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Abstract

A series of illustrated examples is presented here to demonstrate the capabilities of ground-level
monitoring using InSAR (interferometric synthetic aperture radar). Greater London is an ideal area to
demonstrate and validate measurements derived using InSAR; its continuous urban fabric and the
regular acquisition of SAR images from high-resolution sensors, such as TerraSAR-X, allows detection
and monitoring of over 1.7 million measurement points with millimetre-scale accuracy. The results,
some of which are shown here, reveal fascinating spatial and temporal patterns of ground motion
across London and demonstrate the benefit of using high-resolution InSAR technologies in
engineering applications. Interpreting the motion patterns can be challenging, however, owing to
their complex and sometimes mysterious causes; we therefore welcome any assistance in doing so
and we hope this photographic feature serves to trigger interest.

Introduction

INSAR (interferometric synthetic aperture radar) is a remote sensing tool that provides reliable
ground surface displacement measurements. Greater London is an ideal area to demonstrate this
technique's capabilities, as is shown in the following examples. London's continuous urban fabric as
well as regular acquisition of SAR images from high-resolution sensors such as TerraSAR-X allow
monitoring over 1.7 million measurement points with millimetre-scale accuracy, offering a unique
way to detect the millimetre-scale regional movements originating from civil engineering projects
across London.

The processed data results presented here represent ground motion measured in the line of sight
(LOS), without any interpretation, and are presented as average LOS ground velocity (in mm a-1) or
cumulative displacement (in mm). They were processed using an advanced multi-interferogram
technique called SqueeSAR™ (Ferretti et al. 2011) at TRE ALTAMIRA, Milan, Italy. A variety of multi-
interferogram techniques have been developed in the past 20 years, the majority of which belong to
one of two families of algorithms (Ferretti 2014): permanent scatterer interferometry (PSI; Ferretti
et al. 2001) and small baseline subset (SBAS; Berardino et al. 2002). A review of multi-interferogram
techniques has been given by Osmanoglu et al. (2016). The SqueeSAR™ method combines elements
from both SBAS and PSI techniques, thereby achieving a high measurement point density over areas
characterized by distributed scatterers or DS (identified by SBAS-type algorithms), while preserving
the information provided by point-wise (or permanent) scatterers (PS) used in PSI. A detailed
description and explanation of the SqueeSAR™ technique has been given by Ferretti et al. (2011).

The majority of measurement points shown in the following supporting figures are permanent
scatterers. These are ground objects that reflect radar waves in a way that is stable over time; that
is, the object's radar return does not lose coherence (Ferretti et al. 2001). Amplitude and phase
information are recorded for each radar image; any change in or movement of the PS position will
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result in a phase shift of the radar return between an image acquired before and one acquired after
the movement (Ferretti 2014). After filtering out noise and topographic and atmospheric effects, this
phase shift can be translated into a displacement in the LOS of the sensor, providing measurements
of ground movement at millimetre-scale accuracy (Ferretti et al. 2007).

The ground motion data presented here are derived from a fixed set of 150 images covering the
same region of the Greater London area, acquired by an X-band (wavelength 3.1 mm) sensor
mounted on the TerraSAR-X satellite, in regular, usually 11 day, intervals between 1 May 2011 and
28 April 2017. The measurements have millimetre-scale accuracy owing to the high number of
images (150) and the long timespan covered (6 years). The dataset contains, on average, 1482
measurement points per km2 in an area of over 650 km2. All displacement values referred to in this
paper are in the LOS of the sensor, which in this case means at an incidence angle of 37.33°. Figures
1-5 show surface displacement over a range of construction sites.

Fig. 1. Total displacement in the line of sight (LOS), in millimetres, of 1 788 295 permanent scatterers
(PS) and distributed scatterers (DS) based on 150 TerraSAR-X scenes acquired between 1 May 2011
and 28 April 2017. The displacement patterns show that, in general, there is little ground movement
across London (pale green colours indicate 0 mm) but there are a number of noticeable areas of
significant movement, both up and down. The most obvious ground movements include the
meandering pattern of settlement associated with the east—west route of the Crossrail project.
There are also subtle patterns of uplift to the north and south of the Thames; these are thought to
be neo-tectonic effects. Features related to Crossrail: 1, Paddington; 2, Bond Street (Fig. 3); 3,
Tottenham Court; 4, Fisher St Crossover (Fig. 2); 5, Farringdon; 6, Liverpool St; 7, Whitechapel and
Vallance Rd crossover; 8, Stepney Green Junction; 9, dewatering for cross passages (Fig. 5); 10,
Limmo shaft dewatering (Fig. 6); 11, Connaught Tunnel dewatering. Other features of interest: 2A,
Bond St Station upgrade (Fig. 4); 12, Blackfriars Bridge (Fig. 8); 13, a cable tunnel; 14, the effects of
extensive dewatering at Canary Wharf are not seen, because pumping started prior to 2011 and had
not ceased at the time of writing; 15, Lee Tunnel and a drift-filled hollow; 16, Lee Tunnel shafts at
Beckton; 17, Northern Line Extension dewatering (Fig. 7).
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Fig. 2. Fisher Street crossover. (a) Map view of the area above the Crossrail Fisher Street crossover
cavern. An outline of the tunnel location is shown in blue. (b) Profile from A to A' along the tunnel
location, which was constructed using the mean of PS displacement measurements within 40 x40 m
windows centred on nodes spaced every 10 m along the profile line. The profile shows that the
displacement measured by PS is 35 mm and variable along the profile.
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Fig. 3. Bond Street Station. (a) A 3D view, facing SW, of the PS measurements in the area around the
western end of the mined Crossrail Bond Street Station; the Crossrail Western Ticket Hall box is in
the top right corner. (b) Time series of two PS located on separate but directly adjacent buildings in
South Molton Street, indicated in (a). As can be seen from the graphs in (b), only the building to the
south is affected by an uplift of 10 mm, which eventually causes about 10 mm difference in the final
settlement. The uplift is most probably caused by Crossrail compensation grouting.
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Fig. 4. Bond Street Station Upgrade. (a) Response of buildings to the tunnelling works for London
Underground's recent Bond St Station upgrade. The data show settlement of 20 mm just north of
Oxford Street. (b) Time series of four PS, with their location indicated by green circles in (a). The red



bars indicate the start of settlement recorded by these four PS, progressing from south to north.
Time series 4 furthermore shows a sudden drop and direct recovery of 15 mm, a pattern that is also
visible and synchronous, although less pronounced, in time series 3.
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Fig. 5. 02 Arena. (a) PS measurements over and around the 02 Arena during Crossrail dewatering
works, located in East London, as shown in (b). The O2 Arena's roof is actually a non-metallic ‘tent’
as shown in (c), which means that radar beam can pass through it and so the PS represent
movement of the structures underneath the tent rather than the tent itself. (d) Cross-section across
the 02 Arena, A—A', constructed using the mean of PS measurements within 50 x 50 m windows
centred on nodes spaced every 10 m along the section. The graph below the cross-section indicates
which dates are represented by which colour. The cross-section shows that the area was affected
mainly by contiguous settlement and rebound related to dewatering; however, during winter 2013—
2014, there was a 10 mm greater settlement in the northern half of the section, a difference that
persists in the ensuing ground rebound. (a) also shows that river embankments north of the 02
Arena are affected by 1-2 cm of settlement between 2011 and 2017.

Background on radar interferometry

The remote sensing technique generally referred to as INSAR was initially applied to large-scale
natural movements such as earthquakes (Massonnet et al. 1993), but it has since developed into a
monitoring technique for millimetre-scale movements caused by human activity such as oil reservoir
elevation changes (Ferretti 2014), but also for infrastructure. Common civil engineering applications
include monitoring of tunnels (Barla et al. 2016), bridges (Lazecky et al. 2015), single structures
(Giannico et al. 2012) and general urban subsidence (Osmanoglu et al. 2011). The examples



presented in this paper focus principally on measurements of ground movement associated with
recent tunnelling activities in the Greater London area.

INSAR allows measurement of ground deformation by detecting the phase differences between at
least two SAR images (Goldstein et al. 1988; Rosen et al. 2000). A tutorial by Moreira et al. (2013)
gives a comprehensive introduction to the basic concepts of synthetic aperture radar, and
Osmanoglu et al. (2016) reviewed the advantages and limitations of several INSAR processing
algorithms.

Infrastructure monitoring is, in general, performed using permanent scatterer interferometry (PSI), a
technique that mitigates the limitations of conventional INSAR; most importantly, the artefacts
introduced by the Earth's atmosphere (Ferretti et al. 2001; Barla et al. 2016). Although SqueeSAR™
detects both distributed and permanent scatterers, in the case of urban areas such as London the
majority of scatterers are permanent. Rather than producing an interferogram based on just two
radar images, multi-interferogram techniques exploit a stack of several SAR images. Objects on the
ground that do not change the way they reflect the radar signal over time (point-wise targets, such
as building rooftops, facades and road surfaces) are identified as permanent scatterers (Ferretti et
al. 2001). This allows a better filtering of the atmospheric phase contribution and results in a set of
measurement points (permanent scatterers) with an associated time series corresponding to the
acquisition dates of the images in the stack.

Anomalies in London's geology highlighted by construction-related ground
movement

The basement geology under London is overlain by a comparatively thin (c. 100 m) layer of Chalk,
followed by Paleogene and Quaternary sediments, including the Thanet Sand, London Clay and River
Terrace Deposits (Aldiss 2014). A summary of the stratigraphy found under Central London and
adjacent areas has been given by Royse et al. (2012) and a detailed guide has been provided by
Ellison et al. (2004) and in the British Geological Survey report authored by Aldiss (2014).

The thickness and extent of the strata are highly variable across the Greater London area; such
variations are the result of its complex tectonic history (Royse et al. 2012). Most Paleogene strata
are laterally discontinuous, reflecting the highly variable palaeo-environments of their deposition:
marine, deltaic, estuarine, terrestrial and glacial-fluvial, with evidence of prolonged periods of
erosion (Aldiss 2014).

The surface ground movement caused by large-scale civil engineering projects, such as the Crossrail
tunnels, is closely linked to the local geology. The London Clay Formation is generally considered to
be well suited to tunnelling (Black 2017), but the stratigraphy in London contains several units that
present a variety of challenges to geotechnical engineers. Davis (2016) published a practical review
of London's geology from a geotechnical engineer's perspective and pointed out a number of
potential problems for tunnelling within the different stratigraphic layers, such as hard pans in the
Lambeth Group and buried hollows (Banks et al. 2015). Arguably most challenging is the Lambeth
Group, because its properties are highly variable, both laterally and vertically.

A key problem for geotechnical engineers is that these challenging ground conditions often occur
unexpectedly and at scales too small to be represented in published geological models (Aldiss 2013).
However, the ground movement originating from subsurface construction projects, especially from
dewatering and tunnelling itself, is detectable with PSInSAR. The surface expression of these two
mechanisms is, among many other factors, dependent on the local geology. PSINSAR data uniquely



highlight millimetric differences in ground deformation over a wide area and so constrain likely
locations of geological discontinuities and anomalies, as demonstrated in Figures 1-7.
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Fig. 6. Limmo dewatering. (a)—(e) show the impact as measured by InSAR of the dewatering
necessary for Crossrail's construction in East London around the Limmo peninsula. The TerraSAR-X
data were partitioned into five time periods, defined by the response to dewatering; the cut-off
times are indicated by the red bars in (f), which shows a representative time series near the Limmo
Peninsula. The maps show the total displacement that took place between the dates indicated at the
top, therefore the settlement directly caused by Crossrail tunnels for example is visible only in (c).
The precision of the measurements calculated in the 6 month periods is lower with respect to the
entire monitored period.
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Fig. 7. Northern Line Extension. (a) Map of the area around Kennington Park and the Oval, which
highlights the impact of dewatering necessary for the construction of some of the subsurface
Northern Line Extension works. The colour represents the average annual displacement between 1
January 2016 and 28 April 2017. The time series of two PS points are shown in (b) with their
locations indicated in (a). Both (a) and (b) indicate a linear north—south disparity in this area. The
time series of the southern PS (diagonal cross) indicates that this area has been affected by
continuous uplift since the end of 2013, a trend that is not seen on the northern side, as shown by
the time series of the more northern PS (upright cross). However, since dewatering started in 2016,
its impact is visible only on the northern side and the uplift trend in the time series of the southern
PS (diagonal cross) shown in (b) seems unaffected.

Expected and detected ground movement related to tunnelling in London

The ground response to tunnelling-related grouting and settlement troughs are local (tens of metres
extent) and their short-term behaviour is well understood when compared with long-term
associations (Jurecic et al. 2013; Farrell 2015; Hill & Stark 2015). A Crossrail case study at Kempton
Court, Whitechapel, showed that the short-term settlement trough conformed to the predicted
form, whereas the long-term settlement trough was wider than expected (Hill & Stark 2016).
Evidently, the empirical based methods currently used to predict long-term settlement troughs,
especially towards the edges of the trough, can be improved (Wongsaroj et al. 2007, 2013; Hill &
Stark 2015; Hover et al. 2015). For a better prediction model, accurate measurements of the long-
term development of existing settlement troughs are essential, which is an ideal application for
PSINSAR in an urban environment such as London. The TerraSAR-X data presented in this paper
reveal a complex pattern of settlement trough extent and magnitude, as shown in Figures 1 and 2,



which is often influenced by a combination of factors including local geology, mitigation measures,
tunnelling method and dewatering.

In contrast to the local impact of tunnel excavation and grouting shown in Figures 3 and 4,
dewatering for London's Crossrail has caused regional ground deformation over a significantly wider
area of several square kilometres, which makes it difficult to monitor. The majority of studies
published on the impact of Crossrail dewatering are based on readings from a grid of piezometers, as
well as ground-based monitoring data in relatively close proximity to the construction sites
(Lawrence et al. 2016, 2018). However, the associated regional ground movement was so far
unknown, and is shown in Figures 5 and 6. Similarly, ground movement caused by dewatering for the
Northern Line Extension is shown in Figure 7.

PSInSAR as a potential monitoring tool for civil engineering projects

It is clear from the examples shown in this paper that the civil engineering projects taking place
across the capital cause displacement measurable with PSInSAR. This is not limited to subsurface
construction, and large structures, such as Blackfriars Bridge, clearly experience movement
(presumably settlement), as shown in Figure 8. The examples also highlight the complexities
involved in interpreting INSAR data correctly to gain valid information. As shown in Figure 6,
subsidence and subsequent ground rebound demonstrate that the whole time series of the data
needs to be considered rather than just looking at average LOS velocity (mm a-1) or cumulative
displacement. Furthermore, it is important to consider where a permanent scatterer is actually
located on the ground, as shown in Figure 7 where some permanent scatterers represent structures
underneath rather than on top of the 02's domed canopy roof.
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Fig. 8. Blackfriars Bridge. (a) A 3D image of the bridge, in Central London, to illustrate the settlement
during work to reconstruct Blackfriars station. (b) Map view of the bridge and the location of two PS
located on the central eastern and western side of the bridge, whose time series is shown in (c).
There is a pronounced difference in total displacement magnitude between the eastern and the
western side. The majority of PS on the eastern side of the bridge show settlement between 25 and
45 mm, whereas the PS on the western side move at a more varying rate, with a total settlement of
up to 80 mm in the centre of the bridge. We have interpreted this differential settlement as related



to the addition of three steel arched ribs on the bridge's western side, compared with only one steel
arched rib on the eastern side (Baecke 2016).

Even so, this TerraSAR-X dataset has considerable and unique advantages over other monitoring
techniques, not least the high measurement point density over a wide area and, without the need to
install any equipment on the ground, a measurement accuracy of a few millimetres, and a bimonthly
measurement frequency for each point over several years. No conventional ground-level
measurement technique can achieve such attributes in a timely way without significant costs. Nor
can a conventional method achieve such measurements retrospectively to establish a pre-
engineering works baseline. This approach (i.e. high-resolution SAR used with an advanced PSI
algorithm such as SqueeSAR™) presents a powerful and perhaps unique way to achieve cost-
effective, high-precision monitoring of ground movement, over a wide area, both retrospectively
and going forward; we suggest it should become a matter of best practice for all ground engineering
works.
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