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Abstract - This research delineates the assessment of
surface displacement at the Ash Dam Facility in South Africa
utilizing InSAR technology. ADF may fail owing to several
circumstances, including structural instability, seepage, or
seismic activity. Consequently, the application of InSAR
technology necessitates the rapid identification and
response to hazards in order to limit repercussions such as
loss of life and property resulting from dam failures.
Interferometric Synthetic Aperture Radar (InSAR) is an
advanced remote sensing technology that is essential for
assessing the safety and integrity of ash dams. The study
utilized Vertex, the Alaska Satellite Facility's (ASF) data
search application for remotely sensed imagery, facilitating
efficient identification and download of SAR data, along with
direct access to thematic datasets. ASF Data Search is a user-
friendly tool for locating SAR data and efficiently processing
advanced SAR products, including InSAR and Auto-RIFT,
through ASF's services. The research performed a time
series analysis with Mintpy on the OpenSAR Lab server. The
Mintpy toolbox is a Python 3 application designed for
modest baseline InSAR time series analysis. The input
consists of a series of differential interferograms that create
a completely interconnected network. The results indicated
that the ash dam facility has experienced a total vertical
displacement of 200 cm and a lateral displacement of 310
cm. The coordinates of the impacted area are (7145360,
739280) and (7160480, 714480) in terms of latitude and
longitude. In conclusion, satellite remote sensing provides a
cost-effective and time-efficient means to monitor extensive
infrastructure assets, a task that would otherwise need
significant resources through traditional approaches.
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1.0 Introduction

The project aims to oversee ash dam facilities
(ADF) and provide an early warning system for a
power producing plant. The geomatics systems track
many data kinds, encompassing water quality,
structural integrity, and seepage [1]. The particular
advantages of the real-time data monitoring study
focus on enhancing safety, ensuring environmental
compliance, and providing early warnings of any
structural issues [2]. The project tackles the
environmental issues associated with coal-generation
infrastructure and will enhance the safety of the ADFs.

Interferometric  synthetic aperture radar
(InSAR) is a radar methodology employed in geodesy
and remote sensing that utilizes two or more synthetic
aperture radar (SAR) images to produce maps of
surface deformation or digital elevation by analyzing
variations in the phase of the waves returning to the
satellite or aircraft. The approach has the capacity to
monitor millimeter-scale variations in deformation
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across a time series [4]. It is utilized in geophysical
monitoring of natural hazards such as earthquakes,
volcanoes, and landslides, as well as in structural and
geotechnical engineering for monitoring subsidence
and structural integrity. Civil engineering, mining, and
infrastructure require great spatiotemporal accuracy,
precision, and detail in observations and
measurements. Satellite-based remote sensing
methods can generate data and information of a
quality that meets these standards [6].

Geotechnical engineering technology and best
practices have advanced considerably during the past
two decades. Remote survey strategies for data
capture facilitate the acquisition of discontinuity
orientations and roughness in hard-to-reach regions
[8]. Software development has advanced to a point
where several model scenarios may be executed
swiftly, and intricate numerical 3D analyses are
frequently performed for bigger projects [9]. In
contrast to optical imaging, radar waves can penetrate
clouds and function effectively at night [10]. InSAR
analyzes several satellite radar pictures over time to
accurately quantify surface displacement changes and
is efficiently utilized for monitoring both natural
terrain and artificial surfaces [11].

2.0 Literature Review

Interferometric  synthetic aperture radar
(InSAR) is a radar methodology employed in geodesy
and remote sensing that utilizes two or more synthetic
aperture radar (SAR) images to produce maps of
surface deformation or digital elevation, based on
variations in the phase of the waves returning to the
satellite or aircraft. The approach has the capacity to
quantify millimeter-scale variations in deformation
throughout a temporal sequence [4]. It is utilized in
geophysical monitoring of natural hazards such as
earthquakes, volcanoes, and landslides, as well as in
structural and geotechnical engineering for
monitoring subsidence and structural integrity [9].
Civil engineering, mining, and infrastructure require
great spatiotemporal accuracy, precision, and detail in
observations and measurements [7]. Satellite-based
remote sensing methods can generate data and
information that meet these standards [10].

Geotechnical engineering technology and best
practices have advanced considerably over the past
two decades [12]. Remote survey strategies for data
capture facilitate the acquisition of discontinuity
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orientations and roughness in hard-to-reach regions
[8]. Software development has advanced to a point
where several model scenarios may be executed
swiftly, and intricate numerical 3D analyses are
frequently conducted for bigger projects [9]. In
contrast to optical imaging, radar waves can penetrate
clouds and function effectively at night [10]. InSAR
analyzes several satellite radar pictures over time to
accurately quantify surface displacement changes and
can be efficiently utilized to monitor both natural
terrain and artificial surfaces [11].

3.0 Methodology

The researchers performed a historical
displacement analysis using a three-year retrospective
InSAR assessment along the ADF, facilitating the
identification of regions undergoing displacements
and the formation of ground behaviour trends.
Analysing movement patterns uncovers intervals of
stability and regions influenced by ground movement
acceleration [13]. InSAR technology is preferred for its
capacity to deliver monitoring data continuously,
regardless of time or weather, and especially for
extensive areas with millimetre-scale precision, in
contrast to traditional approaches that are labour-
intensive, expensive, and occasionally impractical [14].
Acquiring settlement data using traditional in-situ
approaches would have necessitated a delay of several
months to gather adequate information [15]. InSAR
provides access to many years of historical settlement
data, facilitating the prediction of future patterns [14].
Longitudinal conventional survey data can offer a
significant chance to validate the satellite methodology
[16].

Vertex is the Alaska Satellite Facility's (ASF) data
search program for remotely sensed Earth images,
facilitating efficient discovery and download of SAR
data, along with direct access to themed datasets [17].
ASF Data Search is a user-friendly tool for locating SAR
data and efficiently processing advanced SAR
products, including InSAR and Auto-RIFT products,
utilizing ASF's HyP3 service [16]. The ASF DAAC
provides three methods for data search and download:
over the web using Vertex, programmatically through
the Python Search Module/Mintpy, and through ASF's
established Search  Application  Programming
Interface. ASF is accessible via Earth Data Search.

We performed a time series analysis utilizing
Mintpy on the OpenSAR Lab server. The Mintpy



toolbox is a Python 3 application designed for modest
baseline InSAR time series analysis [19]. The input
consists of a series of differential interferograms that
create a completely interconnected network.
Interferograms must be pre-unwrapped with minimal
geometric perpendicular and temporal baselines to
optimize their quality [20]. Modern SAR constellations
with narrow orbital tubes and brief revisit intervals,
like Sentinel-1, may readily establish a comprehensive
network of interferograms [21] (Bonano et al., 2024).
The input stack can be produced with, among other
instruments, the Interferometric SAR Scientific
Computing Environment (ISCE) [22]. The primary
stages of interferometric processing executed by ISCE
include orbit correction, de-bursting, co-registration,
interferogram creation, adaptive filtering, topographic
phase subtraction utilizing a provided Digital
Elevation Model (DEM), and two-dimensional (spatial)
unwrapping [23].

The Mintpy toolbox comprises three primary
processing stages: (a) computation of the raw
interferometric phase time series; (b) rectification of
the raw phase time series to eliminate error sources;
and (c) assessment of noise, leading to the exclusion of
noisy SAR acquisitions and the final computation of
noise-reduced displacement time series [19].
Additionally, a quality index for the retrieved
deformation values is determined by calculating
temporal coherence for each pixel.

The initial processing step of Mintpy involves
inverting the redundant input, a fully connected stack,
using an unbiased weighted least squares estimator to
obtain raw time series of interferometric phase for
each date [19]. The weight information may pertain to
uniform behaviour or absence of weighting, spatial
coherence at the pixel level, the inverse of phase
variance, and the nonparametric Fisher information
matrix (FIM) [24]. This study exclusively utilized the
inverse of phase variance weighting, as it provides the
most robust performance for network inversion,
particularly with a limited number of views.

The second processing step involves correcting
the raw inverted phase time-series for phase error
sources in the time domain. Deterministic elements,
including tropospheric delays, topographic residuals,
and/or phase ramps, are retained post-inversion and
can be mitigated in the time-series domain to yield a
time series of noise-reduced displacements [25].
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Additionally, a correction technique for mistakes in the
2D  unwrapping procedure utilizing several
methodologies is shown. The chosen unwrapped
correction method pertains to the phase closure of
triplet interferograms, predicated on the premise that
the SAR phase field is conservative [26].

The third step involves assessing the noise of
each SAR acquisition concerning the residual phase.
Mintpy regards the residual phase as a synthesis of
residual tropospheric turbulence, unmitigated
ionospheric turbulence, and the residual decorrelation
noise [27]. The root mean square error of the residual
phase is computed for each SAR acquisition following
a quadratic deramping across the reliable pixels
utilized in the network inversion [28]. Noisy
acquisitions are removed, and the topographic
residual and velocity estimation are conducted a
second time [29]. Figures 1 to 13 illustrate the
procedures employed to analyse displacement for the
Duvha fly ash dam plant.
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Fig.1: Data set being analysed - 1. (Created by the
Researchers).
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Fig.2: Data set being analysed - 2. (Created by the
Researchers).
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Fig. 3 Drawing a polygon around the arear of interest.
(Created by the Researchers).
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Researchers).
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Fig.7: Scene selection. (Created by the Researchers).
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by the Researchers).
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the Researchers).
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Fig.11: Short subset baseline. (Created by the Researchers).
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4.0 Findings

To assess displacement, wrapped images are
submitted to InSAR, where coherence is evaluated
using baselines, and interferograms are subsequently
analyzed for errors, leading to the determination of
displacement. The same is true for moisture content
analysis.

The InSAR monitoring depends on images,
which must be wrapped. What is the reason? This
enables the successful modeling of extensive areas of
interest with a high degree of precision. Figure 14
presents a wraparound depiction of the ash dam
facility.
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Fig.14: Wrapped images. (Created by the Researchers).

Executing  plot_network.py = provides a

comprehensive picture of the network (fig. 15 and fig.
16) and the average coherence of the stack in fig. 19.
The application generated several files as detailed
below:

Perp Baseline [m]

1.

300

200

100 -

=100

-200

ifgramStack_coherence_spatial Avg.text:
includes interferogram dates, average
coherence, and spatial baseline separation (see
to Fig. 15). Deformation estimation is
conducted via the unwrapping of the
interferometric phase.

Network.pdf: illustrates the network of
interferograms in time baseline coordinates,
color-coded according to the average
coherence of the interferograms (see to fig.
16). Deformation estimation is conducted via
the unwrapping of the interferometric phase.
CoherenceMatrix.pdf illustrates the average
coherence pairs among all accessible pairs in
the stack, specifically figures 17 and 18.

Interferogram Network

2021 2022 2023 2024

Fig.15: The comparison of the perpendicular baseline and

the average spatial coherence. (Created by the
Researchers).
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3 years. (Created by the Researchers).
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Fig.17: Coherence history. (Created by the Researchers).
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Fig.18: Coherence matrix. (Created by the Researchers).

The researchers needed to analyse the quantity
of interferogram triplets exhibiting non-zero phase
closure. In an interferogram triplet (DQ¥, DQ¥k, and
DQi), unwrapping problems will result in a non-zero
integer component Cijk int within the closing phase
Cijk. Consequently, the quantity of interferogram
triplets exhibiting non-zero integer ambiguity Tint can
be utilized to identify unwrapping issues.

Cik= DQil + DQik - DQik (1)
C i = [C ~wrap (CI)] /2 (2)
Tint =Z Ciik int! =0 (3)
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Where warp is an operator that constrains the
input number to the interval [-m, m]; T is the quantity
of interferogram triplets. As previously stated, errors
must be eliminated through the investigation and
eradication of unaddressed discrepancies. Figure 19
presents a histogram depicting the frequency of
triplets exhibiting non-zero integer ambiguity. The key
insights derived from the Tint map and histogram are
as follows:

1. Areas with T > 0 have unwrapping errors

2. The areas sharing the common positive T i
Value could be corrected

3. The areas with wide - distributed T ;s values
indicates random unwrapping errors which
are difficult to correct so we did not correct
these.

# of pixels

0 200 400 600 0 20 40 60 80

# of triplets w non-zero int ambiguity Tiat

Fig.19: Histogram of zero ambiguity. (Created by the
Researchers).

To determine displacement, a velocity graph
must be constructed. The min/max values in this figure
require adjustment to align with our previous data set.
The results depicted in figures 20 and 21 illustrate the
data range previously addressed about coherence and
baseline adaptation. This graphing can be performed
initially to gather information and subsequently re-
executed to implement adjustments. We revised the
Vmin and Vmax to align with our data range. The assigned
Vmin and Vmax values may also be utilized for
supplementary graphs. In the colour scale of these
displacement/velocity charts, green signifies zero
deformation, whilst blue indicates deformation below
zero. In Figure 20 below, the blue areas indicate the
area of concern with documented displacement. Figure
21 illustrates a total vertical displacement of 200 cm
and a lateral displacement of 310 cm. The coordinates
of the impacted region are (7145360, 739280) and
(7160480, 714480) correspondingly.

The negative numbers indicated regions of
ground depression, whilst the positive ones denoted
areas of ground elevation. In the colour scale of these



displacement/velocity charts, green signifies zero
deformation, whilst blue indicates deformation below
zero. In Figure 20 below, the blue spots indicate the
regions exhibiting the most deformation. The negative
deformation indicates a significant moisture content in
these locations. These locations may signify the critical
junctures where the observed deformation could
provide issues. Figure 21 illustrates a total vertical
displacement of 200 cm and a lateral displacement of
310 cm.
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Fig. 20: Displacement/velocity map. (Created by the
Researchers).
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Fig.21: Zoomed in displacement map. (Created by the
Researchers).

5.0 Implication InSAR

e Historical InSAR analysis will yield significant
insights into ground behavior trends.

e Continuous InSAR monitoring will provide
proactive oversight of a power plant and its
vicinity, enabling the early detection of
deformations  that  warrant  further
investigation before they escalate into
significant and costly issues.

e InSAR enhances in-situ monitoring and
assists in identifying and prioritizing high-
risk locations. This leads to enhanced
resource utilization and a decrease in carbon
footprint.
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e Operations do not need to be suspended for
monitoring, as this is a remote procedure.

o Geotechnical analysis of the results to
evaluate the extent of influence of the
detected patterns.

e Operators and dam safety officers can
concurrently access results via a secure web-
based platform, eliminating the necessity to
handle multiple data sources or visit
instrument locations.

e Automatic warnings can be established when
ground movement beyond a predetermined
threshold, facilitating early identification and
rectification of issues, which is invariably a
more cost-effective strategy.

e Ultimately, satellite remote sensing provides
a cost-effective and time-efficient means to
monitor extensive infrastructure assets,
which would otherwise need significant
resources through traditional approaches.

Additional advantages of employing InSAR
technology include:

1. elevated spatial resolution of
monitoring locations,
2. more precision than LiDAR or UAV

surveys,
3. Regular weekly updates are feasible.
4. The most secure approach for asset
monitoring.

No concerns with site accessibility.

6. No permanent monitoring equipment
necessary.

historical modeling is feasible, and

8. weather agnostic

vt

N

6.0 Conclusions and recommendations

The researchers aimed to establish a proof of
concept for ash dam monitoring (geomatics) via
Interferometric Synthetic Aperture Radar (InSAR).
Consequently, the recommendations ought to be
confined to the proof of concept for INSAR in the
monitoring of ash dams. We aimed to accurately model
extensive areas of interest to ascertain surface
displacement for the historical and current monitoring
of the ash storage facility, identify problematic
locations for further localized investigation, and
facilitate effective risk management of the site and
assets reliant on the computed displacement trends.
The region in figures 21 and 22, indicated in blue on



the velocity/displacement map, which has seen a total
displacement of 200 cm vertically and 310 cm
horizontally, presents a risk. Nevertheless, there are no
adjacent infrastructures, and the movement may not
influence substantial slopes. The coordinates of the
impacted region, (7145360, 739280) and (7160480,
714480), require reinforcement. This requires vigilant
oversight. To summarize:

1. It is essential to comprehend the catalysts of
the movements, together with the
accelerations resulting from alterations in the
border conditions.

2. Furthermore, it is essential to examine
whether the triggering parameters have
evolved over time to coincide with the trend
alterations in displacements.

InSAR is an effective remote sensing technology
that has demonstrated its worth in monitoring the
stability and integrity of ash dams. InSAR provides
consistent, periodic monitoring, facilitating the prompt
identification of alterations that may jeopardize the
structural integrity of the ash dam. InSAR operates by
quantifying the phase variation between two radar
images of an identical region, enabling the detection of
surface displacements as minute as millimeters. The
elevated sensitivity of InSAR renders it an
exceptionally valuable instrument for observing
potential ground deformation or subsidence near ash
dams, which may signify structural instability.

A significant benefit of this technique is that a
single radar image can encompass a substantial region
of up to 100 km by 100 km or greater, similar to how
satellite data spans a width of 250 km. InSAR
technologies yield extensive data that may be readily
compared with traditional geodetic observations.
InSAR offers the benefits of extensive spatial coverage
at minimal expense, consistent temporal data
collecting, and access to substantial historical data
archives for retrospective analyses. Nevertheless, this
technology has not yet been embraced by the South
African industry.
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