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INTRODUCTION

Why landslides?

* Damaging to infrastructure
* Threatening to community safety

* Instrumental in shaping the modern-day
landscape

Our Motivation:

 Evaluate geomorphological change local to
Vermont as mountainous regions become more
vulnerable to slope failure.

* Determine geomorphological process driving
landscape change at the Cotton Brook landslide
and the surrounding watershed.

* Integrate high-quality remotely sensed elevation
data with field observations to test hypothesis
that there are heterogenous styles and scales

of earthflow influencing mass wasting in our Lt
study region South-facing view o

MATERIALS & METHODS

FIELD APPROACH

* [dentify regions exhibiting
geomorphological indicators of activity
using hillshade DSM

= Terraces

= [rregular drainage structures

= Abrupt changes in slope

= Concave slopes

* Ground-truth indentification routine
using StraboSpot and GPS instrumentation

* Develop detailed digital field database to
integrate with remotely sensed data
= Evidence of elevated water table levels
= Bedrock exposure
= Incipient slumps

COMPARISON OF DIFFERENCING METHODS
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GEOSPATIAL DATA ANALYSIS
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FIGURE 2) The above flowchart demonstrates the respective workflows to prepare elevation
datasets for topographic differencing methods. Grid alignment for raster datasets was
completed using geoprocessing tools in ArcGIS Pro. We used CloudCompare to manually
align mesh and point cloud datasets. It is important to note that raster dataset preparation
has greater opportunity to introduce uncertainty through the alignment routine.

FIGURE 3) Topographic

CloudCompare M3C2 differencing results using
N Il e N CloudCompare and ArcGIS Pro.
*% SO Each model uses

subtraction methods to
compare 2014 and 2021
LIiDAR datasets. The

rasterized product exhibits the
highest degree of change
estimation, while both Cloud*
Compare products are more
conservative. The visual
discontinuities in the M3C2
model occur because it is a
point-to-point comparison of
discrete data values. The other
representations are interpolated
to create a continuous surface.
The models are created such
that positive values represent
accumulation surfaces while
nagative values represent
regions of erosion.
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STUDY REGION & DATA RECORD
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FIGURE 1) Field verified landslides in Washington County, Vermont
have been highlighted utilizing a state-wide landslide inventory map
modified from Springston et al. (2020). The Cotton Brook landslide is
shown in LiDAR-derived digital surface models created using a 2021
survey conducted by the Army Corps of Engineers.
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Data Record:
. 2014 - 2023

* LiDAR surveys
= 2014 - State of Vermont - Vermont Center for
Geographic Information
= 2021 - United States Army Corps of Engineers
= 2023 - University of Vermont Spatial Analysis Lab
(UVM-SAL)

. USACE, 2021
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GEOMORPHOLOGICAL CHANGE RESULTS
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Active earthflow at the marging

of Cotton Brook stream FIGURE 4) Geo|ogic and

geomorphological map that combines
field data interpretation results with
surficial units modified from Wright
(2018, 2019). Legend: (1) alluvial fan
(2) fluvial terrace (3) lake deposits
(clay) (4) lake deposits (silt/sand) (5)
landslide (6) ephemeral pond (7) earth
fracture scarp (8) landslide scarp (9) toe
deposits (10) landslide toe boundary
(11) gully on landslide (12) trench-like
depressions (13) bedrock-controlled
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ridges (14) bedrock foliation
(15) bedrock fracture (16) boundary
inferred.
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FIELD EVIDENCE OF HETEROGENOUS EARTHFLOW

FIGURE 5) Photograph compilation illustrating each category or
style of movement recorded in the field database. Geographic lo*
cations for each photograph are shown in Fig. 3. Legend: (1) toe
deposits; (2) active scarp; (3) gullies on landslide with arrows in*
dicating direction of flow; (4) scarps exhibiting en echelon style
deformation. A) catastrophic slope failure with piecemeal collapse
at the edges of the main slip. B) glacial sand spreading to the east
of main slip. (C) sharp and abrupt erosional surface at the toe of
the Cotton Brook landslide. (D) hillslope creep. (E) erosion on the
banks of the CB stream subject to acceleration during heavy pre*
cipitation.

TOPOGRAPHIC CHANGE DETECTION RESULTS
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FIGURE 6) Topographic
change models that rep*
resent vertical change at
the Cotton Brook land*
slide between 2021 and
2023. These
Accurmulation of - .+ LiDAR-derived point cloud
material eroded | . | Undercutting of Vi models aid in quanitfying
by gullies (-0.3 m)| ' WHLRRSW. £ o dzeposns earthflow in the study
region and allow us to
estimate volumetric

distance (+z) change
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MODELED VERTICAL CHANGE UNCERTAINTY
2021 vs. 2023
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FIGURE 9) Vertical distance uncertainty values are mapped spatially across regions of interest including
the main slip surface, the landslide toe and the mound of glacial material to the east of the 2019 Cotton
Brook slip. These uncertainty maps were created using the results of the vertical M3C2 algorithm in
CloudCompare. These models were created using the USACE 2021 and UVM-SAL 2023 LiDAR surveys
at the Cotton Brook landslide.

CONCLUSIONS

* A multi-faceted approach that integrates field investigations with remote sensing topographic
change analysis is essential to capturing both kinematic process and quantitative estimates of
change.

* We identified at least 5 mechanisms of heterogenous earthflow in our study region.
= While our initial investigations aided in identfiying “hot-spots” of activity, our field observations were
key in determining the geomorphological process responsible for landscape change at the Cotton
Brook landslide.
= We document how active the landslide surface has been since the catastrophic event in 2019
o Major erosional features include:
= Collapse of the southwest headscarp in 2020
= GQullies up to 2 meters deep acting as conduits moving surface water and sediment downslope
= Farth-fractures marking the boundaries of glacial lake deposits. The spread of these deposits
continues to accelerate since 2019.

* Our results suggest that multi-dimensional topgraphic change models are most benficial to analyzing
yearly geomorphological change in our study region because they emphasize subtle changes in the
landscape surface and provide distance measurements with O - 45 cm accuracy.
= However, it is advantageous to use 2.5-dimensional (vertical) measurements to estimate volumetric

change because surface roughness of complex topography will bias volumetric results.

o These results are in agreement with Bernard et al. (2021)

o Future work aims to narrow margins of uncertainty associated with volumetric change
estimates using UAV-derived elevation data.
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FIGURE 7) We utilized separate software
packages to evaluate the feasibility of
extracting volumetric estimates from
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interpolation associated with rasterized
topographic change models results in an
over-estimation of volumetric change when
compared to measurements derived from
point cloud datasets.

VOLUMETRIC CHANGE BETWEEN 2014 AND 2021

FIGURE 8) A multi-scale model is used to
show respective volumetric estimates de*
rived from CloudCompare algorithms for
the toe deposits and main slip region. The
distance values measured between a
pre-landslide survey and post-landslide
survey were used to estimate volumes. The
cell size for these estimates was set at
0.70 x 0.70 m to stay consistent with the
2014 LiDAR survey’s spatial resolution.
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MODELED VOLUMETRIC UNCERTAINTY

M3C2 Distance Uncertainty
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M3C2 Distance Uncertainty
Head Scarp/Main Slip: 2014 vs. 2021
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FIGURE 10) Histograms of multi-scale
distance uncertainty are shown for 2014
and 2021 comparisons of toe deposits
and the head scarp/main slip region of the
Cotton Brook landslide. These statistical
results are key to estimating uncertainty
associated with volumetric estimation. A
simple sensitivety analysis suggested that
analyzing landslide features individually can
minimize noise and reduce over-estimation
of change.
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