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ABSTRACT

The Edenville Dam, an earthen embankment in
Midland, MI, failed on May 19, 2020, after 3 days of
elevated rainfall (3.83-8.0 in.; 9.7-20 cm), which
caused flooding downstream of the dam. Dam infra-
structure similar to that at the Edenville Dam is not
uncommon in the United States and hence requires
periodic monitoring. A pre-failure analysis was con-
ducted in the dam to explore the application of remote
sensing in dam monitoring. Persistent scatterer inter-
ferometry (PSI), a form of synthetic aperture radar
(SAR) interferometry, was used to analyze 97 Sentinel-
1 images to measure the line-of-sight (LOS) displacement
prior to the failure. The PSI analysis showed hardly any
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signs of deformation at the failure location and implied
stable embankments with velocities ranging from 3.1
to —5.4 mm/yr. The soil moisture index (SMI) derived
using 14 Landsat-8 images between 2016 and 2020
suggested the presence of subsurface seepage and a
potential failure zone. This study illustrates the require-
ment for multi-sensor remote sensing—based approaches
for continuous dam monitoring and analysis.

INTRODUCTION

On May 19, 2020, the Edenville Dam in Michigan,
midwestern United States, failed due to static liquefaction
instability after a heavy spell of rainfall spatially ranging
between 3.83 in. (9.7 cm) and 8.0 in. (20 cm) over 2
days. The Edenville Dam, constructed between 1923 and
1925, was designed for flood control and hydroelectric
power generation (Pradel et al.,, 2021; France et al.,
2022). The failure resulted in the water impounded by the
dam (Wixom Lake) surging downstream into Sanford
Lake, ultimately leading to the overtopping and failure of
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the Sanford Dam on May 20, 2020. These events resulted
in the inundation of the floodplains of the Tittabawassee
and Tobacco Rivers, including the city of Midland, ML
The flood triggered the evacuation of 11,000 residents
and caused an estimated 245 million U.S. dollars in prop-
erty and infrastructure damages (Pradel et al.,, 2021;
FEMA, 2022). Unfortunately, dam failures such as these
are not uncommon in the United States (Graham, 2009).
The Committee on Failures and Accidents to Large Dams
of the U.S. Committee on Large Dams reported that natu-
ral erodible materials form the embankments for nearly
80 percent of the large dams in the United States (Redlin-
ger et al., 1975). These structures are highly likely to be
subject to deformation and failure, particularly under
extreme hydrological conditions (Wu et al., 2011).

On a mean basis, roughly 10 dam failures occurred in
the United States annually between 1848 and 2017, and
recent decades show an increase in the number of failures
(i.e., 24 per year) (National Performance of Dams Pro-
gram, 2018). Years of neglecting aging infrastructure have
left many dams in the United States in fair to poor condi-
tions. According to the online dam inventory of the Dam
Safety Program of the Michigan Department of Environ-
ment, Great Lakes and Energy (EGLE), Michigan has
2,545 dams with varying dimensions, where 10 percent of
all the dams have “high” or “significant” hazard potential,
including the Edenville and Sanford Dams before their fail-
ures (EGLE, 2023). The Michigan Section of the Ameri-
can Society of Civil Engineers (ASCE) (2023) listed dams
in Michigan with an overall evaluation of a “C—"" in their
2023 infrastructure report card, and at the time of the
report, two thirds of the dams were older than their 50 year
design life. Constructed in 1924, the Edenville Dam was
designed before the modern geotechnical engineering prac-
tices of Professor Karl Terzaghi were widely practiced and
built before the quality-control assessment of earth fill
compaction was developed by Ralph Proctor in the 1930s
(Pradel et al., 2021). Investigating the dam failure, the
Embankments, Dams, and Slopes Committee of ASCE’s
Geo-Institute postulated possible failure mechanisms,
including: (1) static liquefaction due to the rise in reservoir
water elevation, resulting in loss of strength, and (2) slope
instability due to the corresponding increased pore-water
pressures (Pradel et al., 2021).

Dam embankments are subject to deformation and poten-
tial failure, mostly linked to inadequate design and/or con-
struction, operational flaws, and high-magnitude floods
(Foster et al., 2000; Graham, 2009). Such failures pose sig-
nificant flood and debris risks to people, property, and infra-
structure downstream of the structure. For instance, on
October 4, 2010, the embankment failure of the No. 10 red
mud reservoir in Hungary caused 10 fatalities and substan-
tial economic losses (Grenerczy and Wegmiiller, 2011).
Similarly, the Funddo Dam in Brazil collapsed on

November 5, 2015, killing 19 people and spilling about
32.6 million cubic meters of mining waste, causing severe
environmental issues (Mura et al., 2018). In January 2019,
the tailings dam of the Brumadinho iron mine in Brazil
failed, resulting in a death toll of more than 250 (Silva Rotta
et al., 2020). Had the instability of these embankments been
detected at an early stage, appropriate measures could have
been taken to prevent structural failure. Indeed, periodic
embankment monitoring is a critical component in prevent-
ing the impacts of such unforeseen events. Furthermore,
aging dam infrastructure increases the need for periodic
dam inspections and monitoring to mitigate the risks associ-
ated with dam failures. Nevertheless, dam safety hugely
relies on advancements in dam monitoring techniques.

Traditional dam inspection and monitoring methods
require significant time and human resources in the field,
and the monitoring data sets, such as global positioning
system (GPS) data, elevation, and piezometer readings,
offer only point information. On the other hand, remotely
sensed data offer the ability to supplement in sifu moni-
toring or replace in situ/field measurements where they
are absent. Remote sensing can: (1) acquire continuous
data over the entire embankment (as opposed to discrete,
point-source data from in situ methods), (2) assess the
structural condition and precursors of structural failures
in a non-invasive manner, preventing any potential nega-
tive impact on the structure, and (3) continuously monitor
the dam with minimal human resources. Interferometric
synthetic aperture radar (InSAR) techniques are widely
applied for monitoring earthen dam stability, where
multi-temporal analysis of the synthetic aperture radar
(SAR) images facilitates accurate monitoring of structural
deformation. One of the robust methods is persistent scat-
terer interferometry (PSI), which uses permanent/persis-
tent scatterers (PS) with high phase stability over long
time intervals (Ferretti et al., 2001, 2011). However, the
performance of PSI significantly depends on numerous
factors, such as the sensor, number of SAR images, PS
density, and deformation characteristics (Crosetto et al.,
2016). Numerous researchers have demonstrated the
applicability and competency of various InSAR-based
approaches for monitoring the deformation of embank-
ments and subsidence worldwide (e.g., Grenerczy and
Wegmiiller, 2011; Zhang et al., 2015; Othman et al.,
2019; Besoya et al., 2020; and Maltese et al., 2021).

One of the major causes of earthen embankment fail-
ures is uncontrolled saturation and increased seepage due
to internal erosion. Many researchers have illustrated the
significance of various non-invasive monitoring methods
to assess the structural hydrological condition, particu-
larly based on remote-sensing data (Silva Rotta et al.,
2020; Zumr et al., 2020; and Lin et al., 2021). Among the
various approaches, the studies of Silva Rotta et al.
(2020) and Lin et al. (2021) combined soil moisture
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Figure 1. (a) Location of Edenville Dam in Michigan’s Lower Peninsula. (b) Location of the five dams located along the Tittabawassee and
Tobacco Rivers. Edenville Dam is located upstream of the confluence of the two rivers and impounds both rivers.

analysis using thermal and optical imagery with SAR
analysis. The primary cause of the failure of the Bruma-
dinho tailings dam was seepage erosion (piping), which
was evident in the temporal variability of the soil mois-
ture index (SMI) in the years prior to failure (Silva Rotta
et al., 2020). Similarly, Lin et al. (2021), while analyzing
the SMI time series between 2013 and 2020, noted a
decadal increase in soil moisture along the eastern part of
the collapsed area. Considering the applicability of SAR
techniques and multi-spectral imaging for deformation
studies, in this study, we utilized PST and SMI to conduct
a pre-failure analysis of the Edenville Dam.

THE EDENVILLE DAM: BACKGROUND

The Edenville Dam (Figure 1) is one of five dams
along the Tittabawassee and Tobacco Rivers in the cen-
tral region of Michigan’s Lower Peninsula. Located
along the border of Gladwin and Midland Counties, the
Edenville Dam impounds the Tittabawassee and Tobacco
Rivers just north of their confluence. The Tobacco River
flows into the Tittabawassee River, downstream of the
Edenville Dam and upstream of the Sanford Dam. The
Edenville Dam consists of a series of earthen embank-
ments, spillways, and a powerhouse spanning approxi-
mately 6,600 ft (2,012 m) across the Tittabawassee and
Tobacco Rivers. The reservoir impounded by the dam is
Wixom Lake. Figure 2 illustrates the geographical layout
of Edenville Dam.

The Tobacco section is comprised of the Tobacco Spill-
way, the west embankment, and the west crest. The west
embankment is approximately 1,300 ft (396 m) long and
begins west of Michigan Highway M-30, extends west-
ward to the Tobacco Spillway, and then continues to the
west crest. The west crest is approximately 900 ft (274 m)
long and extends west-northwest from the west embank-
ment to the west abutment. The portion of the west
embankment that lies west of the Tobacco Spillway and
the west crest is a continuous embankment. However, they
were separated in this study due to varying embankment
heights. The west embankment has a height ranging from
32 to 47 ft (9.8 to 14.3 m), while the west crest has an
approximate height of 12 ft (3.7 m). The upstream and
downstream slopes of the embankments were initially con-
structed at a ratio of 2.5H:1V (horizontal to vertical) and
2H:1V, respectively (France et al., 2022). Portions of the
downstream embankment slope have been flattened, and
berms have been added. Survey data indicate that portions
of the downstream slopes are steeper than the design ratio.

The Tittabawassee section is comprised of the south-
east embankment, east embankment, and east crest. The
southeast embankment begins south of the Edenville
Spillway and extends southeast, approximately 650 ft
(198 m) to the east abutment. The height of the southeast
embankment ranged between 52 ft (15.8 m) immediately
south of the spillway to 30 ft (9.1 m) toward the abut-
ment. The approximate failure location is shown in Fig-
ure 2, and the height of the failure location was between
30 and 32 ft (9.1 and 9.8 m) (France et al., 2022). The
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Figure 2. Edenville Dam site layout image. Highway M-30, shown in the center of the image, divides the dam into the Tobacco (western) and
Tittabawassee (eastern) sections. (Background aerial image is courtesy of National Agriculture Imagery Program [NAIP], image captured on July

16, 2016 and accessed from the U.S. Geological Survey [USGS] Earth Explorer website: https://earthexplorer.usgs.gov.) The approximate failure

location is shown in red.

east embankment and east crest are continuous embank-
ments, but they were again separated in this study due to
varying embankment heights. The east embankment
extends from the Edenville Spillway 1,300 ft (396 m) to
the east crest. The east crest extends 1,450 ft (442 m)
from the east embankment to M-30. The average heights
of the east embankment and east crest are 40 and 15 ft
(12.2 and 4.6 m), respectively. Similar to the Tobacco
section, the upstream and downstream slopes of the
embankments were originally constructed at a ratio of
2.5H:1V (horizontal to vertical) and 2H:1V, respectively
(France et al., 2022). Surveys conducted after the flood
show that some sections of both the upstream and down-
stream embankments are steeper than the initial design
ratio (France et al., 2022).

The Edenville Dam was built between 1923 and 1925
to manage flood waters and generate hydroelectric
power (Pradel et al., 2021; France et al., 2022). The dam
had two operating levels of the reservoir, normal and
winter pool levels. The normal pool elevation was 675.8
ft (205.98 m), and the winter pool level was 672.8 ft
(205.07 m) (Pradel et al., 2021). Daily variation in pool
elevation was not to exceed 0.9 ft and 0.7 ft (0.27 and
0.21 m) for the normal and winter pools, respectively.
The dam was constructed of loose, poorly graded sand
without a clay core. The only sub-drain system consisted

of clay drain tiles with outflows to a drainage ditch,
which ran parallel to the toe of the embankment.
According to historical photographs, fill was placed en
masse rather than in lifts used in modern earth construc-
tions. Fill was dumped via train car, and compaction
efforts on the placed fill (i.e., rollers) were not recorded
in the historical documentation (Pradel et al., 2021;
France et al., 2022). The dam foundation consisted of gla-
cial till and outwash sands, which were deposited during
the retreat of the Saginaw Lobe of the Laurentide Ice
Sheet. Post-glacial erosion and deposition produced a
series of fluvial terraces along the Tittabawassee and
Tobacco Rivers (Dorr and Eschman, 1970; Larson and
Schaetzl, 2001; and Kehew et al., 2012). The variation in
the elevation of the foundation terraces resulted in varia-
tion in the dam fill thickness throughout the structure.

The Edenville Dam failed on May 19, 2020, at
approximately 5:30 pm EST after a 3 day elevated rain-
fall event. A total of 9.7 cm of rainfall was recorded for
May 17-19 at the Edenville Dam (Pradel et al., 2021).
On May 18, both spillways were operating at maximum
capacity. A depression along the crest of the southeast
embankment, at the approximate failure location shown
in Figure 2, was noted by residents and bystanders about
30 minutes before failure. At the time of failure, it was
estimated that the Wixom Lake reservoir elevation was
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Figure 3. (a) Pre-failure and (b) post-failure imagery of the Edenville Dam. The approximate failure location where the depression was observed
is shown in red. (Pre-failure imagery: NAIP image; post-failure imagery: ArcGIS world imagery.)

5.5 ft (1.68 m) higher than normal operating levels was emptied. Figure 3 presents a pre- and post-failure
(approximately 1.5 ft [0.46 m] below the crest elevation comparison of the Edenville Dam. It was also reported
of the southeast embankment). The failure widened that the downstream embankment slope was not uniform
throughout the evening of May 19, and Wixom Lake and was over-steepened in areas, and a bulging feature
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Table 1. Parameters used for processing interferometric synthetic
aperture radar (InSAR) time-series analysis.

Parameter Value Parameter Value
weed standard dev (rad) 1.2 unwrap_time win 180
unwrap_method 3D unwrap_grid_size 10
scla_deramp y’ scn_time_win 180
scn_wavelength 50

was present in a 2017 light detection and ranging
(LiDAR) survey. A slope stability model showed a low
factor of safety (1.08) for a rotational slide when mod-
eled with the reservoir level at the time of failure.

MATERIALS AND METHODS
InSAR Analysis

The deformation of the earthen embankment of the
Edenville Dam was investigated using Sentinel-1 SAR
data. The Sentinel-1 mission of the European Space
Agency (ESA) includes a constellation of two polar-
orbiting satellites utilizing C-band SAR imaging. In
total, 97 single-look complex (SLC) SAR scenes in
interferometric wide (IW) swath mode and from ascend-
ing orbits were acquired between December 2, 2016,
and May 3, 2020, from the ESA. The complex value of
SLC scenes can be interpreted as phase and amplitude
components, in which the phase presents the ranging
distance from the SAR sensor to the ground, and the
amplitude suggests the backscattering after the electro-
magnetic waves interact with the ground surface.
Ground deformation can be measured by computing the
phase difference, i.e., ranging distance difference. Senti-
nel-1 scenes obtained during the winter season were
excluded due to snow cover and thus volumetric decor-
relation of SAR signals. Following the co-registration
and resampling of all the SAR scenes to a given refer-
ence scene (acquisition on November 22, 2018, in this
study), interferograms were generated by conjugate mul-
tiplication of selected two complex-format SAR scenes.
The amplitude dispersion index (ADI) (Ferretti et al.,
2001) was set to be =0.7 to sort out the PS target with
comparatively stable amplitude spanning the time, e.g.,
man-made structures and rocks (Table 1).

Long-wavelength phase noise represented as a phase
ramp was estimated and removed for each interfero-
gram. The Statistical-Cost, Network-Flow Algorithm
for Phase Unwrapping (SNAPHU) algorithm and a grid
size of 10 m were applied to unwrap the interferometric
phases (Chen and Zebker, 2001). The displacement
phase was generated by removing phase artifacts due to
topographic error, orbit error, and tropospheric delay. A
moderate temporal window of 180 days was applied to

filter out the temporally high frequency turbulent tropo-
spheric delay during displacement inversion. Eventually,
we derived spatiotemporal ground deformation at the
location of PS targets through least-square estimations.

Soil Moisture Index (SMI)

The SMI is an index used to model the relative soil
moisture content based on the dry and wet edges of the
scatterplot between land surface temperature (LST) and
normalized difference vegetation index (NDVI). The
SMI values range from 0 to 1, with 0 representing rela-
tively drier soil and 1 representing relatively wetter soil
(Zhiming et al., 2004; Mallick et al., 2009; Parida et al.,
2013; and Yuan et al., 2020). SMI was calculated as fol-
lows (Zhiming et al., 2004):

VT — LSTye — LST 7 0

LST, max — LS Tmin

where LST),,, and LST,,;, are defined as
LST )0 = a; X NDVI + by, 2)
LST,,;, = ar X NDVI + b,, 3)

where a and b are the slope and intercept, respectively,
of the dry and wet edges.

The boundary conditions of the LST-NDVI space are
the dry and wet edges, or LST),,, and LST,,,, respectively.
These bounding layers are the theoretical maximum and
minimum of SMI values for the given scene and are linear.
To model the dry and wet edges, linear regression was
used. The NDVI and LST data corresponding to each
scene were processed individually. To model the dry edge,
the LST-NDVI plot was subset along the NDVI x axis to
represent the boundary slopes for both the dry and wet
edges. Within the subset, the LST/NDVI scatterplot was
divided into bins of width 0.01 along the NDVI axis. The
mean of the 10 highest LST values within each bin was
used to fit the linear regression model (Mallick et al.,
2009; Parida et al., 2013; and Yuan et al., 2020). To model
the wet edge, a horizontal line was fitted to the LST-NDVI
scatterplot. For all scenes analyzed, the wet edge was
nearly horizontal (slope < 0.01); therefore, the wet edge
was modeled as a horizontal line with a slope of 0 (Mal-
lick et al., 2009). Similar to modeling the dry edge, the
five lowest LST values in each bin were recorded for mod-
eling the wet edge. Further, the mean of the lowest LST
values was fitted to the horizontal linear model. Values in
the LST/NDVI space outside the dry and wet edges were
reclassified to either dry or wet edges (LST,,,;, or LST ).

The U.S. Geological Survey (USGS) manages Landsat
multi-sensor image archives that are restructured into a for-
mal collection structure to ensure a uniform data quality
standard. The Landsat Collection 2 represents the second
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Figure 4 Average velocity (mm/yr) between December 2, 2016, and May 3, 2020, measured using 97 Sentinel-1 images with PSI processing.

significant update to this reprocessing effort, comprising
calibrated, quantized, and scaled digital numbers with sub-
stantial improvements in absolute geolocation accuracy
(Crawford et al., 2023). Fourteen Collection 2 Level 1
Landsat 8 images were obtained between April 23, 2016,
and May 4, 2020, from the USGS Earth Explorer (https://
earthexplorer.usgs.gov). Images between November and
February were excluded due to snow cover and seasonal
vegetation dormancy. Scenes with cloud cover within the
specified extent were excluded from the analysis. The
LST and NDVI layers were generated using the ERDAS
IMAGINE software. The spatial resolution of Landsat
data (multi-spectral Operational Land Imager [OLI] and
resampled Thermal Infrared Sensor [TIRS] thermal bands)
is 30 m; therefore, the spatial resolution of SMI is 30 m.
A time series of the SMI was derived from the Landsat 8
images. A standard deviation map of the SMI time series
was also derived to analyze the region’s temporal variation
of moisture content.

RESULTS

InSAR Analysis

The mean deformation velocity from the PSI measure-
ments from December 2, 2016, to May 3, 2020, for the

region, is shown in Figure 4. The mean deformation
velocity of the region varied between —5.35 mm/yr and
3.27 mm/yr. The mean deformation velocity was mea-
sured in the line-of-sight (LOS) direction (approximately
NS8O°E, 40° to nadir), where positive and negative values
were PS targets moving toward (i.e., upward) and away
(e.g., downward) from the satellite, respectively (Vassi-
leva et al., 2017). Three areas of interest (AOIs) were
identified to compare the movement along the dam out-
line: the west embankment, the east embankment, and the
southeast embankment where the failure occurred. The
three embankments included in the AOIs had a difference
in elevation from the reservoir to the toe of the dam
between 8 and 12 m. The southeast embankment contain-
ing the failure location begins immediately southeast of
the Edenville Spillway and extends southeast to the east-
ernmost abutment. The mean (standard deviation) defor-
mation velocity for the PSI measurements of the west,
east and southeast embankments were —1.1 mm/yr (1.8
mm/yr), —0.1 mm/yr (1.5 mm/yr), and —0.5 mm/yr (1.1
mm/yr), respectively (Table 2). This variability in InNSAR
resulted from the heavily vegetated floodplain environ-
ment and coarse spatial resolution relative to the narrow
embankment system. The average cumulative displace-
ments of the east, west, and southeast embankments
showed no major differences and were —21.3 mm, —47.5
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Table 2. Summary of the persistent scatterer interferometry (PSI) analysis of the embankments of the Edenville Dam.

Southeast East West
Number of PS 44 116 57
PS density (per ha) 34 61 33
Average cumulative displacement (mm) —33.2 —21.3 —47.5
Mean deformation velocity (mm/yr) —0.5 —0.1 —1.1
Standard deviation of deformation velocity (mm/yr) 1.1 1.5 1.8
Maximum deformation velocity (mm/yr) 2.8 3.1 2.5
Minimum deformation velocity (mm/yr) —23 —3.6 —5.4

mm, and —33.2 mm, respectively. Most PS targets in all
three AOIs had deformation velocities that fell within two
standard deviations. Although the southeast embankment
is considered to represent an unstable area of the dam, as
the failure occurred within this AOI, insufficient numbers
of PS targets were resolved within the approximated fail-
ure location.

Soil Moisture Index (SMI)

The SMI representing relative moisture in the study
area was derived from the Landsat 8 images between
April 23, 2016, and May 4, 2020 (Figure 5). The stan-
dard deviation of the SMI time series is shown in Figure
6. The SMI scenes were not evenly distributed over time
due to the lack of cloud-free images. Based on the stan-
dard deviation, the areas with the greatest variability in
the entire scene were the agricultural fields shown in the
southeast corner and the two “bull’s-eye” features along
the western edge of the scene, with values ranging from
0.20 to 0.30. The SMI values for the Edenville Dam
ranged between 0.5 and 0.9. As expected, the highest
SMI values were observed at or around Wixom Lake
and the Tobacco and Tittabawassee Rivers, while the
lowest SMI values were observed in the urban areas, the
land area between the east and west sides of Wixom Lake,
and the agricultural fields to the southeast of the Edenville
Dam. Areas downstream of the southeast embankment
also showed relatively lower temporal variability in the
SMI. The SMI scenes in April and May appeared to have
less contrast (“blurrier”) between varying land-use types,
i.e., urban, agricultural, forested, and water.

DISCUSSION

The results of the PSI analysis of the Edenville Dam
did not provide any significant observations supporting
the deformation of the southeast embankment and appar-
ent displacement at the failure location over the period
of study. Although the southeast embankment recorded
a negative displacement, the magnitude was not signifi-
cant (within two standard deviations) and was compara-
ble with the east and west embankments, representing

stable conditions. The lack of evidence of noticeable
deformation of the southeast embankment highlights the
limitations of InSAR techniques in vegetated floodplains
or when the deformation magnitude is beyond the capa-
bilities of the InSAR technique. Theoretically, the maxi-
mum relative deformation rate measurable for Sentinel-1
is tens of centimeters per year in a distance of one pixel
spacing, but it varies with the noise level of the data and
the specific phase unwrapping technique used to resolve
phase ambiguities (Crosetto et al., 2016).

The SMI analysis for the Edenville Dam illustrates
the variations in relative soil moisture content from
April 2016 to May 2020. Consistent soil moisture condi-
tions are to be expected in an earth dam structure con-
structed with engineered drainage. Relatively higher
SMI values are anticipated in the areas near the dam and
spillway, which is evident in Figure 6. However, a linear
stretch of consistent saturation (or higher SMI values)
trending southwest was observed in most of the images.
The relatively lower standard deviation of this zone
(Figure 6) implies consistent saturation of the zone, sug-
gesting the possibility of perennial subsurface seepage.
It is worth noting that the post-dam break river channel
developed through this saturation zone. Hence, we argue
that the saturated zone perpendicular to the embankment
reflects the presence of a potential conduit mechanism
for seepage and internal erosion for the embankment
failure. Pradel et al. (2021) identified six terrace levels
in the vicinity of the dam, where the second and third
terrace levels pass beneath the dam at the approximate
failure location and correspond to a change in elevation
along the base of the dam (~6.6 ft; ~2.0 m) and a
change in underlying geology. The association between
different terrace treads and glacial stratigraphy implies
that the embankment predominantly rests on glacial till
of varying ages and physical characteristics. However,
in certain areas, the sub-dam stratigraphy is likely com-
posed of glacial outwash and fluvial sands. Since the
dam was constructed across these terraces, resulting in
lateral variations in the thickness of the embankment
and geological substrates (Pradel et al., 2021), these dif-
ferences in the terraces could likely have facilitated con-
sistent seepage. As previously noted, Pradel et al. (2021)
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Figure 5. SMI time series for the 14 Landsat 8 images obtained between April 23, 2016, and May 4, 2020.

reported that the failed patch of the embankment corre-
sponds to the topographic step between the second and
third terrace surfaces. Based on the results of the InSAR
and SMI analysis, we propose a model for the failure of
the embankment. The southeast embankment had consis-
tent subsurface seepage (zone of saturation) between the
second and third terrace levels, reaching the Tittabawas-
see River roughly 750 m downstream of the Edenville
Spillway. The elevated reservoir levels due to the storm
event could have enhanced the pore-water pressure and
seepage, forming a failure zone. The full reservoir level

of the Wixom Lake also caused static liquefaction of
earthen fill materials (Pradel et al., 2021), and these fac-
tors, in combination, facilitated a conventional rotational
slope failure. The lack of evidence on the deformation of
the embankment by the InSAR methods also reaffirms
this hypothesis as static liquefaction occurs very quickly.
The operating rule curves for the reservoir (i.e.,
Wixom Lake) were to maintain water levels between
+0.3 ft (0.09 m) and —0.4 ft (—0.12 m) of the normal
pool level, except during floods and winter operations
(France et al., 2022). Drawdown for the winter pool
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Figure 6. SMI standard deviation for the Edenville Dam area. The dam outline is shown as the black dashed portion. The approximate failure

location is outlined in red.

level began after December 15 and lasted until January
15. Wixom Lake would return to normal pool level once
surface temperatures reached 39°F (3.9°C). With consis-
tent pool levels and adequate time when changing pool
levels to avoid rapid drawdown, it is reasonable to
assume that the phreatic surface would remain consistent
throughout the year if proper drainage were installed.
Rainfall could change the phreatic surface; however,
properly engineered drainage would allow rainfall infil-
tration. The drainage system for the Edenville Dam con-
sisted of clay tiles installed at the time of construction
(Pradel et al., 2021; France et al., 2022). Original design
drawings did not show the tiles; however, a 2012 survey
of the dam’s underdrain noted that the clay tiles were
installed perpendicular to the face of the embankment,
were uniformly spaced, and were discharged to a drain-
age ditch that ran parallel to the toe of the embankments.
The survey also pointed out that along the southeast
embankment, clay tiles were missing from the center of
the approximate failure location, and some obstructions
in the tiles were also observed (France et al., 2022). The
lack of tiles could have resulted in a higher phreatic sur-
face than in areas with greater clay tile density.

Although InSAR-based methods have been demon-
strated to be precise and highly effective in monitoring the
deformation of earthen embankment and dam failures (e.g.,
Grenerczy and Wegmiiller, 2011; Gama et al., 2019; and
Silva Rotta et al., 2020), the pre-dam failure analysis of the
Edenville Dam using PSI did not offer any significant signs
of movement across the southeast embankment. However,

the SMI-based analysis facilitated the identification of
potential failure zones with perennial seepage. Hence, this
study undoubtedly suggests the requirement for a multi-sen-
sor-based approach for periodic monitoring of dams. A
major limitation of the SMI analysis is the lack of uniform
temporal distribution due to cloud-covered scenes. Of the
more than 50 Landsat 8 images obtained between April
2016 and May 2020 (excluding winter months), only 14
were able to be used in the analysis due to cloud cover. The
coarse spatial resolution of the SMI data sets is another lim-
itation of this study. The current advancements in drone-
based multi-spectral imaging will provide a significant
opportunity to overcome the limitations of the reliance on
satellite-based SMI estimates. In the 2019 Brumadinho
dam failure analysis (Silva Rotta et al., 2020), the spatial
extent of the tailings dam was large enough that the use of
30 m satellite data was appropriate and could show varia-
tions in moisture content. Hence, a recommendation for
future analysis of spatially small embankments is to use
drone-based data sets, as ground sampling distances are
much smaller, therefore allowing the observation of soil
moisture variations in greater detail. A drone-based SMI
analysis would also improve temporal uniformity as the
drone can operate irrespective of the cloud cover.

SUMMARY AND CONCLUSION

In this study, we investigated the potential manifesta-
tions of the Edenville Dam failure (Michigan, midwest-
ern United States) on May 19, 2020, using both PSI and
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SMI analyses. The pre-failure analysis of the southeast
embankment of the dam using PSI provided no clear
evidence of displacement anomalies. Further, the rate of
deformation and cumulative displacement of the failed
(southeast) embankment were comparable with the stable
conditions (east and west embankments). The time-series
analysis of the satellite-derived SMI highlighted the poten-
tial failure zone as a chronic subsurface seepage zone
(zone of saturation) between the second and third terrace
levels, which is supported by the post-failure channel
development. Based on the results of the analysis, we pro-
posed a model for the failure of the Edenville Dam: The
elevated reservoir water level during the storm event might
have caused static liquefaction of earthen fill materials and
increased the pore-water pressure and seepage, potentially
creating a zone of weakness, and these factors, in combina-
tion, likely led to a conventional rotational slope failure
and failure of the embankment. Thus, this study highlights
the significance of multi-sensor-based remote-sensing
(multi-spectral, thermal, and radar) approaches in the peri-
odic monitoring of critical infrastructure, such as dams.
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