Numerical failure prediction of the Sentinel sea
stack formation at Hopewell Rocks Provincial Park
with input from UAV-based photogrammetry and
erosion records
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ABSTRACT

Sea stacks are natural pillars of rock that have been detached by wave action and other erosional processes from adjacent
cliff-lined shores. The Hopewell Rocks Provincial Park in New Brunswick, Canada, which is situated along the coast of the
Bay of Fundy, hosts numerous sea stacks. Rockfalls from the cliff and sea stacks occasionally occur but no system is in
place to predict future occurrences. This study presents a forecast stability analysis of the Sentinel sea stack formation
using 3D finite element numerical models, with geometrical input from UAV-based 3D SfM photogrammetry models to
predict the time to failure of the formation. Four scenarios were analyzed including the 2021 geometry of the formation, as
well as three simulated reductions in the widths of the erosion zone. The rate of erosion was determined to be
approximately 5 mm/year by comparison of mid-20th century and 2021 photographs. Results from the numerical models
indicate that failure will likely occur in approximately 275 to 335 years after 2021. Overall, the findings of this study provide
valuable information that can be used to evaluate the risk to public safety of sea stack collapse impacting geotourism at
the Park.

RESUME

Les cheminées de mer sont des piliers naturels de roche qui ont été détachés par I'action des vagues et d'autres processus
d'érosion des rivages adjacents bordés de falaises. Le parc provincial de Hopewell Rocks au Nouveau-Brunswick
(Canada), qui est situé le long de la cote de la baie de Fundy, abrite de nombreuses cheminées de mer. Des éboulements
de falaises et de cheminées de mer se produisent occasionnellement, mais aucun systéme n'est en place pour prédire les
occurrences futures. Cette étude présente une analyse de stabilité prévisionnelle de la formation de la cheminée de mer
Sentinel en utilisant des modéles numériques d'éléments finis 3D, avec des données géométriques provenant de modéles
photogrammétriques SfM 3D basés sur des drones, afin de prédire le temps jusqu'a la rupture de la formation. Quatre
scénarios ont été analysés, dont la géométrie 2021 de la formation, ainsi que trois réductions simulées de la largeur de la
zone d'érosion. Le taux d'érosion a été déterminé comme étant d'environ 5 mm/an en comparant des photographies du
20éme siécle et de 2021. Les résultats des modéles numériques indiquent que la rupture se produira probablement dans
environ 275 & 335 ans apres 2021. Dans I'ensemble, les résultats de cette étude fournissent des informations précieuses
qui peuvent étre utilisées pour évaluer le risque pour la sécurité publique d'un effondrement de la cheminée de mer ayant
un impact sur le géotourisme dans le parc.

1 INTRODUCTION Hyslop et al., 2021) occasionally occur but no system is in

place to predict future occurrences.

Freestanding shoreline rock formations, such as sea
stacks, are natural pillars of rock that have been detached
by wave action and other erosional processes from
adjacent cliff-lined shores. They are among the world's
most recognizable landscape features, and as such, they
are popular destinations for geotourism. The Hopewell
Rocks Provincial Park in New Brunswick, Canada, which is
situated along the coast of the Bay of Fundy (Figure 1a),
hosts numerous sea stacks and experiences the world’s
highest tides of 10.7 m on average (Trenhaile et al., 1998).
The Park is an important tourism destination in the province
and typically attracts more than 250,000 visitors annually,
during the open season from May to October. Rockfalls
from the cliff (e.g. Hoyle et al., 2022) and sea stacks (e.qg.

This study focusses on analyzing the stability of the
Sentinel sea stack formation (Figure 1b) and aims to
predict the time to failure of the formation using 3D Finite
Element Method (FEM) geomechanics numerical models
(RS3 by Rocscience Inc. (2021)), with geometrical input
from unmanned aerial vehicle (UAV)-based photography
and 3D Structure-from-Motion (SfM) photogrammetry
models. Ultimately, this work aims to provide
recommendations to Hopewell Rocks Provincial Park on
the estimated timeline and geometry conditions that are
expected to induce complete toppling failure of the Sentinel
formation. This information can be used to mitigate the risk
of sea stack collapse impacting public safety risk related to
geotourism at the Park.
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Figure 1. a) Map of the Hopewell Rocks Provincial Park showing the location of the Sentinel formation, and inset map of
the Maritimes; b) SW facing photograph (2021) of the Sentinel formation and nearby shoreline cliff from a UAV perspective.

1.1  Geological Setting

The sea stack formations at the Park are composed of
coarse-grained, poorly sorted, polymictic conglomerates
and arkosic sandstone with thin interbeds of silt and fine-
grained sandstone. These rocks belong to the Hopewell
Conglomerate and Maringouin Formation of the
Carboniferous Hopewell Group (Trenhaile et al., 1998).
Clasts within the conglomerates range in size from small
pebbles to cobbles, generally being less than 20 cm in size.
There are two dominant joint sets in the area that are
undulating, widely spaced, and range from moderately to
extremely weathered.

Structural orientation observations and measurements
of bedding and joints were collected at various locations
throughout the Park. The bedding in the area dips towards
the northeast at 35 + 10°. The local sea stacks generally
erode along the two prominent sub vertical joint sets that
are oriented approximately perpendicular to each other in
the southwest and northwest directions.

2 DATA COLLECTION METHODS

The data required for this study consists of geomechanical
input parameters including unconfined compressive
strength (UCS), unit weight, Generalized Hoek-Brown
shear strength criterion, and Geological Strength Index.

The 3D finite element model geometry is defined using 3D
SfM photogrammetry models generated from UAV-based
photographs. Historic and present day photographs are
compared to measure erosion rates in the intertidal zone.

2.1  Unconfined Compressive Strength

The Hopewell conglomerate in the Park is typically very
friable. Some loose rock block samples collected in the
intertidal zone immediately crumbled under their own
weight when picked up. Samples from above the intertidal
zone did not; however, they were too weak to obtain
diamond drill core samples for UCS laboratory testing in
the scope of this research. Therefore, an L-type Schmidt
hammer was used to determine approximate UCS values
for the intact rock. Schmidt hammer readings were
collected at 25 different locations throughout the Park on
both the clast and matrix components of the conglomerate.
Most measurements were conducted with the Schmidt
hammer oriented horizontal and perpendicular to the rock
face. The rebound numbers for measurements obtained at
an inclined angle were normalized to the horizontal
direction using the approach outlined by Basu and Aydin
(2004). Rebound numbers less than 10 were below the
limit of detection and were assumed to be 5. The UCS was
determined from the rebound numbers using the equations
listed in Table 1. The average UCS value determined from
the equations is 29.6 MPa.



Table 1. Equations for determining UCS using Schmidt
hammer rebound values (N) and rock density (p)

Reference

Deere & Miller (1966)
Beverly et al. (1979)
Cargill & Shakoor (1990)
Kilic & Teymen (2008)
Selcuk & Yabalak (2015)
Wang et al. (2016)
Kayabali & Selcuk (2010)

Equation

UCS = 6.9 xx 100.0087pN+0.16
UCS = 12.74e(01850N)

UCS = 4.3 % 107%(Np) + 1.2
UCS = 0.0137N22721

UCS = 0.007(N>*4%)

UCS = 4.52927¢(0-05609N)
UCS = 9.97e(0-02NP)

2.2 Unit Weight

Intact rock samples were collected from three different
locations in the Park to determine their unit weights. The
samples were weighed using a high precision scale. Two
methods were used to measure the sample volumes due
to their irregular shape. First, the water displacement
method was conducted by placing each sample in a
cylindrical container with a known diameter and volume of
water. Using the Archimedes principle, the volume of the
sample was calculated as the change in water level
multiplied by the cross-sectional area of the cylindrical
container.

The second method to measure sample volumes
involved developing 3D photogrammetry point cloud
models of two of the samples. Photographs were collected
using a Canon EOS Rebel T5i DSRL camera. The setup
also included two photography lights, a tripod, green
screen, turntable, and pillar made from plasticine with
centimeter markings. Coloured dots were placed on the
samples to aid point cloud model alignment and scaling.
Each sample was placed on the plasticine pillar located on
turn table and photos were taken at 20° rotation increments
at (i) a 45° angle above the sample, (ii) horizontally, and (iii)
15° degrees below the sample. The sample was then
inverted, and the same procedure was repeated.

The 3D SfM photogrammetry point clouds were
developed using Metashape software (Agisoft, 2020).
Scale bars were added in the Z-direction (vertical) using
the centimeter markings on the plasticine pillar and in the
X and Y-directions (horizontal) using known distances on
the turntable. Scale bars were also added to the coloured
dots. The point clouds for each half of the samples were
exported into CloudCompare (2022) for alignment and
merging. A Poisson’s reconstruction was completed, and
the volume was determined. The resulting unit weight
estimates for both methods are listed in Table 2. The
average unit weight from all measurements is 23.8 kN/mé.

2.3 Terrestrial Photo Collection

Terrestrial photographs of the Sentinel formation including
reference scales were collected in summer 2021 using a
Canon EOS Rebel T5 DSLR camera at low tide to scale
the 3D SfM photogrammetry model. Additional
photographs were collected at high tide on 13 August 2021

by boat for use as a reference to determine the
approximate elevation of the mean high tide (MHT) on the
Sentinel formation.

2.4 UAYV Photo Collection

Detailed photographs of the entire Sentinel formation were
collected at low tide using a DJI Matrice M300 RTK model
UAV with a DJI Zenmuse P1 Camera (45 MP) payload.
Real-Time Kinematics was not enabled during data
collection. Photos were taken 360° around the formation
with horizontal and vertical spacing of approximately 2 and
3 mintervals, respectively. At each photo location, images
were captured at various angles to ensure overlap was
sufficient for creating a 3D SfM photogrammetry point
cloud model of the formation.

2.5 Historical Photographs

The rate of erosion within the Park was evaluated using
historical photographs of the Sentinel formation. The
historical photographs were compared to recent images
taken at the same angles to estimate the rate of erosion.

Table 2. Unit weight of rock samples measured by water
displacement and 3D SfM photogrammetry methods

Unit Weight (KN/m3)

Intact Rock  Mass
Water 3D SfM
Sample (ka) Displacement Photogrammetry
1 14 23.0 23.6
2.0 23.7 25.9
3 5.4 21.8 -
3 3D SFM PHOTOGRAMMETRY MODEL

DEVELOPMENT - 2021 GEOMETRY

3D SfM Photogrammetry point cloud models were created
using Agisoft Metashape (2020). CloudCompare (2022)
was used for post-processing and mesh construction to be
imported into RS3 (Rocscience, 2021) for finite element
method (FEM) geomechanical numerical modelling.

3.1  Sparse and Dense Point Cloud Development

Photos from the UAV were imported into Metashape
(Agisoft, 2020) and the photo quality was calculated.
Images with a photo quality below 0.5 were disabled for
depth map reconstruction. The lower quality image was
removed in the case of duplicates. Masks were applied to
the background of each image so only the Sentinel and a
portion of the sea floor around the formation would be
included for determination of key points. The photos were
aligned using the settings listed in Table 3. Initial camera
alignment of the sparse cloud was poor, mainly resulting
from shaded areas and under or over exposed images.
Incorrect camera locations were reset and re-aligned.
Markers (35 in total) were placed in areas with poor
alignment. Incorrectly projected points were removed with



the gradual selection tool using the settings listed in
Table 3. Camera locations were optimized between each
selection. Any remaining incorrectly aligned photos and
additional outlier points were removed. The camera
locations were optimized, and the dense cloud was
constructed with the parameters listed in Table 3. Areas in
the dense cloud with apparent error were identified and the
associated points in the sparse cloud were removed. The
dense cloud was re-built with the same parameters. This
process was repeated iteratively for four cycles until
minimal error in the dense cloud was achieved on visual
inspection.

Table 3. Input parameters for 3D SfM photogrammetry
development in Agisoft Metashape for the Sentinel

Accuracy: high

Photo Key & tie point limit:10,000,000

Alignment Guided image matching: no
Adaptive camera model fitting: no
Image count: 2

Gradual Reprojection error: 0.5

Selection Projection accuracy: 8
Reconstruction uncertainty: 25
Quality: Medium

Dense Cloud Depth filtering: Aggressive

3.2 Point Cloud Post-Processing

The dense cloud was imported into CloudCompare (2022)
for further processing. The statistical outlier removal and
noise tools were used to clean up the model. Incorrect
points were also manually removed. A sub-sample of the
model with a point spacing of 0.02 m was calculated. The
final point cloud, shown in Figure 2, contains 551,751
points. The face of Perspective 1 was partially shaded
during photo collection, resulting in some areas of poor
reconstruction. Holes in the dense cloud are found on this
face particularly near corners as aresult. Another hole (not
pictured) is located on the leftmost corner of Perspective 2.
This is likely the result of insufficient overlap of photos
around the abrupt corner near the cliff face. Any holes that
were present after meshing were closed when imported
into the 3D FEM software, RS3 by Rocscience (2021).

3.3 Model Orientation

When imported into CloudCompare, the formation was
incorrectly oriented in real space. A bedding plane dipping
25° degrees towards 045°, determined from structural field
measurements, was created in the model to align with
bedding layer traces visible in the point cloud. The resulting
orientation was verified by visual comparison with overview
photos of the formation.

3.4 Model Scale
Height and width estimates were calculated using

photographs of the formation with reference scales from
multiple perspectives. Parallax effects resulted in varying

height estimates for the same location. An average of the
estimates was interpreted to be the height of the formation.
The model was scaled so that the error between the height
calculated from the photographs and the model height was
minimized in all directions. The maximum error in the
horizontal direction was -0.02 m. The maximum error in the
Z-direction (vertical) was 0.33 m. This large error resulted
when measuring the entire height of the formation. Shorter
height measurements completed near the base resulted in
a maximum error of 0.04 m. Improved scaling techniques
would be required to ensure the height of the formation is
correct. It is important to note that the large vertical error is
positive which will result in a more conservative stability
analysis.

Upper Limit
(Mean High Tide)

Bedding
“Plane

Erosion Zone

Lower Limit

6m
Perspective 2

Perspective 1

Figure 2. Sentinel point cloud model (2021 data) showing
the upper and lower limit of the intertidal erosion zone.

3.5 Mesh Generation

The normal vectors for the surface of the point cloud were
computed using planar surface approximation with a point
neighbour radius of 0.2 m and a minimum spanning tree
(Knn = 10). Any inverted normal vectors were identified by
visual inspection and corrected manually. A Poisson’s
reconstruction was then completed (octree depth = 6).

4 3D SFM PHOTOGRAMMETRY
DEVELOPMENT — EROSION PROFILES

MODEL

Progressive erosion was simulated by incrementally
reducing the width of the intertidal erosion zone in the point
cloud models. The upper limit of the erosion zone was
defined as the elevation of mean high tide (MHT). The
lower limit was determined by comparing historical (1945 &
1967) to recent (2019 & 2021) photographs and estimating
the location where zero change occurs.



4.1  Measuring Erosion Profiles

To determine the location of maximum erosion, profiles of
the Sentinel formation from historic and recent photos were
plotted from two perspectives approximately perpendicular
to each other (Figure 3). The area of maximum erosion is
located between the height of maximum width change for

each perspective. The rate of erosion decreases near the
base of the formation, likely because it is protected by
seaweed rooted on the rock surface. The upper portion of
the erosion zone exhibits more erosion, which may be a
result of gravity-driven failure of small amounts of intact
rock that detach from the undercut part of the formation.
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Figure 3. Profiles of the Sentinel formation showing the elevations of minimum and maximum erosion and the gradation
of overall reduction for each horizontal slice within the erosion zone.



4.2  Developing Erosion Models

The width of the area of maximum erosion for the 2021
geometry of the erosion zone in the 3D point cloud model
was reduced symmetrically by 50%, 62.5%, and 75%,
representing the effects of uniform progressive erosion at
three future time steps. First, the erosion zone of the point
cloud was segmented out and divided horizontally into 19
slices, each 0.2 m thick (Figure 4). The top and bottom
ends of the erosion zone were considered to have zero
erosion and therefore be reduced by 0%, whereas the
horizontal slices that align with the area of maximum
erosion would be reduced by 100% of the total reduction at
each time step.

The percent decrease of the overall reduction was
varied between adjacent slices for the top and bottom of
the erosion zone to account for the variability in the erosion
rate (Figures 3 and 4). For example, for the time step
reduction of 50%, the horizontal slice of maximum erosion
would be reduced by 50%, the 4" slice down from the top
would be reduced by 40% and the 4™ slice up from the
bottom would be reduced by 30%.

4.3 Estimating the Rate of Erosion

The historic and 2021 erosion zone widths were used to
estimate a rate of erosion. The average rate between the
two perspectives in the maximum erosion slices are 0.24%
per year, which equates to approximately 5 mm/year. The
reduction in width for the forward time step models was
extrapolated using this linear rate (Figure 5). The width of
the maximum erosion slices are expected to be reduced by
50% in approximately 225 years using this forecast.

5 FEM MODEL DEVELOPMENT

The original geometry of the Sentinel formation and erosion
models were imported into RS3 (Rocscience, 2021) for 3D
FEM geomechanical numerical modelling.

5.1  Rockmass Input Parameters

The rockmass was considered to be linear isotropic and the
Generalized Hoek-Brown failure criterion (Hoek and
Brown, 2019) was used to define the material properties.
The UCS values calculated from Schmidt hammer rebound
numbers were used to calculate the Young’s modulus of
the rockmass using the equations listed in Table 4.
Poisson’s ratio was estimated using the values for
conglomerates listed by Gercek (2006). The geological
strength index (GSI) was selected based on field
observations and using the version by Marinos and Hoek
(2001) for heterogeneous rockmasses such as flysch,
which is most suitable to characterize the heterogeneous
layers in this conglomerate. The material constant m; was
estimated from the UCS by equations provided by Shen
and Karakus (2014) and Vasarhelyi (2016) as well as
guidelines for conglomerates in Hoek (2007). An average
between the three sources was used. A summary of the
rockmass input parameters for the FEM models is listed in
Table 5.

Figure 4. Point cloud model of the 50% reduction geometry
showing the 19 horizontal slices used to reduce the erosion
zone width, with the associated precent decrease of the
overall reduction on the right-hand side.
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Figure 5. Plot of width change of stack pillar with respect to
time and reduction percent.

5.2 3D FEM Computation Settings

The 3D FEM model of the Sentinel formation was
computed with body forces only and a gravity-based field
stress. Initially, the maximum number of iterations was set
as 10,000 with a tolerance of 0.01. Computation
parameters were set such that upon tensile failure of an
element, the Hoek-Brown tensile strength was reduced to
zero and the shear strength to residual. Convergence was
achieved on all models except for the model with the
largest (75%) reduction of the erosion zone. This model
was recomputed with a tolerance of 0.1 and convergence
was still not achieved. This is an early indication of large
strains occurring in the model, such as topple failure of the
entire sea stack.



Table 4. Equations used to calculate Young's Modulus

Reference

Wuerker (1959)

Dhir and Sangha (1978)
Lama and Vutukuri (1978)
Wilson (1980)

Dolinar et al. (1982)

Bell (1983)

Rohde and Feng (1990)
Ocak (2009)

Ocak (2008)

Malkowski et al. (2018)

Equation

E = 0.28UCS + 5.83

E = 0.19UCS + 4.86

E = 0.15UCS + 21.60
E = 0.31UCS

E = 0.13UCS + 3.42

E = 0.285UCS + 12.50
E = 2.25UCS°5%

E = 0.3857UCS%-8500

E = 0.5342UCS°7672

E = 0.170 UCS + 2.907

Table 5. Rockmass input parameters using for FEM
geomechanical numerical modeling in RS3

Parameter Input Source

(Units) Value

Unit weight 23.8 Measured mass, Calculated

(KN/m®) volume by water displacement &
point cloud methods

UCS (MPa) 29.6 Schmidt hammer field

measurements
Gercek (2006)

Schmidt hammer field
measurements

Poisson’s ratio 0.3

Intact Young’s 12.3
modulus (GPa)

GSlI 85.0 Field observations

mi 17.6 Average value from Hoek
(2007), Shen and Karakus
(2014), Vasarhelyi (2016)

D 0 Hoek and Brown (2019)

5.3 3D FEM Model Results

The stability of the formation in the FEM models was
evaluated by inspection of maximum shear strain, total
displacement, yielded elements, and major principal stress
(01). When plotted against the reduction percent of the
erosion zone (and correlated to years shown in Figure 5),
the maximum shear strain, maximum total displacement
measurements, and o; exhibit an exponential increase
after approximately 50% reduction (225 years after 2021),
as shown in Figure 6. These results, combined with visual
inspection of yielded elements, are used to define three
stability classifications, namely “Stable”, “Near Failure”,
and “Failed”, which are discussed further in Section 6.
The maximum total displacement occurred at the top of
the sea stack, and inspection of X, Y, and Z displacements
show the vector orientation of significant maximum total
displacement in the 75% reduction model is topple failure
of the entire sea stack. Any significant increases in
maximum shear strain, g;, and yielded elements only
occurred within the erosion zone of the models (and closest
to the minimum width elevation). Yielded elements

developed in the 50%, 62.5%, and 75% reduction models,
such that they were impersistent through the pillar in the
50% and 62.5% reduction models, and fully persistent in
the 75% reduction model. A summary of the model outputs
is illustrated in Figure 7.
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Figure 6. Maximum shear strain and maximum total
displacement compared to model reduction percent and

time, showing “stable”’, “near failure’”, and “failed”
classifications.

6 DISCUSSION

The original 2021 geometry based on UAV photographs
and the resulting 3D SfM photogrammetry model (0%
reduction of the erosion zone) showed zero vyielded
elements and very low values of total displacement,
maximum shear strain and o1, which indicates a “stable”
condition. This agrees with 2021 and May 2022 field
observations of the sea stack that is freestanding.

The forecast 3D FEM models at 50%, 62.5%, and 75%
reductions of the erosion zone width, simulating
progressive erosion at approximately 225, 275, and 335
years in the future after 2021, show a transition from stable
to near failure and failed conditions.

Specifically, the 50% reduction model (~225 years in
the future) exhibited some yielded elements indicating the
initiation of skin failure at the elevation of maximum erosion
but is still interpreted to be “stable” because the model
computation achieved convergence, maximum shear
strain and total displacement remained low (<0.001 and
<0.01 m, respectively), and the maximum o1 (8 MPa)
remained significantly below the rockmass UCS (13 MPa).

The 62.5% reduction model (~275 years in the future)
is interpreted to be “near failure”. Maximum total
displacements reached the centimeter scale, with
increased maximum shear strain on the outside of the
erosion zone and elevated shear strain within the erosion
zone but not throughgoing. This was mirrored in the yielded
elements as the center of the erosion zone exhibited
yielding but not through the entire width. The maximum o,
(15 MPa) slightly exceeded the rockmass UCS,
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which would result in rockmass yield at the unconfined
external surface, but not necessarily through the confined
pillar. Lastly, the 75% reduction model (~335 years in the
future) is interpreted to be “failed” (i.e. full topple collapse
of the sea stack). Computational convergence was not
achieved, maximum shear strain reached nearly 1 in the
erosion zone, maximum total displacement exceeded 10 m
at the top of the formation, the maximum o; (32 MPa)
significantly exceeded the unconfined rockmass strength in
the erosion zone, and yielded elements were fully
persistent through the erosion zone near the minimum
width.

Based on these model results, failure of the Sentinel
formation is expected to occur when the width of maximum
erosion is reduced between 62.5% and 75%,
corresponding to approximately 275 to 335 years after
2021.

There is some uncertainty associated with these results
with a variety of conservatism. Errors in the formation
height resulting from scaling techniques is a potential
source of uncertainty (these models are likely larger than
true geometry, therefore resulting in a more conservative
analysis). Furthermore, Schmidt hammer rebound values
can be influenced by surface roughness, moisture content,
and weathering (E and UCS may be underestimated in
these models). Additionally, using average material
properties for the rockmass throughout the formation does
not capture potential variability between clast or matrix
dominant layers within the formation. A sensitivity analysis
of the rockmass input parameters is planned in future work
to assess the variability of the results. Other sources of
error may include distortion of historical photographs and
poorly constructed areas within the dense point cloud.
Despite the uncertainty of the results, the 3D FEM model
at 2021 geometry indicates a stable condition, which
agrees with field observations. Further, the 75% reduction
model geometry that was expected to fail and did so in the
simulation, according to the previously described
indicators, increases confidence in the model input
properties and results.

7 CONCLUSIONS

This study presents a forecast stability analysis of the
Sentinel sea stack formation at Hopewell Rocks Provincial
Park in New Brunswick, Canada, using 3D FEM numerical
models (RS3 by Rocscience, 2021) with geometrical input
from UAV-based 3D SfM photogrammetry models to
predict the time to failure of the formation. Four scenarios
were analyzed, the first being the original geometry of the
formation and the remaining being simulated reductions in
the widths of the erosion zone (maximum reductions of
50%, 62.5%, 75%). The rate of erosion was determined to
be approximately 5 mm/year by comparison of historic and
present-day photographs. Results from the numerical
models indicate that failure will likely occur when the base
width is reduced by 62.5% to 75% which will take place in
approximately 275 to 335 years in the future after 2021.
Further analysis is planned to evaluate the variability of
the results by investigating ranges of input properties and
considering simulation of discrete bedding surfaces

(instead of a fully equivalent continuum homogeneous
rockmass material). In particular, a bedding surface (visible
in Figure 2) intersects the elevation in the erosion zone
where high concentrations of stress and strain occur. As
such, failure may occur along this surface, driving the top
of the formation, including the upper portion of the erosion
zone, to topple failure toward the south. The shear strength
of this bedding surface may accelerate the time to failure
compared to the findings of this study if it is less than the
homogenized rockmass strength.

Overall, the findings of this study provide valuable
information that can be used to evaluate public safety risk
of sea stack collapse impacting geotourism at the Park.
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