these results are strictly intended to represent a “proof-of-concept” for the STRFD metric.
Insufficient data are available to more thoroughly evaluate the metric’s potential value as a rockfall
forecasting tool (no other rockfalls associated with precursor rockfall activity were noted during the study
period).

%107
4

addls

Fig. 21 STRFD values calculated for July 3, 2021 based on rockfalls up to that date using (a) all
rockfalls and (b) rockfalls with volume greater than or equal to 0.01 m3; note the difference in color
scales (necessary because of the smaller number of rockfalls used to calculate the STRFD in panel
b)

4 DISCUSSION

This study demonstrates the potential use of daily fixed photogrammetric monitoring both to retroactively
study rockfall processes and to forecast the potential for future rockfall occurrence. Results provide
unique insights into rockfall failure processes, rockfall triggering, and precursor activity based on the
long-term and high spatio-temporal resolution of the developed rockfall database. This section addresses
each of the research questions identified in Section 1, including rock slope failure mechanism, rockfall
triggers and block size, rockfall precursor analysis, and spatio-temporal evolution of hazard; practical
implications for managing rock slope assets are also presented.
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4.1 Failure Mechanisms

Based on the jointing patterns at the studied slope, most of the rockfalls were observed to be associated
with wedge sliding or toppling failure mechanisms. Regardless of the overall motion type, it was
observed that undercutting of blocks by either erosion (of weaker mudstone layers) or progression of
smaller rockfalls (in stronger sandstone layers) likely played a substantial role in destabilizing many of
the larger rockfalls that occurred (for example, see Figure 11).

4.2 Triggering and Seasonality

The release of potential unstable blocks from the slope was interpreted to be primarily triggered by
precipitation, as demonstrated in Section 3.2. It is notable that this influence was generally consistent
despite the presence of noise in the data associated with the 24-hour resolution of the data set (e.g. cases
where precipitation followed a rockfall in the same photo interval, or cases where precipitation occurred
leading up to a given rockfall, but in a different photo interval) and the potential for localized
precipitation trends to cause discrepancies between precipitation at the monitored slope and at the weather
station used. This consistency is attributed to the length of the monitoring timeframe used, and the
associated trends may not have been detectable given a shorter monitoring period. The clear triggering
influence of precipitation does not mean, however, that rockfall size can be directly linked to the
magnitude of a triggering precipitation event. Similar conclusions were reached for a cut slope in
metamorphic rock elsewhere in Colorado’s front range by Malsam (2022) and for natural metamorphic
rock slope in a high alpine environment in France by Mourey et al. (2022). It is also important to note that
the observation of differences in precipitation triggering of rockfall depending on block volume in this
study suggests that findings regarding triggering presented purely in terms of increases in overall rockfall
frequency across a large range of volumes may inaccurately represent the influence of precipitation on the
largest blocks (which are most relevant to overall erosion rates and hazard management).

Although individual freeze-thaw and local snowmelt events were not found to have any direct influence
on the occurrence of individual rockfall at the study site, this should not be interpreted to mean that these
processes do not affect the overall rockfall activity of the slope. A more sophisticated approach to account
for total liquid inputs, similar to that of Bajni et al. (2021) could have the potential to identify snowmelt
impacts that were not detected in this study. Additionally, although the higher rockfall activity observed
during the late Spring and Summer months (Figure 12) could be attributed to increased precipitation
during that time of year, it is also plausible that the slope as a whole is weakened and conditioned for
failure by the cumulative effects of the immediately preceding freeze-thaw period (Malsam 2022).

Similar to this study, several studies of rockfall processes in alpine environments climates have found that
rockfall activity typically increases during or immediately following the seasonal period of slope thawing
(e.g. Matsuoka and Sakai 1999; Paranunzio et al. 2016; Viani et al. 2020). This may be in part associated
with the effects of regional (as opposed to local) snowmelt causing groundwater levels to rise and
generally pre-dispose the slope to greater rates of rockfall activity during subsequent rockfall events.
Another possible explanation is that the thawing of ice in rock joints within the slope causes a loss of the
effective rock joint cohesion that limited rockfall activity during the colder months (D’ Amato et al. 2016).
To this point, it is relevant to note that the temperature data used to evaluate freeze-thaw cycles for the
purposes of this study was air temperature data; in reality, the temperature trends within the slope would
be expected to fluctuate much less such that individual diurnal thawing events during colder months
would be unlikely to result in thawing of ice within the rockmass that had frozen over a prolonged period
of cold temperatures. In terms of the magnitude of the effect, however, in contrast to studies in alpine
environments, typical daily high air temperatures are above freezing (see Figure 6a), meaning the
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maximum depth of frost penetration in any given year is likely much lower. The lack of single, dominant
peak in rockfall activity at our study site during the spring months (as observed in alpine environments)
may be in part associated with this more limited depth of freezing.

Studies conducted in milder climates with temperatures more similar to those in Manitou Springs have
also tended to find that precipitation acts as key rockfall trigger, to varying degrees (Delonca et al. 2014;
Macciotta et al. 2015; D’ Amato et al. 2016; Pratt et al. 2019; Maineri et al. 2021; Malsam 2022).
However, two key distinctions can be drawn between these other studies and our findings. The first is that
a majority of the prior studies identified freeze-thaw as a key short-term rockfall trigger (Delonca et al.
2014; Macciotta et al. 2015 D’ Amato et al. 2016; Pratt et al. 2019). The second difference is that studies
conducted in regions with substantial rainfall and freeze-thaw during the winter months tended to observe
high levels of rockfall activity during these months (e.g. Delonca et al. 2014; Macciotta et al. 2015;
D’Amato et al. 2016; Pratt et al. 2019); other study sites either experienced limited freeze-thaw cycling
(Maineri et al. 2021) or limited liquid precipitation (Malsam 2022). We interpret this as an indication that
an abundance of liquid precipitation available to freeze is critical to allowing freeze-thaw processes to
have a substantial impact on rockmass degradation, and that the lack of substantial precipitation at the
Manitou Springs site during the winter months can explain, at least in part, the lack of a notable freeze-
thaw triggering effect. Relatedly, this shifts the period of highest rockfall activity at our site into the
spring, summer, and early fall when precipitation totals are highest (almost no rockfall activity was
observed during the winter months; see Figure 12).

4.3 Comparison with Other Rockfall Databases

In terms of total rockfall activity, although it is difficult to make precise comparisons with the literature
due to differences in slope size (which are not always reported) and rockfall database characteristics,
some general comparisons can be made. For example, considering rockfalls in the volume range of
0.01 m* to 10 m?, we estimated the following values (which were not previously explicitly reported):

e Janeras et al. (2023) observed on the order of 0.0003 rockfalls per year per m* of natural slope
area (“Castellfollit de la Roca™)

e D’Amato et al. (2016) observed on the order of 0.001 rockfalls per year per m? of natural slope
area (“Mont Saint-Eynard”)

e Malsam (2022) observed on the order of 0.002 rockfalls per year per m? of cut slope area (“Floyd
Hill”)

e Kromer et al. (2019) observed on the order of 0.005 rockfalls per year per m? of cut slope area
(“Idaho Springs™)

e  Weidner and Walton (2021) observed on the order of 0.005 and 0.01 rockfalls per year per m?* of
cut slope area (“E” and “H/I”’); note that these are likely upper bound estimates given that they
correspond only to data for two April-August periods and exclude the lower rockfall activity fall
and winter months as these sites

e The rockfall rate observed in this study corresponds to approximately 0.02 rockfalls per year per
m? of cut slope area.

Although the specific values above are approximate, it is clear that the Manitou Springs slope considered
in this study exhibits the highest rate of rockfall activity among those considered. Although many factors
may contribute to this difference, we hypothesize that two primary factors explain the increased level of
rockfall activity: (1) the slope is a cut slope, meaning that it is by definition oversteepened relative to the
geomorphic equilibrium (in contrast to the natural slopes considered by D’ Amato et al. 2016 and Janeras
et al. 2023); (2) in contrast to the other slopes, which consist of relatively homogeneous basalt (Janeras et

25



O Joy b WN

al. 2023), limestone (D’ Amato et al 2016), and gneiss (Malsam 2022; Kromer et al. 2019; Weidner and
Walton 2021), the presence of heterogeneous weak layering promotes increased occurrence of rockfall
due to differential weathering an undercutting. We consider this a preliminary finding that should be
further explored in the context of a more comprehensive analysis of natural and cut slopes in differing
geological and climatic conditions. Such analysis will become increasingly feasible as the number of
published rockfall case studies with high spatio-temporal resolution increases.

4.4 Asset Management Implications

Following the large rockfall on July 3, 2021, protocols for data analysis and visualization were modified
accordingly to allow for the system to be used for early detection of potential large events in future. For
example, detectability of precursor movement was improved greatly by using a color ramp focused solely
on positive change. While it was not possible to detect precursor movements for most of the smaller
rockfalls at the site, the detectability of a 76 m®> moving block weeks before detachment using a fixed
photogrammetric system is a promising result for this monitoring technology. In contrast, previous studies
detecting precursors for blocks of similar size have largely involved the use of terrestrial laser scanning
(Abellén et al. 2010; Royan et al. 2013; Kromer et al. 2015) or GB-InSAR (e.g. Carla et al. 2019). In
future, similar fixed photogrammetry systems could potentially be used to provide advanced indication of
failure at both natural and cut slopes, allowing preventative measures to be implemented.

In addition to change results, the use of metrics such as the STRFD concept proposed in this paper may
ultimately prove useful in identifying areas where spatio-temporal clustering of rockfalls indicate an
increased hazard of a larger rockfall event occurring, particularly when used in conjunction with
evaluation of slope movement. Such a tool could prove useful in terms of optimizing maintenance
activities at monitored slopes. However, significantly more validation and slope-specific parameter
calibration is required prior to broader application of the STRFD concept.

From an asset management perspective, daily monitoring can aid in the assessment of natural and cut
slope deterioration rates. Precise slope deterioration rates can be determined and extrapolated to
analogous slopes in the region. Several representative cut slopes or assets could be monitored in this way,
and maintenance programs could be optimized using the data obtained. Overall, this type of monitoring
can be used to more accurately model rockfall hazard and to inform mitigation design and maintenance
actions.

5 CONCLUSIONS

This study evaluated the rockfall processes and environmental triggering factors at a sedimentary rock cut
along US highway 24 in Colorado at a daily monitoring frequency over a 22 month period using a fixed
photogrammetry monitoring system. This unique rockfall database allowed for analysis of small
magnitude rockfalls, analysis of rockfall triggers, detection of precursor activity prior to failure, and the
development of a spatio-temporal density metric A total of 220 rockfalls were identified from 2020-01-24
to 2021-11-30, consisting primarily of wedge and toppling failures associated with sub-vertical bounding
fractures and undercutting of weak mudstone interbeds. Although precipitation was determined to be the
primary triggering factor for rockfall, the relationship between precipitation within a given 24-hour
monitoring interval and the corresponding total rockfall volume within the same interval was found to be
relatively weak; in other words, increased precipitation increased the likelihood of rockfall occurrence,
but not necessarily the rockfall volume. Additionally, the marginal influence of additional precipitation on
overall rockfall occurrence beyond 8 mm in a given day was found to be limited. This threshold was
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found to be higher for larger rockfalls, however; the differences in effects of precipitation on triggering of
rockfalls of different sizes suggests that an approach of simply quantifying precipitation-induced
increases in overall rockfall frequency across a large range of volumes may inaccurately represent the
influence of precipitation on the largest (and most practically relevant) blocks. No direct influences of
freeze-thaw or snowmelt were identified, but these factors were interpreted to contribute to slope
conditioning and increased rockfall rates during the late Spring and Summer months.

A detailed post-failure analysis of a 76 m® rock detachment revealed several detectable precursor
indicators prior to failure. Toppling motion was found to initiate upon the loss of a rock below providing
buttressing support. Subsequent precursor falls removed lateral confinement from the block and allowed
movement to accelerate. Although the precursor falls were interpreted to have been triggered by
precipitation events, the large rockfall event itself occurred as a progressive failure independent of
precipitation immediately prior to block release. The ability of fixed photogrammetry systems to detect
precursor movement at a relatively low operating cost (due to full automation), could have wider
implications for improving safety and performance of rock slope assets along transportation corridors
worldwide. The addition of a spatio-temporal rockfall density metric could also be used to guide rockfall
maintenance/mitigation activities. For example, areas showing precursor movement or high spatio-
temporal density could be scheduled for scaling or stabilizing work. Furthermore, to effectively manage
rock slope assets along transportation corridors, detailed models for deterioration rates are necessary, such
as the ones being developed in this study. In this case, a better understanding of sedimentary rockslope
deterioration rates and slope failure mechanisms, could help optimize maintenance timing and activity at
similar slopes. While it may not be possible or necessary to implement such systems ubiquitously
throughout a corridor, targeted monitoring of representative or high-risk slopes could enhance our
understanding of slope processes and our ability to improve rock slope asset performance.
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