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Abstract: 
The geotechnical engineer designs with a wide variety of naturally occurring heterogeneous 
materials where the exact numerical values of their engineering properties cannot be 
assigned. Therefore, performance monitoring during and after construction is critical to 
evaluate the design judgments and, if necessary, update them. Moreover, the urbanization 
has led to the development of areas that were previously considered geologically unstable, 
and this in light of the changes in weather patterns mandates improved monitoring. 
Traditionally, geotechnical performance monitoring is done by lateral ground displacement 
and vertical settlement measurements using instrumentation. However, the reliability of the 
monitoring is influenced by the extent to which measurements vary locally within the 
instrument zone. In highly variable geologic conditions, a large number of measurement 
points may be required for reliable monitoring. The advancements in the spatial and temporal 
resolution of satellite-based remote sensing using Synthetic Aperture Radar (SAR) and 
optical provide a new paradigm for geotechnical performance monitoring in highly variable 
geologic conditions. Also, manned and unmanned aerial platforms offer an opportunity to 
acquire remote sensing data as the user requires. These remote sensing techniques provide an 
excellent opportunity for engineers to monitor the performance of geotechnical structures in 
complex geologic conditions. 
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Introduction: 

Measuring lateral ground displacement and vertical settlement have become an integral part 
of monitoring the performance of geotechnical engineering and design (Mazzanti et al. 2015). 
Recently, many large infrastructure projects (e.g. transportation corridors, bridges, dams, 
retaining structures, mines, slope design and restorations), require the monitoring of 
displacement and settlement of the structure for its design life. However, the need for 
improved monitoring has been highlighted by urbanization that has led to the development 
of areas previously considered geologically unstable and the changing weather patterns. 
Figure 1 shows the overlay of high susceptibility landslide areas in the continental United 
States (Godt, 1997; Radbruch-Hall et al. 1982) on the densely populated areas and highway 
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network. It is evident from Figure 1 that several communities and a large portion of the 
highway network are vulnerable to land-sliding/slope-instabilities.  

 

Traditional geotechnical monitoring techniques require the installation of invasive, in 
situ instrumentation, such as inclinometers and/or accelerometers to measure rotational 
displacement and the change in displacement rates, respectively. The installation of this 
instrument suite, although exceptionally useful (e.g., inclinometers alone can measure 
landslide movement direction, magnitude, rate, and depth), does have some downsides, 
including requiring upfront cost of installation and continued upkeep of the instruments, the 
common accidental improper installation resulting in the under-achievement of actual slope 
monitoring (Stark & Choi 2008), limited spatial coverage of a single instrument, and 
alteration of the environment in and on top of the slope.  

Particularly, considering the spatial extents of the area that need to be monitored (as 
shown in Figure 1), the limited spatial coverage of traditional in-situ instrumentation warrants 
new approach to geotechnical performance monitoring. The objective of this study is to 
present real world examples demonstrating the application of remote sensing for regional and 
local scale performance monitoring of infrastructure as a new paradigm that provides high 
spatial- and temporal-resolution for geotechnical performance assessment. In this study we 
present two examples, 1) a regional scale assessment of settlement in Metropolitan Detroit, 
MI, and 2) a local scale assessment of a slope displacement at Yukon, Alaska.  

Regional assessment using Synthetic Aperture Radar (SAR): 
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SAR is an active, side-looking radar system that simulates a large antenna in the azimuth 
(flight path) direction. This allows for the acquisition of imagery at resolutions higher than 
that are capable with a stationary antenna. Interferometric SAR (InSAR) is a technique that 
utilizes multiple radar image acquisitions over the same area to measure temporal changes in 
satellite-ground distance. Since satellite position is known at each acquisition, this procedure 
is capable of measuring ground settlement between image acquisitions. Interferograms, 
generated from a pair of radar images, can accurately measure settlement rates at the cm/year 
scale. Persistent Scatterer Interferometry (PSI), an InSAR stacking technique that processes 
more than 20 radar images at once, can accurately measure settlement rates at the mm/year 
scale (Ferretti et al., 2001; Bouali et al. 2016). The latter is used for this case study. 

 A high concentration of geotechnical assets is located in urban settings, and imagery 
obtained with remote sensing instruments allows for geotechnical performance monitoring 
on a regional scale. PSI measures ground settlement rates at thousands of point targets, 
referred to as persistent scatterers (PS), simultaneously, with data from multiple PS contained 
within the spatial extent of a single geotechnical asset. The vast amount of ground settlement 
data calculated using PSI can be seen in the Detroit, MI case study (Figure 2A). 64,256 PS 
over 427 km2 (>150 PS/km2) were obtained using 50 radar images spanning 1992 through 
2000 from the ERS-1 and ERS-2 satellites. A close-up view of the northwestern extent (white 
polygon Figure 2A) is shown in Figure 2B. PS are draped on an interpolation map showing 
the spatial extent of downward (red) and upward (blue) areas of motion.  

 Geotechnical assets in the Detroit metropolitan area in Wayne County, MI were built 
upon complex geologic conditions due to a variety of glacially deposited sediments and soils. 
Glacial drift, in the form of glacial lake plains and marginal moraines, rest atop bedrock 
composed of dolomite, sandstone, and shale. Of the exposed soils in Wayne County, 80.3% 
are composed of poorly drained, 11.5% exhibit well drained, and the remaining 8.2% are 
altered, marshland, or open water (Larson 1977). Clay-rich soils, like those found in Wayne 
County, shrink and swell with variable moisture content and can displace geotechnical assets 
at the mm-scale. In this example, locations of concern for the structural integrity of 
geotechnical assets would be the boundaries between downward and upward motion (Figure 
2B), where greatest differential ground settlement occurs. PSI results can then be combined 
with soil surveys and drainage maps to identify the areas with the greatest risk of 
hydrologically-induced settlement and uplift to infrastructure. 

Local scale assessment using photogrammetry: 

Photogrammetry as a surveying technique has been around for more than a century (Wolf 
and Dewitt, 2000), but only recently have computer power and efficient computational 
algorithms allowed this method to become a widespread tool for surveying natural and 
artificial surfaces in the field, at close range (Westoby et al., 2012). Current software 
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processing algorithms allow the use of consumer grade cameras to produce high quality, three 
dimensional models of the surfaces imaged by the cameras. These models however rely on 
good camera calibrations and ground control points, to produce precise outputs that represent 
the surveyed surface. The product can be obtained as point clouds in three dimensional space, 
similar to three dimensional point clouds obtained from LiDAR scanners. 

 

Figure 2. (A) Left image: Ground settlement rates (velocity) from 64,256 PS calculated over 
metropolitan Detroit, MI between 1992 and 2000 using ERS-1/-2 imagery. Negative values 
indicate downward motion; positive values indicate upward motion. (B) Right image: Close-
up view of NW corner (white polygon from Figure 2A), with nearest-neighbor interpolation 
of settlement rates showing regions of downward motion (red) and upward motion (blue). 

In geotechnical engineering, high precision surveying of slopes and other 
geotechnical assets has been used to monitor the stability of such assets through time. 
Traditionally this has been done using highly time and other resource consuming methods, 
involving surveying crews (e. g. total station or precision leveling transects); although the 
precision achieved with such methods can be very high, they tend to be expensive and only 
reveal the location of a few points (e. g. benchmarks) on the geotechnical asset of interest. 
Alternatively, aerial and terrestrial LiDAR scanners can provide a very high density of points 
with a relatively high location precision (< 2 cm), and such representations of the surveyed 
surface provide a much more detailed and informative model for monitoring purposes, than 
the sparse points provided by other traditional methods, however the LiDAR equipment and 
data reduction methods are also expensive and bulky. A less expensive alternative is available 
through digital photogrammetry, by using consumer grade cameras and cheap aerial (e. g. 
small unmanned aerial vehicles, or UAV’s) or terrestrial platforms, and providing in some 
cases similar levels of precision.  
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An example of such applications can be seen at the “Dalton Highway” in Alaska, where the 
road crosses the Yukon River over a ~ 750 m long bridge. This bridge serves as a structure 
for the road and also for the Trans-Alaska Pipeline System. An active landslide has developed 
some ~ 100 m NW of the south end of the bridge, raising the concern that the bridge stability 
could be compromised by the slope stability in the future (figure 3).  
 

 
Figure 3. Digital photogrammetric 3D point cloud of the Yukon River Bridge and nearby 
landslide in 2014. 
 

To monitor if any movement happened on that slope between 2014 and 2015, a 
helicopter based aerial survey was undertaken over the landslide area. A 36 megapixel Nikon 
D800 Digital Single-Lens Reflex (DSLR) camera was used to take between 100 and 150 
images of the landslide and surrounding areas. The images were processed with the digital 
photogrammetry software Photoscan, by Agisoft ®. The resulting point clouds had between 
8 and 15 million points representing the region of interest. Digital elevation models (DEMs) 
were interpolated from such clouds, with a ground resolution of 10 cm (Figure 4, left panel). 
To assess whether the area had experienced any surface motion between 2014 and 2015, 
elevation values from the 2014 DEM were subtracted from the elevation values of the 2015 
DEM (figure 4, right panel). The result shows that elevation changes were subtle, with many 
elevation changes happening over only a small area, and being associated with the movement 
of individual boulders or pieces of debris (e. g. tree trunks). A more regional trend of 
downward motion was observed at the lower end of the slide, and could be related to bank 
erosion at the foot of the slide, the values of such vertical change were however modest (< 
10 cm). Overall it seems that very little displacement related to landslide activity happened 
at the site between 2014 and 2015, a somewhat relieving news from a hazard perspective, for 
those managing the Dalton Highway and the Trans-Alaska Pipeline. 
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Figure 4. Left panel shows the landslide in plane-horizontal projection, with landslide scarp 
and sliding direction indicated. The right panel shows the changes in elevation values for 
each pixel in the DEMs, from 2014 to 2015. 
 
Discussion & Conclusion: 

Remote sensing can be used to monitor geotechnical assets through time, providing key 
information about the surface displacement and deformation, which can then be used to 
assess the asset’s stability, or its reduction through time. Satellite based InSAR allows the 
relatively quick monitoring of large areas with very high precision, with a millimeter scale 
precision for individual displacements, or velocity precision on the order of a few millimeters 
per year. This is particularly the case for areas with abundant infrastructure, e. g. urban areas, 
and transportation corridors, as human built objects tend to reflect the radar signal more 
consistently through time, allowing for stacking methods, like PSI to give better results in 
such areas.  For some applications, the data-point density given by satellite based InSAR 
methods like PSI may not be high enough, but the information on surface displacement can 
be used to focus the efforts for higher point density collection through other methods. 

Local scale assessments and monitoring of surface deformation for geotechnical 
assets can be done using digital photogrammetric methods, based on relatively cheap DSLR 
cameras, and user friendly processing software. The precision achieved through such method 
is on the order of a few cm, and can be used to detect large scale displacements of landslides 
and similar unstable geotechnical assets. The precision and degree of detailed is comparable 
to more expensive LiDAR scanning methods that are usually applied to this kind of 
geotechnical problems. The availability of cheap, lightweight and compact sensors (i.e. 
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photographic cameras), and platforms (e.g. small UAVs for aerial deployment, and vehicle 
or pedestrian use for terrestrial deployment) makes this method very versatile. The need for 
ground control points is however important to keep in mind, as the quality of the end product, 
e.g. the surface displacement over time, may depend on such ground control. 
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