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Abstract 

Interferometric Synthetic Aperture Radar (InSAR) can measure ground deformation over wide areas 

with millimetric precision. Real and perceived differences, between InSAR and ground-based 

measurements, have caused slow uptake of this technique within civil engineering. London’s sub-

surface contains numerous geotechnical hazards, many of which are under-represented on geological 

maps due to the challenges of conventional geological mapping in urban areas; these present 

considerable risks for engineering projects.  

Differences between InSAR and ground-based measurements have been addressed through validation 

with monitoring data from the Northern Line Extension and Thames Tideway East (TTE) tunnels. 

Comparisons of InSAR datasets derived from different satellites and processing chains have also been 

undertaken. In general, strong correlations were observed and the bigger the displacement measured, 

the stronger the correlation. 

The benefits of InSAR during geotechnical site investigation are revealed through retrospective 

analysis of the Lee Tunnel; had InSAR data been analysed prior to tunnelling, an unusual displacement 

pattern caused by a drift-filled hollow may have been recognised.  A TTE tunnel baseline study 

identified that much of the significant subsidence along its route is from tunnel settlement and 

dewatering induced for Crossrail.  

InSAR data from ascending and descending passes can be decomposed into vertical and horizontal 

components, making it easier to distinguish anthropogenic from natural causes. Anthropogenically 

induced displacements were largely vertical, and the horizontal displacements reveal a ‘blocky’ 

pattern, likely due to faulting. Two-thirds of the probable faults had multiple lines of evidence when 

compared with published geological maps.   

Active construction sites have a changing surface expression resulting in few persistent scatterers (PS). 

Corner reflectors, as artificial PS, were installed at nine locations across London to assess their utility 

in increasing PS density. Results show that the corner reflectors are readily identifiable in X-band SAR 

intensity data but less clear in C-band. 

The findings of this research demonstrate the value, as well as limitations, of InSAR for geoscientists 

and civil engineers, at all stages of a project lifecycle.  
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1 Introduction 

1.1 Motivation 

Recent observations from construction projects in London and academic research highlight the 

structural complexity of the London Basin (Aldiss, 2013, Davis, 2016a, de Freitas, 2009, Morgan et al., 

2020, Newman, 2009, Newman, 2008, Royse et al., 2012). Geotechnical hazards in London include 

faulting, drift-filled hollows, sand channels and hard-grounds. Many of these hazards are under-

represented on geological maps because of the challenges in geological mapping within an urban 

environment.  

London’s geology has historically been well-suited to tunnelling operations, since London Clay is easy 

to excavate, largely impermeable, and has good load bearing characteristics (Ellison et al., 2004, 

Newman, 2009, Paul, 2016, Standing and Burland, 2006). However, the density of underground 

structures means that tunnels in London are increasingly bored at deeper levels. Crossrail has depths 

up to 40 m and along its 21-km length, encounters almost all of London’s stratigraphy (Black, 2017).  

The Lee Tunnel, constructed between 2010 and 2016, has an average depth of 75 m and is constructed 

exclusively within the Chalk (Anamoah and Feeney, 2013). The broadly unknown locations of 

geotechnical hazards at depth poses serious issues for engineering projects.  

InSAR is a remote sensing technique that provides reliable ground surface measurements over time, 

with millimetric precision, along the sensor’s ‘line-of-sight’ (LOS). InSAR has gained recognition in the 

last two decades in the UK as a tool for ground monitoring above tunnelling projects, particularly in 

London because of the post-construction monitoring of the Jubilee Line Extension (1993 to 1999) and 

the Crossrail project, for which tunnelling between May 2012 and May 2015 led to a clear settlement 

trough aligned east–west across central London (Bischoff et al., 2020, Giardina et al., 2018, Marti et 

al., 2017, Milillo et al., 2018, Robles et al., 2016).  

Recent research has demonstrated the potential of InSAR to identify geotechnical hazards such as 

faulting (Aguado et al., 2015, Bischoff et al., 2019, Mason et al., 2015, Morgan et al., 2020). This 

research aims to build on that knowledge to investigate whether InSAR is a beneficial tool in the desk 

study and ground investigation phase, and to identify potential geotechnical hazards prior to 

tunnelling.  

InSAR has unique advantages over traditional ground-based monitoring, including an archive of almost 

30 years available for retrospective analysis and wide area coverage. However, through real and 

perceived differences in results between different InSAR and ground-based measurements, the 

uptake of this technique within civil engineering has been slow. This research aims to address these 
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issues through validation of InSAR with ground-based measurements and by comparing InSAR 

datasets.  

A further general limitation of InSAR is the opportunistic nature of the technique, meaning scatterers 

must remain relatively stable throughout the time period studied. In areas of active construction, the 

surface expression of a site may change rapidly, resulting in few InSAR measurement points and hence 

limiting the use of the technique. In this research, corner reflectors (CRs) are installed to assess their 

utility in solving this problem.  

The scope of work of this thesis changed as the project progressed. The original objectives of the PhD 

had a stronger focus on the Thames Tideway East (TTE) tunnel, where a baseline line and historical 

analysis pre-tunnelling, active monitoring during tunnelling and post-construction monitoring would 

be conducted. Due to delays with the project meaning tunnelling began in January 2021, only the 

baseline historical analysis could be completed for TTE. This opened up the opportunity to change the 

objectives and enabled more detailed research into other tunnelling projects (Northern Line Extension 

and Lee Tunnel), comparison of InSAR datasets and exploration into natural deformation processes in 

London, such as shrink-swell and groundwater level change. 

1.2 Aims and Objectives 

The four main aims of the research are to: 

1) Illustrate some of the causes of ground movements in London, as well as the nature, scales 

and styles of ground response. In London there are continuous anthropogenic activities that 

can cause ground deformation, such as construction, excavation, tunnelling, dewatering etc. 

There are also natural changes like compressible ground and shrink-swell that cause ground 

deformation. Additionally, London’s subsurface geology is highly variable and contains many 

geotechnical hazards including sand channels, drift filled hollows and faulting. Lithology and 

geological structures influence the response of the ground to anthropogenic activities, which 

can be revealed by InSAR and can further our understanding of the locations of these 

structures. The key research questions to be addressed here are: 

• Is a shrink-swell signal identifiable in InSAR data in London? 

• Can subsurface geotechnical hazards be identified with InSAR measurements of 

surface deformation? 

• To what extent do changes in groundwater level affect surface deformation? 

2) Explore whether InSAR can provide additional insights alongside traditional methods at the 

desk study and geotechnical investigation stage of a major construction project. Within civil 
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engineering, InSAR has historically been used as an active and post-construction monitoring 

tool. Main research question: 

• To what extent can InSAR aid desk study/site investigations for urban construction 

projects? 

3) Test whether InSAR is a reliable, cost-effective, and accurate tool which is independent of, 

but complementary to, other ground-based instrumentation and methods. InSAR results are 

verified with ground-based monitoring data, and the use of different satellites and processing 

chains are assessed to determine their effect on the derived ground movements.   

• Are InSAR results and ground-based measurements correlated and if so by how much? 

• What are the advantages and limitations of using InSAR for active monitoring? 

4) Evaluate the use of CRs as stable and unchanging (persistent) scattering reference markers 

for deformation monitoring in urban areas. CRs are typically used in rural areas where there 

are a lack of natural persistent scatters. Here, CRs are used to provide a point with a stable 

radar response and known GPS location at Tideway East sites, where the ground surface is 

constantly changing as a result of ongoing construction, and at schools across London to 

provide an independent stability check.  

• What are the advantages and limitations of installing and using corner reflectors as a 

consistent InSAR monitoring point in urban areas? 

 

1.3 Thesis overview 

This thesis is structured as seven Chapters. This first Chapter introduces the motivations for the 

research and the aims and objectives it seeks to address.  

Chapter 2 describes the present understanding of London’s geology and traditional methods of 

deformation monitoring. The basics of InSAR and the PSI technique are then described and previous 

work using InSAR as a monitoring tool for tunnelling and specifically InSAR applications in London are 

then reviewed. Methods for resolving east-west and vertical deformation from ascending and 

descending satellite geometries are discussed as well as considerations for installing corner reflectors 

for the purpose of deformation monitoring. 

Chapter 3 outlines the methodology for PSI processing of Sentinel-1 data in ENVI® SARscape® and 

presents the other InSAR datasets that are used in this research. The corner reflector design process 

is also described. 
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Chapter 4 compares PSI data with ground-based monitoring data from the Northern Line Extension 

tunnelling project and demonstrates the benefits of InSAR for active and post construction monitoring. 

The possibilities of InSAR as a desk study pre-construction tool are illustrated in a case study example 

for the Lee Tunnel. Additionally, three InSAR datasets are compared for an area of East London, to 

assess if PSI results are a function of the chosen processing chain.  

Chapter 5 investigates whether InSAR can detect a background shrink-swell signal in London. 

Ascending and descending InSAR data are also compared and resolved to identify the east-west and 

vertical components of displacement. Sources of surface deformation are further investigated by 

comparison of InSAR results with groundwater data from the Environment Agency. Potential 

geotechnical hazards from the east-west and vertical InSAR results are identified and compared with 

published geological maps.  

Chapter 6 explores the application of InSAR to the Tideway East Tunnel. The response of CRs installed 

across London are analysed. A baseline of surface deformation from 1992 to 2015 prior to construction 

works are established and any deformation from initial construction works at the shaft sites 

monitored. Table 1.1 summarises how each chapter addresses the research aims. 

Chapter 7 reviews the work undertaken with respect to the research objectives and comments on the 

benefits and limitations of using InSAR through all stages of a construction project, with concluding 

remarks and recommendations for future research.  

Table 1.1 Summary of which chapter addresses which research aim. 

Research 
Objective 

Chapter 

4 5 6 

1) Causes ground 
movements 

x x  

2) InSAR for site 
investigation and 
geohazard 
mapping 

x x x 

3) Ground truth 
and dataset 
comparison 

x  x 

4) Use CR in urban 
areas 

  x 
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2 Literature Review 

The first sub-section of the literature review (§2.1) details the major factors affecting ground 

deformation in London, which is the area of interest for this research. These factors include natural 

features, such as geology and hydrogeology, as well as anthropogenic activities such as tunnelling. It 

also reviews traditional methods of monitoring ground deformation. Next, §2.3 describes the 

principles of SAR image acquisition and InSAR processing methodologies, which have been used to 

assess ground deformation in London, as well as reviewing previous research using InSAR to study 

London. §2.4 details how LOS InSAR results from ascending and descending passes can be combined 

to derive east-west and vertical displacements. Finally, §2.5 describes the theory and design of corner 

reflectors (CRs), which have been used as calibration points for the deformation monitoring tools in 

this research.   

2.1 Geology of London in an engineering context 

London’s subsurface is crowded with infrastructure, hence new tunnels are having to go deeper into 

the subsurface. The Lee Tunnel is the deepest tunnel ever built in London, with an average depth of 

75 m within the Chalk. The Thames Tideway Tunnel ranges between ca. 15 m deep in the London 

Clay at Acton (west) and 60 m deep in the Chalk at Abbey Mills (east). Since no infrastructure in 

London goes deeper than the Lewes Nodular Chalk, only the stratigraphy above this formation will 

be detailed in the following sections.  Figure 2.1 shows the major lithological groups encountered 

during tunnelling in London.  

 

Figure 2.1 Geological cross section of London, from Acton (west) to Abbey Mills (east). Modified after (Newman, 2021).  
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2.1.1 Geological History 

The London Basin consists of ca. 300 m Cretaceous-Palaeogene sequence on a Palaeozoic basement. 

The geological succession from the Lewes Nodular Chalk through to Made Ground is shown in Table 

2.1.  

Table 2.1 Geological succession in London from the Lewes Nodular Chalk to Made Ground. 

 

 

 

 

 

 

 

 

 

During the Upper Cretaceous, southern England was submerged under warm marine shelf conditions 

and chalk formed on the partly faulted southern margin of the London Platform, which was 

approximately 100-500 m underwater at this time (Mortimore et al., 2001). Chalk deposition was 

episodically rejuvenated by syn-depositional faulting (Mortimore et al., 2011). The Lewes Nodular 

Chalk is characterised by nodular layers/hardgrounds formed by lithification, whereby the chalk has 

been mineralized by agents such as glauconite, iron and silica. The Seaford Chalk is a firm white chalk 

with semi-continuous nodular and tabular flint seams (Hopson, 2005).  

Chalk deposition ceased in southern Britain at the end of the Cretaceous due to fault inversion and 

uplift (Mortimore and Pomerol, 1997) associated with the opening of the North Atlantic, convergence 

of Africa and Eurasia, and increased volcanism. The Chalk was exposed and denuded throughout the 

early-mid Palaeocene (for ~10-15 Ma), but deposition resumed at the end of the Palaeocene (Krynine 

and Judd, 1957).  

During the Palaeogene, London was on the edge of a sedimentary platform and deposits were laid 

down during repeated transgressions and regressions (Ellison et al., 2004, Royse et al., 2012). The 

oldest Palaeogene unit in London is the Bullhead Beds which lie unconformably over the Chalk and 
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Upper 
Cretaceous 

White Chalk 
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Seaford Chalk 

Lewes Nodular Chalk 
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consist of clayey, glauconitic silt or fine sand with abundant, angular, up to cobble-sized Chalk-derived 

flints (Royse et al., 2012). The Thanet Sands lie above the Bullhead Beds and are a coarsening upward 

sequence of fine to medium glauconitic sand, which can be silty or clayey in places, deposited in a 

shallow marine environment. The Lambeth Group lies unconformably on the Thanet Sand and is a 

highly variable sequence of near-shore marine, estuarine, lagoonal and fluvial to terrestrial deposits 

(Royse et al., 2012). Table 2.2 contains descriptions of the three formations and their constitutive 

lithostratigraphical members. The Upnor Formation can be contemporaneous with the Reading 

Formation, and the Woolwich Formation can also be contemporaneous with the Reading Formation, 

but the Upnor Formation is never contemporaneous with the Woolwich (Page and Skipper, 2000). The 

Lambeth group contains sand channels, which represent infilled river courses and can vary from small 

and sinuous to hundreds of metres wide (Davis, 2016b). Sand channels are often associated with 

faulting and Crossrail investigations found them to be concentrated under tributaries of the Thames 

(Davis, 2016b).  

Table 2.2 Formations of the Lambeth Group. Modified after Page and Skipper (2000).  

Formation Lithostratigraphical 

Unit 

Dominant sediment 

type(s) 

Environment of 

deposition 

Reading Formation Upper Mottled Beds Pedogenically altered 
sediments. Typically 
mottled clay, silt and 
sand 

Alluvial plain 
(overbank deposits 
plus channel sand) Lower Mottled Beds 

Woolwich Formation Upper Shelly Beds Laminated shelly 
clay, silt and fine 
sand 

Brackish, shallow 
water, restricted 
marine, estuarine 
and channel sands Lower Shelly Beds Laminated shelly 

clays 

Laminated Beds Laminated silts, clays 
and fine sand 

Upnor Formation Pebble beds Locally significant 
gravel component 

Shallow marine, 
high energy 

Glauconitic Beds Heterolithic clays, 
silts and sands 
containing the green 
clay glauconite 

Shallow marine - 
shoreface 

 

Overlying the Lambeth Group is the Harwich Formation, a transgressive sequence subdivided into the 

Swanscombe, Oldhaven and Blackheath Beds. It typically consists of black rounded and sub-rounded 

medium to coarse flint gravel in a silty or clayey, glauconitic fine to medium sand matrix. The Harwich 

formation has a highly permeable lithology and contains hard calcareous concretions.  
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The end of the Harwich was marked by more uplift and erosion and retreat of the shoreline to the 

east, followed by a rise in sea level with a maximum water depth over London of 200 m and deposition 

of the London Clay (Davis, 2016b). King (1981) identified 5 units within the London Clay (A to E) based 

on sedimentary cycles that have slight variations in sand content and fossil fauna. Each cycle has a 

coarsening up sequence and the identification of boundaries between divisions can be aided by water 

content profiles (Standing, 2018). In parts of London, the Claygate Member and Bagshot formation 

are found above the London Clay. After the deposition of the London Clay, there is a gap of 

approximately 50 Ma before deposition of the next strata. Little is known about what was occurring 

in London in this interval due to a lack of in-situ deposits. However, at this time the African and 

European plate collision that formed the Alps was ongoing, resulting in the inversion and uplifting of 

the Weald basin. This compression also affected the London Platform, reactivating faults and shearing 

the London Clay.  

During the Quaternary, sediments have been deposited  in the London Basin over approximately the 

last ca 1.65 Ma (Royse et al., 2012). Glaciation to the north of London dominated erosion and 

deposition and glaciers also caused deformation of the ground. Most notably, weathering produced 

deposits of Clay-with-Flints and River Terrace Deposits (RTD) were laid down. RTD were deposited in 

braided river channels at the end of each glacial episode in the Pleistocene and provide evidence of 

an ancient river system, a precursor to the River Thames (DEFRA, 2015, Gibbard and Lewin, 2003, 

Toms et al., 2016). The thickness of these deposits varies significantly, as does the lateral distribution. 

RTD typically consist of sand and gravel with lenses of silt, clay and peat. Alluvium is derived from 

recent river deposits and consists of clays, silts, sands, gravel and peat. 

2.1.2 Lithology-specific geohazards 

Flint, found in the Seaford Chalk, is one of hardest and most abrasive materials that is encountered by 

London tunnels and the effect on tunnelling depends on the size and frequency of flint and flint bands 

(Mortimore et al., 2011). Flint bands, hardgrounds and marl seams may also affect permeability and 

groundwater flow horizons. Chalk is characterised by discontinuities and the frequency at which 

discontinuities occur depends on chalk lithology, weathering and structures such as faults and folds. 

Horizontal discontinuities are typically associated with bedding planes. These discontinuities often act 

as groundwater flow horizons. The quality of Chalk is typically assessed using CIRIA gradings (Lord et 

al., 2002) which depends on fracture aperture, fracture spacing and intact dry density. 

Sand channels found in the Lambeth Group can be a hazard for tunnelling projects, firstly, because 

the infill deposits contain pyrites, which in the presence of air can cause acidic groundwater. Secondly, 

individual sand grains may be coated in a thin layer of complex iron hydroxides known as green rust 
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which can deoxygenate the air, resulting in confined space hypoxia (Newman et al., 2013b) and finally, 

sand channels can also lead to abruptly changing groundwater pressure. 

Hard calcareous concretions in the Harwich formation can cause issues for tunnelling projects if their 

location is unknown prior to tunnelling (Royse et al., 2012, Skipper and Edgar, 2019). 

London Clay is typically considered to be a good tunnelling medium and was instrumental in the 

development of the early London Underground, but there are some geological hazards associated 

with it. London Clay contains cobble/boulder size claystones, which can be troublesome for tunnelling, 

as well as crystals of gypsum and pyrite. Variation in the silt/sand content between units and in 

pockets or lenses within a unit can lead to variable groundwater conditions and potential water ingress 

into tunnels (Standing and Burland, 2006). Furthermore, if a tunnel face intersects two intersecting 

shear planes in the London Clay, wedge failure can occur into the advancing tunnel (Mackenzie, 2014).   
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2.1.3 Faulting in London 

The geological events considered to dominate basement structures beneath London are the Variscan 

Orogeny (Devonian to Carboniferous); the breakup of Pangaea (Jurassic to Cretaceous) and the Alpine 

Orogeny (Cretaceous to Tertiary) (Royse et al., 2012). The London Basin is located in the western area 

of the Anglo-Brabant Massif, north of the Variscan Front and west of the Mesozoic North Sea rift 

system (Aldiss et al., 2013, Ellison et al., 2004, Royse et al., 2012).  

The basement of London is cut by major fracture zones orientated in three directions. Structures 

formed by the Caledonian orogeny (Silurian) are orientated north-east south-west (Royse et al., 2012). 

Structures associated with the Variscan fold-thrust belt are orientated approximately east-west (Aldiss 

et al., 2013, Lee et al., 1993) and many of the east-west trending Variscan faults were displaced by 

north-west south-east trending strike-slip (wrench) faults, also of Variscan age, dividing the basement 

into ‘blocks’ (Royse et al., 2012). During Cretaceous north-south orientated extension, the ‘blocks’ 

subsided in a horst and graben pattern, onto which the Chalk was deposited. During Alpine 

compression in the Late Cretaceous, there was renewed syn-depositional faulting. The main phase of 

folding in London is considered to take place in the Oligocene to Early Miocene phase of the Alpine 

Orogeny (Ellison et al., 2004).  

Historically, London has been considered to be a structurally simple synclinal basin (Aldiss, 2013). 

Traditionally, the dominant structural features described within the London Basin were the Greenwich 

fault, Wimbledon fault, Streatham fault, Greenwich anticline, London Bridge fault, North Greenwich 

syncline, Millwall anticline and Beckton anticline. The Wimbledon-Streatham-Greenwich Faults are an 

en-echelon fault series, consisting of multiple steeply dipping faults over a fault zone up to several 

kilometres wide (Morgan et al., 2020, Mortimore et al., 2011, Newman, 2009). The current British 

Geological Survey (BGS) geological map of London is shown in Figure 2.2.  

De Freitas (2009) proposed that the location of tributaries of the River Thames are controlled by a 

fault network, with the rivers exploiting the lines of weakness, because of their sub-linear trends. 

Supporting evidence for this theory include the Fleet River, a ‘lost river’ (Barton, 1992) in East London, 

which coincides with a minor graben structure (Aldiss, 2013, Aldiss, 2012). The River Lee is also 

considered to be fault controlled (Ghail et al., 2015a, Linde-Arias et al., 2018). InSAR investigations 

following dewatering at the Limmo shaft site for Crossrail provide further evidence for the Lee Valley 

fault, as the fault appeared to act as a hydrogeological discontinuum for the cone of depression from 

dewatering (Bischoff et al., 2019). However, Aldiss (2013) noted that in other areas of the UK and in 

faulted terrain abroad, drainage lines do not appear to be associated with the location of mapped 
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faults and therefore concluded the occurrence of linear drainage channels is an unreliable guide to 

the location of faults.   

Over the last decade, a growing body of evidence, initiated by the BGS OpenGeoscience service and 

supported by major infrastructure projects, has shown the London Basin to be more structurally 

complex than previously recognised (Aldiss, 2013, Mason et al., 2015, Morgan et al., 2020, Newman, 

2008, Newman, 2009, Newman et al., 2011, Royse, 2008). Ground investigations for the Lee tunnel 

revealed graben-type faulting at Plaistow and a zone of faulting associated with the Greenwich fault 

at Beckton (Newman, 2008). The depth and density of borehole investigations for Crossrail revealed 

previously unidentified zones of faulting at Paddington Station, Bond Street Station, Tottenham Court 

Road Station, east of North Woolwich Portal and Woolwich station (Black, 2017, Davis, 2016a). These 

investigations also helped to further define established zones of faulting at Farringdon Station (Gakis 

et al., 2016), Canary Wharf Station, Limmo Peninsula (Linde-Arias et al., 2018) and North Woolwich. 

Thames Tideway ground investigations revealed fault zones at Putney, Albert Bridge, Lambeth 

Anticline and London Bridge, which can be seen in Figure 2.3 (Newman et al., 2017). 

Faulting can juxtapose materials with different lithological properties and fault zones typically contain 

weaker materials, leading to variable ground conditions. During tunnelling, faulting may result in rapid 

changes in the material encountered at the tunnel face and the affected material may be disturbed, 

Figure 2.2 BGS geological map, showing the major lithologies, faults and drift filled hollows (DFH) in London. 
Accessed from DigiMap. 
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weak, changeable and highly sheared. Variability can lead to difficulties controlling the alignment of 

the tunnelling machinery and there is increased potential for block failures and groundwater and 

material inflows. Faulting can also be responsible for abrupt changes in groundwater pressure, acting 

as a conduit or barrier to flow. Therefore, mapping faults in the subsurface is crucial for civil 

engineering projects.  

2.1.4 Drift filled hollows  

Drift filled hollows (DFHs) are referred to by numerous names in the literature including ‘buried 

hollows’, ‘scour hollows’ and ‘rockhead anomalies’. They are associated with deep zones of 

disturbance in the London Clay, Lambeth Group and Chalk and typically have asymmetric funnel 

shaped forms (Banks et al., 2015). They vary in width from 90 to 475 m and are typically between 5 to 

15 m deep, although have been recorded up to 60 m at Blackwall (Banks et al., 2015, Berry, 1979, 

Ellison et al., 2004).  

There are several different mechanisms proposed for the formation of a DFH, partially due to the 

variation in settings and form. One of the earliest proposed mechanisms was fluvial scour, forming 

during the growth and decay of permafrost (Berry, 1979). Another interpretation is that they are 

eroded pingos, which could explain the observed bulging of underlying strata (Hutchinson, 1980). 

Pingos form in permafrost conditions either in hydraulic (open) systems where sub-permafrost or 

intra-permafrost groundwater flow sustains pingo ice growth; or as hydrostatic (closed) pingos where 

the upward movement of groundwater from taliks through artesian pressure provides the source of 

water for the growth of the pingo ice core (Banks et al., 2015, Mackay, 1979). The apparent spatial-

Figure 2.3 Location of observed and inferred structures from historical studies and recent engineering 
projects, from Morgan et al. (2020). Fault zones are marked at locations where they have been intersected 
by recent engineering projects and locations have been sourced from (Black, 2017, Carter and Hart, 1977, 
Newman, 2017, Newman et al., 2017). 
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association of some buried hollows with faulting has led to tectonic hypotheses such as structural 

control by basement transcurrent faults (Ghail et al., 2015b) or faults originating from pressurized 

water lenses during glacial periods (Collins et al., 2015). 

Berry (1979) first described these features in central London and identified 27 DFHs. Banks et al. (2015) 

reviewed common characteristics of DFHs to make a hazard susceptibility map, based on 40 known 

DFHs at the time of publication. These characteristics include: 

• Within areas of former artesian groundwater conditions 

• Thickness London Clay greater than 35 m, or clay-rich Lambeth group 

• Beneath the Kempton Park Gravel Member 

However, 4 of the 40 DFHs do not fall within these regions. Two features were coincident with the 

Streatham Fault and three with former river valleys (Banks et al., 2015). Additionally, a few of the 

mapped DFHs are not located in areas with hazardous characteristics, and do not occur near a fault or 

river valley. It is hypothesised that these DFHs may have formed by a different method of formation, 

or are associated with unmapped faults (Banks et al., 2015).  

Recent DFH encounters include one at Moorgate box, Crossrail (Davis et al., 2018) and during the Lee 

tunnel (Aguado et al., 2015, Bellhouse et al., 2015).  The Moorgate DFH was identified during site 

investigations whereas the Lee Tunnel DFH was unexpected and caused project delays (§4.2).  

A recent review of DFHs in London, by Flynn et al. (2020) identified 84 DFHs as of September 2019 

(Figure 2.4). It is important to note that there is a significant geographical bias when mapping DFHs in 

London. Most DFHs have been identified from BGS borehole records, or recent ground investigations 

from engineering projects. Much 19th and 20th century development in London comprises of low-rise 

Figure 2.4 Location of DFHs (orange) within the M25. Modified after Flynn et al. (2020). 
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structures with shallow foundations and hence boreholes associated with these structures may not 

go deep enough to identify DFHs (Flynn et al., 2020). Deeper borehole investigations are generally 

limited to tunnelling projects, heavily loaded structures and structures with deep basements and 

hence DFH identification is biased towards areas with higher concentrations of these types of projects.   

Buried hollows often contain perched water leading to variable groundwater conditions, potential 

slumping and shearing of the sides and differential compaction of material (Ellison et al., 2004, Toms 

et al., 2016). A sudden change in ground conditions, such as that from over-consolidated London Clay 

to unconsolidated water bearing drift material represents a significant hazard for tunnelling (Davis et 

al., 2018).  

2.1.5 Hydrology and hydrogeology 

The Thames is subject to tidal influence as far upstream as Richmond, Middlesex. The Thames has a 

number of tributaries described in detail by Barton (1992), many of which have been contained by 

man-made sewers and culverts, but the tributaries tend to be associated with thicker River Terrace 

Deposits (Figure 2.5). The consistent orientations and linearity of these tributaries may represent a 

complex pattern of faulting (de Freitas, 2009, Ghail et al., 2015b).  

The London basin has two aquifers, separated by the London Clay and Lambeth Group. The Lower 

Aquifer comprises the White Chalk Subgroup and the Thanet Sand. It may also be in hydraulic 

connectivity with the base of the Lambeth group (Newman et al., 2010). Chalk is a porous rock, with 

an average 34% porosity (Bloomfield et al., 1995). However it has a low hydraulic conductivity as a 

result of low inter-pore connectivity, averaging 10-8 m/s (Newman et al., 2013a). Therefore, the 

majority of flow in the chalk aquifer is a result of open discontinuities such as faults and joints. 

The Upper Aquifer is an unconfined aquifer consisting of Alluvium and River Terrace Deposits. It is in 

hydraulic connection with the tidal River Thames, which can cause the piezometric surface to fluctuate 

by as much as 5 m a day (Withers et al., 2001).  



33 
 

Groundwater is also commonly found in perched water tables associated with the Harwich Formation 

and granular units within the Lambeth Group such as sand channels in the Upper Mottled and 

Laminated Beds (Newman, 2009).  

In the early 20th century, water pressures in the Lower Aquifer were artesian, however as a result of 

extensive pumping primarily for industry, the piezometric surface was lowered by as much as 50 m in 

central London (Withers et al., 2001). From the 1960s, following a reduction in abstraction, the 

groundwater levels began rising, threatening buildings and tunnels in central London. Potential effects 

of rising groundwater include seepage into tunnels and deep basements, saturation of the clay, 

changes in clay bearing capacity, movement in deep structures, movement of inclined tunnels and 

differential movements of adjacent foundations. As a result, a CIRIA (Construction Industry Research 

and Information Association) study was undertaken in 1989 (Simpson et al., 1989) and the GARDIT 

(General Aquifer Research Development and Investigation Team) strategy was introduced by Thames 

Water, the Environment Agency (EA) and London Underground. Since 2000, groundwater levels have 

stabilised (Environment Agency, 2009). Additional work was undertaken by Thames Water and 

Reading University in 1995 to improve understanding of the hydrogeology and hydrochemistry of the 

London Basin (Andrews et al., 1995). A detailed geological structure map indicating major and minor 

structural features was produced and the hydraulic significance of these structures investigated using 

water level and abstraction distribution maps. Andrews et al. (1995) noted the cone of depression 

Figure 2.5 Tributaries of the Thames from Kingston to Erith (Barton, 1992). 
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from groundwater abstraction in London is influenced by faulting rather than Chalk transmissivity. 

Buchan (1938) was the first to identify faulting in London impeding groundwater flow, at the 

Wimbledon fault.  

In 2008, the BGS completed a geological study for the EA in which they proposed a new interpretation 

of fault patterns and used groundwater borehole data to identify which faults act as a barrier to flow 

(Environment Agency, 2018, Royse, 2008). The results of this study are shown in Figure 2.6. 

Understanding groundwater flow is of great importance for engineering projects. During excavations 

in water-bearing soils, unless there are suitable control measures, groundwater can flood excavations 

and cause instabilities in the surrounding soils, potentially leading to collapse. Dewatering is a 

common technique to control groundwater and involves pumping groundwater from wells or sumps 

around the excavation. Before dewatering can take place, it is vital to understand the hydraulic 

connectivity of the aquifer.  

2.1.6 Geology along the route of the Thames Tideway East tunnel 

The Thames Tideway East (TTE) section works consist of the following components:  

• Chambers Wharf (CHAWF) worksite 

• King Edward Memorial Park (KEMPF) worksite 

• Earl Pumping Station (EARPS) worksite 

• Deptford Church Street (DEPCS) worksite 

• Greenwich Pumping Station (GREPS) worksite 

• Abbey Mills Pumping Station (ABMPS) worksite 

• Main tunnel, CHAWF to ABMPS, 7.2 m (internal diameter) 

Figure 2.6 Permeability of faults identified in Environment Agency, 2018, on BGS bedrock 
geology. 
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• Greenwich connection tunnel, 5.0 m (internal diameter) 

CHAWF is the drive site for both the main tunnel and the Greenwich connection tunnel, which are 

approximately 5.5 km and 4.6 km respectively (Figure 2.7). The East tunnel is at a depth of ca. 50 to 

70 mOD. Both tunnels are being constructed using a closed-face slurry TBM (Grolewski, 2014).  

Prior to construction, an extensive programme of ground investigations took place between January 

2009 and March 2021 in order to obtain the following information (Grolewski, 2014): 

• Detail of stratigraphy and regional geological structure 

• Identification of subdivisions within the Superficial Deposits, London Clay Formation, Lambeth 

Group deposits and White Chalk Subgroup 

• Identification of geological and geotechnical hazards and contamination 

• Investigation of voids or loose ground 

• Geotechnical parameters of individual strata for tunnel and shaft design 

• Hydrogeological data, including recognition of groundwater hazards to construction. 

• Highlight areas where further ground investigation is required 

Figure 2.7 Thames Tideway Tunnel route, with the East section indicated by the black box (Costain). 
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Results from the ground investigations identified that three-quarters of the main tunnel route is 

expected to be within the White Chalk Subgroup, predominantly Seaford Chalk. Approximately a fifth 

of the tunnel is expected to encounter the interface between the Thanet Sand and the White Chalk 

Subgroup. The tunnel is also likely to encounter small areas of ground affected by and including scour 

hollows, as well as fault impacted ground (Grolewski, 2014). More than 90% of the Greenwich 

Connection Tunnel is anticipated to be within the White Chalk Subgroup and less than 10% in ground 

affected by and including scour hollows and faults. The geological cross sections for the main tunnel 

and Greenwich Connection Tunnel are shown in Figure 2.8 and Figure 2.9 respectively.   

Two faults have been identified along the main TTE tunnel and thirteen along the Greenwich tunnel 

alignment. Faulting along the tunnel alignment has been identified by changes in elevation and offset 

of marker horizons within adjacent boreholes. In the Chalk, potential areas of faulting have been 

identified by a reduction in quality and grade of the Chalk. Geotechnical hazards along the route are 

shown in Figure 2.10.  

Along the main tunnel alignment, the Upper and Lower Aquifer are separated by an aquiclude 

comprising London Clay and cohesive units of the Lambeth Group. However, along the eastern 

Greenwich Connection Tunnel alignment where the London Clay is absent, the Lower Aquifer is 

unconfined and in hydraulic connectivity with the Upper Aquifer and the tidal River Thames 

(Grolewski, 2014).  

Figure 2.8 Simplified cross section for the TTE main tunnel, modified from (Grolewski, 2014). 
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2.2 Deformation monitoring  

The construction of tunnels, even using the most modern machinery and control methods, still results 

in some volume loss and corresponding ground movement (Lazarus and Jung, 2018). This movement 

must be monitored to assess the impact on assets above and below ground, compare actual 

movement with predictions and required standards, determine necessary control measures and 

improve knowledge of ground movement and structural response to tunnelling. In urban areas, an 

area-wide and chronologically complete monitoring system for settlements is necessary in order to 

undertake a tunnel construction project at an appropriate safety level (Schindler et al., 2016). 

Figure 2.10 Geotechnical hazards along the Tideway East route. Modified after Tideway, 2016. 

Figure 2.9 Simplified cross section for TTE Greenwich connection tunnel, modified from (Grolewski 2014). 
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There are two main mechanisms which cause movements at and below the ground surface as a result 

of tunnelling. The first is relaxation of the ground stress at the tunnel before support becomes fully 

effective (loss of equilibrium). The ground moves towards the excavated free surface and migrates 

upwards, to the sides of and ahead of the tunnel face, attenuating in magnitude as they spread over 

a greater volume of soil (Attewell, 1988). The surface settlement trough tends to have an inverted 

bell-shape and movements start ahead of the tunnel face and continue for some time after excavation. 

The depression transverse to the tunnel settlement line (y,z) is usually described by a normal 

distribution and the depression ahead of and behind the tunnel centre line (x,z) described by a 

cumulative probability function (Attewell, 1988).  

The second mechanism is most prominent in clay soils and is consolidation caused by moisture 

changes and movements towards the tunnel as a drainage facility (Attewell, 1988). This consolidation 

tends to occur more slowly and has a smaller surface response than settlement due to a loss in 

equilibrium. Drainage may continue until the tunnel is sealed; even small seepages can cause 

significant ground volume reduction because of the initial small volume of pore water in clay. 

The gaussian settlement trough (Peck, 1969) well characterises greenfield settlement troughs due to 

tunnelling induced volume losses, however, if building stiffness is taken into account, a precise 

description of the settlement trough is more complex (Giardina, 2013).  

There are four main factors affecting ground movements caused by tunnelling: tunnel and shape, 

depth, construction method and ground properties. As volume loss is proportional to volume 

excavated, the larger the tunnel, the greater the expected ground movements. A circular tunnel is the 

Figure 2.11 Settlement trough (w) of a tunnel face advancing in the +x 
direction (Attewell, 1988). 
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ideal profile for minimising volume loss, but other shapes are sometimes used due to space 

requirements. Shallower tunnels tend to have greater maximum settlement, but narrower settlement 

troughs as compared to deeper tunnels. In terms of tunnel construction methods, Earth Pressure 

Balance Machine (EPBM), slurry tunnel boring machine (TBM) or compressed air, typically result in the 

smallest volume loss (Mott MacDonald, 2013). Sprayed Concrete Lining (SCL) techniques tend to 

produce greater ground movements as the face is open and not pressurised. The time taken to line 

the full circumference of the tunnel is crucial in reducing settlement. In cases where SCL excavation is 

done in small stages, the face is stable and the lining is quickly erected, movements can be very small, 

close to that of a closed face TBM (Mott MacDonald, 2013).  

The ground properties affect the construction method of the tunnel, but also the settlement profile 

and long-term consolidation. Coarse grained materials tend to have narrower and deeper settlement 

troughs, whereas finer grained materials tend to have wider, shallower settlement troughs (Mott 

MacDonald, 2013). Long term consolidation is most prominent in fine-grained silts, clays and peat. 

Additionally, discontinuities such as faults, fractures and interfaces between geological units tend to 

have larger settlements and risk localising the settlement (e.g. ‘chimneying’).   

Compensation grouting may be used to actively counteract surface settlement associated with 

tunnelling. It was used in London as part of Jubilee Line Extension and Crossrail mitigation measures 

(Francis and Hayman-Joyce, 2015) and works by injecting a cement slurry grout into the soil through 

narrow tubes (Tubes á Manchette or TAM’s), creating and filling fractures that then heave the 

overlying strata (Wisser et al., 2005). Grouting can take place at ground level, or from shafts or tunnels 

beneath the ground.  

2.2.1 Monitoring tunnelling induced displacement 

Prior to the start of a project, structures within the zone of influence are assessed to evaluate the 

natural behaviours, such as heat expansion, before the works begin. Throughout the works, 3D 

displacements are continuously measured.  

A topographic survey typically consists of a network of (Michelin et al., 2020): 

• Robotic total stations (RTS): piloted automatically, the total station targets prisms to take an 

observation of angles and distance. 

• Reference points: considered to be fixed points, whose coordinates are known, installed 

outside of the geotechnical zone of influence. These points are used to locate the RTS during 

measurements. 
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• Monitored points: consist of prisms located in the zone of influence whose coordinates are to 

be determined and compared with the initial coordinates to evaluate displacement.  

 

In addition to total stations, other typical survey instruments for monitoring structures include 

Electrolytic Tilt Sensors, Electronic Liquid Level Gauges, surface clinometers (tiltmeters), precise taping 

and crack-meters (Kavvadas, 2003). Measurements of deformation in the ground, either within the 

tunnel or below the surface is usually performed with geotechnical instruments such as single or multi-

point borehole rod extensometers, magnetic extensometers, sliding micrometres, inclinometers, 

deflectometers and deep settlement plates (Kavvadas, 2003). The accuracy and resolution of typical 

instrumentation is shown in Table 2.3 (International Tunnelling Association WG2, 2011).  

Table 2.3 Accuracy and resolution of typical surveying instrumentation. Modified after (International Tunnelling Association 

WG2, 2011). 

Objective Instrumentation Range Resolution Accuracy 

Extrusion of ground 
ahead of face 

Increx probe 0.1 mm 0.01 mm ±0.003 
mm/m  

Sliding micrometre 1 m 0.01 mm 0.002 
mm/m 

  Sliding deformetre 1 m 0.01 mm 0.02 mm/m 

Relative vertical 
movement 

Precise levelling pins installed on structures, 
settlement points geodetic surveying targets in 
structures or tunnel linings 

any 0.1 mm 0.5-1.0 mm 

 
Precise liquid level settlement gauges with 
LVDTs installed in surface structures 

100 mm 0.01-0.02 mm ±0.25 mm 

 
Borehole magnet extensometer any +0.1 mm ±1-5 mm 

 
Borehole rod or invar tape extensometers 100 mm 0.01 mm ±0.01-0.05 

mm 

  Satellite geodesy any to +50 mm to +1 mm 

Lateral displacement Surface horizontal invar wire extensometers 0.01% .001-0.005% 0.01-0.05 
mm 

Change in inclination Borehole electrolevels; Electrolevel beams on 
structures and in tunnels; 'tilt meters' 

50 mm (to 
175 mm/m) 

0.05 mm/m 
(to 0.3 mm/m) 

to 0.1 
mm/m 

 
Horizontal borehole deflectometer +50 mm +0.02 mm ±0.1 mm 

  Borehole inclinometer probes +539 from 
vertical 

0.04 mm/m ±5 mm/25 
m 

Change in earth 
pressure 

"Push-in' total pressure cells up to 1 MPa up to 0.1% FS up to 1.0% 
FS 

Change in water 
pressure 

Standpipe piezometers any +10 mm ±10-20 mm 

  Pneumatic piezometer (pore pressures are 
balanced by applied pneumatic pressures); 
Electronic (vibrating-wire type) piezometric 
sensors 

0-20 bar 0.01 bar 0.5% FS 
0.02 bar 

Crack or joint 
movement 

Tell-tales +20 mm 0.5 mm ±1 mm 

 
Calliper pins/micrometre, or mechanical strain 
gauges 

up to 150 
mm 

0.02 mm ±0.02 mm 
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  Vibrating wire joint meters up to 100 
mm 

up to 0.02% FS up to 0.15% 
FS 

Strain in structural 
member or lining 

Vibrating wire strain gauges up to 3000 
he 

0.5-1.0 he ±1-4 µs 

  Fibre optics to 10,000 he 
(1% strain) 

5 he 20 µs 

Tunnel lining 
diametric distortion 

Tape extensometers across fixed chords up to 30 mm 0.001-0.06 
mm 

±0.003-0.5 
mm 

 
3D geodetic optical levelling ('retro' or 'bioflex') 
targets, levelling diodes or prisms 

any 0.1-1.0 mm 0.5-2.0 mm 

 
Strain gauged borehole extensometers installed 
from within tunnel 

100 mm 
(3000 µs) 

0.01 mm (0.5 ±0.01-0.05 
mm (+1-10 
µs) 

  Convergence system +50 mm 0.01 mm ±0.05 mm 

Lining stress Total pressure (or 'stress') cells 2-20 MPa 0.025-0.25% 
FS 

0.1%-2.0% 
FS 

Lining leakage Flow meter any 1 litre/min 2 litre/min 

Vibration Triaxial vibration monitor/seismograph 250 mm/sec 0.01-0.1 
mm/sec 

3% at 15 Hz 

 

As evidenced in Table 2.3, many of these survey techniques have very high resolution and accuracy 

and fully automated instrumentation can provide real time monitoring in intervals of less than an 

hour. However, unclear or poorly defined measurement specifications and inadequate knowledge of 

the nature of hydro-geotechnical and structural risks for monitoring equipment, may lead to 

inadequate detection of anomalies and trends, accidents and higher costs (ITAtech, 2015).  

2.2.2 Regional deformation monitoring 

One of the most commonly used methods for regional deformation monitoring, other than 

Interferometric Synthetic Aperture Radar (InSAR, §2.3), are Global Navigation Satellite Systems 

(GNSS). GNSS provide displacement vectors in three dimensions at discrete points, in an absolute 

sense, with reference to a defined reference frame. As of 2017, there were 84 GNSS satellites (Hancock 

et al., 2017). There are several GNSS systems, the major ones are GPS (USA), Glonass (Russia), Beidou 

(China) and Galileo (Europe). Accuracy of GNSS depends on the quality of the receiver, the number of 

satellites used for positioning, characteristics of the surroundings (buildings, tree cover, valleys etc) 

and weather.  

For time series ground deformation, daily positional time series can be produced using GNSS. The 

quality of the time series can be assessed from its scatter, linearity and seasonal component amplitude 

(Yu and Wang, 2017). The interpretation of velocity vectors is within the context of a reference frame. 

When studying global tectonic plate motion, a global reference frame is used, however when 

measuring local ground deformation, a global reference frame would measure both the global plate 

movement and the local deformation. Therefore a plate or regional fixed reference frame is needed 



42 
 

for local deformation (Yu and Wang, 2017). The density of GNSS results depends on the density of 

receivers in this reference frame.  

2.3 InSAR for deformation monitoring 

Since the launch of NASA’s Seasat satellite in 1978, which carried an L-band SAR sensor, many SAR 

satellites have been launched (Table 2.4). The satellites differ in frequency, wavelength, temporal 

and spatial resolution, polarisation, availability of data and cost.  

Table 2.4 Past, present and near-future SAR satellites. * satellites have not yet launched.  

 

Measurements of the Earth surface displacement using differential interferometry was developed in 

the early 1990s, primarily used to measure earthquake displacement. The development of differential 

interferometry with permanent scatterers came in the early 2000s (Ferretti et al., 2001), using data 

from ERS-1/2.  

Mission Frequency 
(GHz) 

Wavelength 
(cm) 

Mission Commenced Country Orbital 
Revisit 
(days) 

L 1 - 2 15 - 30 

ALOS-1 2006 - 2011 Japan 46 

ALOS-2 2014 Japan 14 

SAOCOM-1 2018 Argentina 16 

S 2 - 4 7.5 - 15 

NiSAR* (S 
and L band) 

2022* USA/India 12 

NovaSAR 2018 UK 14 

C 4 - 8 3.75 - 7.5 

ERS 1/2 1991/1995 - 
2000/2001 

Europe 35 

ENVISAT 2002 - 2011 Europe 35 

RADARSAT-1 1995 - 2013 Canada 24 

RADARSAT-2 2007 Canada 24 

RISAT-1 2012 India 25 

Sentinel-1 
(A/B) 

2014/2016 Europe 12 

RADARSAT 
Constellation 

2019 Canada 1 

X 8 - 12 2.5 - 3.75 

TerraSAR-X 2007 Germany 11 

TanDEM-X 2010 Germany 11 

PAZ 2018 Spain 4-7 

TerraSAR-X 
NG* 

2021* Germany 11 

COSMO-
SkyMed 
(1/2/3/4) 

2007/2007/2
008/2010 

Italy 16 

KOMPSAT-5 2013 Korea 28 
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The following sub-sections will describe relevant theory for the formation of SAR images and 

processing undertaken in this research but will not detail well established SAR imaging details. Useful 

references for further information about SAR imaging are: Ferretti (2014), Ferretti et al. (2007a), 

Moreira et al. (2013), Rosen et al. (2000), van Zyl (2011). 

2.3.1 Acquisition geometry 

Imaging radar sensors have a side-looking geometry to avoid signal ambiguity i.e., perpendicular to 

the flight (along-track or azimuth) direction. Traditionally these were all right-looking, but more recent 

satellite-borne sensors, such as Sentinel-1 (STL1) and TerraSAR-X (TSX), have both right and left 

looking capabilities, although they rarely use this capability. SAR satellites image an area with two 

imaging geometries due to the combination of orbital satellite motion along almost polar orbits, and 

the Earth’s rotation around the equatorial plane. For a right-looking sensor, the south to north orbit 

is called ascending and north to south is descending (Figure 2.12).  

The look angle (or off-nadir angle) is the inclination of the radar antenna with respect to the nadir 

(direction directly below the antenna). The off-nadir angle can be varied to adjust for mountainous 

terrain and is usually between 20° to 50°. The incidence angle is that between the incident radar beam 

and the surface normal. Due to the curvature of the Earth, on flat horizontal terrain, the incidence 

angle is larger than the off-nadir angle (Ferretti, 2014). The direction along the sensor Line of Sight 

(LOS) is called the range and the direction of the satellite trajectory is the azimuth (Figure 2.13).  

The dimensions of the area illuminated (antenna footprint) depends on the length of the antenna and 

its attitude. If D is the width and L is the length of the antenna, the beamwidth in the range direction 

is 𝐵 ~ 𝜆/𝐷 and 𝐵 ~ 𝜆/𝐿  in the azimuth direction (Curlander and McDonough, 1991).  

Figure 2.12 Ascending and descending acquisition geometries (TRE 
ALTAMIRA) . 
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2.3.2 SAR resolution 

The resolution of an image is, in general, defined as the separation between the two closest features 

that can be resolved in the final image. A SAR resolution cell is determined by the resolution in both 

range and azimuth directions.  

2.3.2.1 Range Resolution (across-track) 

The resolution of a radar sensor (∆𝑅𝑚𝑖𝑛) in the range direction (𝑟) depends on pulse duration (𝑇𝑝).  

The shorter the pulse, the better the resolution, as the echoes from two nearby objects should not 

overlap (Ferretti, 2014). For two objects to be distinguishable, their distance in the range direction 

(∆𝑟) should be (van Zyl, 2011) : 

∆𝑟 ≥  
𝑐

2
 𝑇𝑝 = ∆𝑅𝑚𝑖𝑛  (2.1) 

where 𝑐 is the speed of light. In conventional SAR systems, a long duration pulse is constructed with a 

linear frequency modulation (or chirp), so as to increase the radar system bandwidth, while limiting 

energy requirements (Curlander and McDonough, 1991). 

If two objects on the ground are separated by distance 𝑥𝑔, the returned echo will be separated by the 

time difference ∆𝑡 (van Zyl, 2011): 

∆𝑡 =
2𝑥𝑔𝑠𝑖𝑛𝜃

𝑐
(2.2) 

where 𝑠𝑖𝑛𝜃 is the incidence angle. Therefore the ground range resolution is (van Zyl, 2011): 

Figure 2.13 Acquisition geometry of a SAR (Curlander & McDonough 1991; Dawson 
2008). 
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𝑥𝑔 = 
𝑐𝑇

2𝑠𝑖𝑛𝜃
 (2.3) 

2.3.2.2 Azimuth resolution (along-track) 

The azimuth resolution (𝑅𝑎) of a real aperture radar is a function of radar wavelength (𝜆), slant range 

(S) and radar antenna length (L) (Liu and Mason, 2013): 

𝑅𝑎 = 
𝑆𝜆

𝐿
 (2.4) 

Where slant range is 
𝐻

cos𝜃
  (H is orbit height and 𝜃 is the look angle).  

Azimuth resolution is inversely proportional to the length of the radar antenna – the longer the 

antenna, the higher the azimuth resolution will be. There is a practical limit to the length of the 

antenna, consequently the Synthetic Aperture Radar (SAR) technique was invented to solve this 

problem. In SAR, a larger antenna is synthesised by recording successive radar pulses from the moving 

sensor. Each pulse has a characteristic Doppler frequency shift related to the target’s location relative 

to the radar’s position for each pulse.  

2.3.3 SAR image characteristics 

A SAR image is a two dimensional array of pixels; each pixel is associated with a small area of the 

Earth’s surface, the resolution cell (Ferretti et al., 2007a). The resolution cell is dependent on local 

topography. As the terrain slope increases towards the LOS, the ground resolution cell dimension in 

range increases, an effect known as foreshortening. When the terrain slope exceeds the radar off-

nadir angle, the effect is known as layover (Ferretti et al., 2007a).  

The returned radar wave contains a real (‘I’, In-phase) and imaginary (‘Q’, Quadrature) part. The IQ 

components are processed into an array of complex number pixels arranged in range and azimuth, in 

which the real part represents the amplitude and imaginary part the phase of the backscattered 

energy. The amplitude is a measurement of the radiation backscattered towards the radar by 

scatterers in the SAR resolution cell and is a function of surface properties including roughness, slope 

and reflectivity. The phase change between transmitted and received signals is proportional to the 

two-way travel distance, divided by the transmitted wavelength. Because phase is a periodic signal, 

travel distances that differ by an integer multiple of the wavelength have the same phase change, 

therefore the phase of the SAR signal can only record phase changes smaller than the transmitted 

wavelength (Ferretti et al., 2007a).  
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2.3.4 InSAR 

InSAR allows measurement of ground deformation by detecting a change in phase between two or 

more SAR images (Figure 2.14). InSAR phase is the sum of several factors (Osmanoğlu et al., 2016): 

Δ𝜙 = 𝜙𝑓𝑙𝑎𝑡 + 𝜙𝑡𝑜𝑝𝑜 + 𝜙𝑜𝑟𝑏𝑖𝑡 + 𝜙𝑑𝑒𝑓𝑜 + 𝜙𝑡𝑟𝑜𝑝𝑜 + 𝜙𝑖𝑜𝑛𝑜 + 𝜙𝑠𝑐𝑎𝑡 + 𝜙𝑛𝑜𝑖𝑠𝑒 (2.5) 

Where: Δ𝜙 is the phase change between SAR acquisitions, 𝜙𝑓𝑙𝑎𝑡 is the flat earth phase, 𝜙𝑡𝑜𝑝𝑜 is the 

topographic phase contribution, 𝜙𝑜𝑟𝑏𝑖𝑡 is the phase error induced by errors in orbit information, 𝜙𝑑𝑒𝑓𝑜 

is the phase contribution due to ground deformation , 𝜙𝑡𝑟𝑜𝑝𝑜 is the tropospheric phase contribution, 

𝜙𝑖𝑜𝑛𝑜 is the ionospheric phase contribution, 𝜙𝑠𝑐𝑎𝑡  is the phase contribution related to the scatterers 

electrical properties and 𝜙𝑛𝑜𝑖𝑠𝑒 is the combined noise phase. The observed phase is a repeating 

circular measurement wrapped around -π to π. In general, the signal must be unwrapped before 

interpretation. Phase unwrapping is the process of restoring the correct multiple of 2π to each point 

of the interferometric phase image. It is an ill-posed problem with no unique solution. In phase 

unwrapping, a common assumption is that all phase differences are in the interval -π to π. However 

in reality, local phase gradients can be larger than π, due to phase noise (e.g. temporal decorrelation 

and shadow), rapid deformation and phase discontinuities (e.g at a displacing fault or layover), which 

can lead to unwrapping errors (Werner et al., 2002). There are many methods of phase unwrapping 

which are reviewed by Yu et al. (2019). The deformation phase (𝜙𝑑𝑒𝑓𝑜) is the contribution most end-

users are interested in; therefore, the other components must be isolated, modelled and removed.   

Traditional differential Interferometry (DInSAR), measures displacement by comparing the phase 

information of all pixels in two SAR images. Ideally the baseline between acquisitions would be zero 

Figure 2.14 Sketch to illustrate the principle of interferometry. 𝑅1 and 
𝑅2 are the first and second acquisitions, respectively.  ∆𝑅 is the 
displacement in the line of sight and λ is wavelength.  
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(repeat observations taken from the same position), so that the phase change is purely a result of 

displacement. However, that is rarely the case, therefore the phase difference caused by terrain 

deformation is be mixed with that caused by topography. Therefore, the topographic component must 

be removed using either an external digital elevation model (DEM) or a third SAR image to make a 

topographic pair. 

Interferometry relies on the phase response within a pixel on the ground remaining the same between 

acquisitions. Coherence is a measure of the statistical similarity of the phase response between two 

SAR images. Coherence of 1 means the phase response is identical, whereas a coherence of 0 means 

complete decorrelation. Coherence (𝛾) can be divided into the following components (Engdahl, 2013): 

|𝛾| =  |𝛾|𝑡ℎ𝑒𝑟𝑚𝑎𝑙 ∙ |𝛾|𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑜𝑟 ∙ |𝛾|𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 ∙ |𝛾|𝑣𝑜𝑙𝑢𝑚𝑒 ∙ |𝛾|𝑎𝑧𝑖𝑚𝑢𝑡ℎ ∙ |𝛾|𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑙 (2.6) 

Thermal decorrelation occurs when there is thermal noise in the radar receiver and it can be assumed 

to be negligible over land. Processor decorrelation is generally negligible for modern InSAR processors 

and may only occur if, for example, the operator allows for an imprecise coregistration (Engdahl, 

2013). Baseline and volume decorrelation result from the slight difference in look angle resulting from 

the non-zero interferometric baseline. Baseline decorrelation can be removed by common band 

filtering, but volume scattering cannot. Azimuth decorrelation results from the spectral shift in ground 

azimuth frequencies and can be removed with common band filtering (Engdahl, 2013). Temporal 

decorrelation is caused by physical changes of the scatterers between acquisitions. Physical changes 

to scatterers include: movement, creation/destruction and changes in the dielectric constant.  

2.3.5 Time series analysis of InSAR 

Over the last 30 years many algorithms have been developed for time series analysis: Permanent 

Scatterer InSAR (PSInSARTM) (Ferretti et al., 2000, Ferretti et al., 2001), Small BAseline Subset (SBAS) 

(Berardino et al., 2002, Lanari et al., 2004), Interferometric Point Target Analysis (IPTA) (Werner et al., 

2003), Stanford Method for Persistent Scatterers (StaMPS) (Hooper et al., 2004), Delft Persistent 

Scatterer Interferometry (DePSI) (Kampes, 2005), Coherent Pixels Technique (CPT) (Blanco-Sanchez et 

al., 2008), Stable Points Network (SPN) (Crosetto et al., 2008), SqueeSARTM (Ferretti et al., 2011) and 

Quasi Persistent Scatterers (Perissin and Wang, 2012). These algorithms have both theoretical and 

practical differences, such as whether they rely on Point Scatterers (PS) or Distributed Scatterers (DS). 

PS are coherent targets exhibiting high phase stability over the entire observation period, such as 

buildings, rocky outcrops and train tracks, while DS are those that have moderate coherence in some 

interferometric pairs and where neighbouring pixels have similar reflectivity values, such as areas of 

short vegetation and deserts (Ferretti et al., 2011). The algorithms are outlined in Osmanoğlu et al. 

(2016).  
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Persistent Scatterer Interferometry (PSI) is the main algorithm used in this research. The theory of PSI 

will be briefly explained here and details of its implementation in ENVI SARscape are in Chapter 3.  

2.3.5.1 Persistent Scatterer Interferometry (PSI) 

PSI utilises image pixels which are coherent over a long time period and was developed in the late 

1990’s by Ferretti et al. (2000), Ferretti et al. (2001). Persistent scatterers have dimensions smaller 

than the SAR resolution cell, which means they are not affected by baseline decorrelation (Ferretti et 

al., 2001). Common PS include man-made structures such as buildings, bridges, railway lines and 

specifically designed radar reflectors. Natural structures such as rocky outcrops can also act as PS.  

The main steps of PS processing are (Ferretti, 2014): 

• Image pair selection and co-registration to a single reference image 

• Interferogram generation between all SAR images and the reference image 

• Selection of Persistent Scatterer Candidates (PSC) 

• Phase unwrapping 

• Temporal and spatial modelling of phase observations to remove atmospheric phase screen 

(APS) and topographic error 

• PS identification 

• Deformation estimation 

The estimation and removal of atmospheric contributions, 𝜙𝑖𝑜𝑛𝑜 and 𝜙𝑡𝑟𝑜𝑝𝑜, is an important part of 

PSI algorithms. Differences in the atmospheric conditions between the reference and secondary 

images can contribute to interferometric phase measurements. Variations in electron density in the 

ionosphere (upper atmosphere, ~85 km to 600 km altitude) cause slowly varying large scale 

distortions but only have a minor effect at mid-latitudes (such as the UK) on C and X-band. Ionospheric 

effects including LOS displacement error and azimuth pixel shift, have about one-sixteenth of the 

effect on C and X-band compared to L-band (Eineder and Bramler, 2014, Liang et al., 2019). The 

troposphere (lower atmosphere, sea level to ~10 km altitude) has a more variable effect due to its 

high spatiotemporal variability. The tropospheric phase component is commonly referred to as the 

atmospheric phase screen (APS). Factors affecting the APS include: temperature, partial pressure of 

water vapour, pressure of dry air, water droplets, electron density and radar wavelength (Eineder and 

Bramler, 2014). These factors affect the signal propagation velocity and can cause phase artefacts.  

To remove the APS, two basic assumptions are made: signals highly correlated in space but 

uncorrelated in time are atmospheric, whereas signals correlated in time and to a varying degree in 

space are deformation. The APS is modelled and then removed to leave the deformation signal. The 
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parameters, filtering mechanisms and models used to remove the APS will differ between each data 

provider and software algorithm. APS removal is a growing research field, some recent papers include 

Biondi et al. (2019) and Manzoni et al. (2020).  

All PS are relative to a reference point, at which the velocity and DEM error are assumed to be zero. 

PSI precision is generally taken to be at millimetric level or better. Ferretti et al. (2007b) demonstrate 

sub-millimetre precision using the controlled displacement of CRs. However, precision is affected by 

the PSI processing procedure used and is unique to each investigation. The output will be affected by 

multiple factors, the principal of which are: the synthetic aperture radar (SAR) sensor, temporal 

frequency of images, persistent scatterer (PS) point density and quality, the type of deformation, the 

location of the reference point or points and the quality of the reference point(s).  

GNSS (2.2.2) and other geodetic observations may be used to convert relative InSAR-measured 

displacement to absolute displacement within a global reference frame (Bock et al., 2012, 

Dheenathayalan et al., 2016, Gisinger et al., 2017). To compare and combine the two measurement 

types, CRs can be deliberately co-located with continuous GNSS stations (Garthwaite et al., 2015b, 

Parker et al., 2017a), although some studies combine InSAR and GNSS without CRs (Bock et al., 2012, 

Gudmundsson et al., 2002, Hung et al., 2011, Motagh et al., 2007, Teatini et al., 2005). 

Time series InSAR provides only LOS observations of a 3D deformation phenomenon. It is possible to 

extract 3D surface deformation using data from ascending and descending passes, and this is discussed 

in §2.4.   

2.3.6 InSAR for tunnelling in an urban environment 

InSAR has gained recognition in the last decade, as a tool for ground monitoring above tunnelling 

projects, in London particularly because of the post-construction monitoring of the Jubilee Line 

Extension (1993 to 1999) (Capes and Marsh, 2009, Knight, 2002) and the Crossrail project, for which 

tunnelling took place between May 2012 and May 2015, and which led to a clearly identifiable 

settlement trough aligned east–west across central London (Bischoff, 2019, Bischoff et al., 2020, 

Giardina et al., 2018, Giardina et al., 2019, Marti et al., 2017, Milillo et al., 2018, Robles et al., 2016).  

InSAR’s success worldwide as monitoring tool for tunnelling projects has been evidenced by numerous 

case studies: China (Chen et al., 2017, Ge et al., 2016, Wang et al., 2017), France (Koudogbo et al., 

2018, Michelin et al., 2020), Germany (Liu et al., 2014), Italy (Arangio et al., 2014), Netherlands (Korff 

and Maccabiani, 2017), Romania (Gheorghe et al., 2020, Poncos et al., 2014), Spain (García et al., 2019, 

Serrano-Juan et al., 2017) and USA (Eppler and Kubanski, 2015). 



50 
 

In 2015, InSAR was included in the International Tunnelling Association (ITA) “ITAtech Guidelines for 

Remote Monitoring Systems”. These guidelines provide recommendations and case studies, to assist 

tunnel designers, contractors and stakeholders, in selecting appropriate remote sensing measurement 

systems for their project. In 2020, CIRIA commissioned new guidelines on ‘Earth observation and 

InSAR technology for civil infrastructure’, which will be discussed further in Chapter 7. 

2.3.7 Previous work on InSAR in London 

InSAR studies of ground deformation in London can be separated into those correlating geology with 

ground displacements (§2.3.7.1) and those focused on the behaviour of infrastructure (§2.3.7.2). 

2.3.7.1 InSAR and London geology 

London Clay is particularly susceptible to shrink-swell, with cyclic annual vertical movement of about 

50 mm and has long been acknowledged to cause structural damage to buildings and infrastructure 

(Boyle et al., 2000). Boyle et al. (2000) demonstrated the potential of InSAR to map areas of high 

shrink-swell in London, using data from the ERS-1 and -2 satellites, but results were inconclusive and 

not validated.  

Deformation along the Thames Estuary and River Thames was studied between 1997 and 2005 as part 

of a collaborative project between DEFRA and the EA. The project investigated changes in land and 

sea levels around the UK coast using GPS, Absolute Gravimetry, PSI and Tide Gauges (Bingley et al., 

2007). Measurements from tide gauges and GPS data showed the relative rate of sea level changes in 

the Thames estuary over the past few decades is 1.3 to 3.2 mm/yr with respect to the land (Bateson 

et al., 2009, Bingley et al., 2007). The PSI data used were 82 descending ERS and ENVISAT SAR scenes 

over the period March 1997 to December 2005 (Bingley et al., 2007). The study found, between 1997 

to 2005, the Thames estuary region subsided between 0.9 and 1.5 mm/yr, but in places as fast as 2.1 

mm/yr. They observed areas with the highest subsidence rates coincided with thicker deposits of 

Holocene alluvium (>5 m) on the River Thames Flood Plain (Bateson et al., 2009). They also 

demonstrated the presence of structural controls on surface displacement measured by PSI, such as 

a major lineament in the velocity data lies parallel to a basement structure, indicating long-term deep 

seated controls on the local subsidence patterns (Bateson et al., 2009). A positive correlation between 

PSI velocities and groundwater levels was also observed, in the Merton area of south-west London.  

Cigna et al. (2014) generated a digital geohazard mapping product for greater London, based on PSI 

and geological data, as part of the EC FP7-SPACE PanGeo project. The PSI datasets analysed were 1992 

to 2000 (ERS 1&2) and 2002 to 2010 (ENVISAT). Interpretation of spatial correlations in the PSI data 

with geological datasets lead to the identification of domains of approximately uniform vertical 

ground velocity and major lineaments in the velocity data (Cigna et al., 2014). The authors identified 
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areas of high subsidence rates associated with Holocene alluvium deposits, similar to Bateson et al. 

(2009). Six geohazard types, both anthropogenic and natural, were observed, outlined in Table 2.5. 

The authors acknowledged shrink and swell of clays is another geohazard that exists in London, but it 

was not identified in this study, because average velocities were studied, which would not highlight 

seasonally variable shrink-swell. Furthermore, the rates of motion associated with shrink-swell are low 

compared to other land processes occurring over a wide area (Cigna et al., 2014). 

Table 2.5 Geohazard types in London identified in (Cigna et al., 2014). 

Natural Geohazards 

Hazard Locations Notes Velocity 

Compressible 
Ground 

Centred around the 
River Thames and its 
tributary the River 
Lea 

Coincides with Holocene 
alluvium 

Average vertical motion -0.51 
± 1.93 mm/yr 1992 to 2000 
and 0.56 ± 1.09 mm/yr 2002 
to 2010 

Landslides Havering, Barnet, 
Ealing, Greenwich 
and Richmond upon 
Thames boroughs 

Majority occur on London 
Clay deposits 

One landslide in Greenwich 
showed ground motion of -
11.63 mm/yr between 1992 
and 2000 

Tectonic 
processes 

Greenholt area of 
West London 

An area of high Bouguer 
gravity anomaly, 
suggested a presence of 
relatively dense rocks 
close to the surface and 
that deep seated tectonic 
structures could have 
causative relationship 
with the observed ground 
motions 

Uplift rate of 0.40 ± 1.22 
mm/year LOS velocity 
between 1992 to 2002, with 
an observed maximum of 
22.23 mm/year, 
corresponding to 18 cm of 
uplift over the 8 years. 

Anthropogenic Geohazards 

Underground 
Construction 

Jubilee Line 
Extension, between 
Green Park and 
Bermondsey; 
tunnelling works for 
electricity cables 
under A3205 
between Nine Elms 
and Wandsworth, 
Channel Tunnel Rail 
Link in Islington 
borough 

Settlement trough 
associated with 
tunnelling volume losses 

For the area above the Jubilee 
Line Extension: LOS velocity 
of -0.92 ± 1.86 mm/year 
between 1992–2000, with a 
maximum of -15.9 mm/yr 
corresponding to 13cm of 
subsidence over 8 years and -
1.16 ± 0.74 mm/year between 
2002 to 2010,  

Groundwater 
Abstraction 
and Rise 

Across London Ground response to 
changes in the water 
table, heave as a result of 
groundwater recharge 
and subsidence as a 
result of abstraction 
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Made 
Ground 

Example - 
Hornchurch 
Marshes, Havering 
borough 

Areas undergoing 
subsidence due to 
consolidation of artificial 
ground and compaction 
of underlying deposits 

Observed subsidence related 
to Hornchurch Marshes 
recent (~ 1940s) made ground 
covering a low-lying flood 
plain. LOS velocities -3.23 ± 
3.45 mm/yr during 1992–
2000, with maximum 
observed velocities of -15.99 
mm/yr. Velocity decreases to 
-2.78 ± 2.52 mm/year 
between 2002 to 2010, and 
no more than -10.64 
mm/year are observed. 

 

Mason et al. (2015) further evidenced structural controls on PSI velocities in London, using 16 years 

of SAR data (1992 to 2000 and 2002 to 2010). The ERS data was available for both ascending and 

descending passes and the authors derived east-west and vertical motion. The authors excluded PS 

points with a velocity > 3 mm/yr to focus on natural ground movement rather than those caused by 

construction. The east-west results reveal a pattern of large blocks showing uniform east or west 

movement. The blocks are hypothesised to be bounded by strike-slip and thrust faults. In the vertical 

data, west central London moves both up and down over the 18 years, but north and south London 

exhibit a consistent uplifting pattern and the Thames Gateway has a consistent subsidence pattern. 

The authors attribute subsidence around the Thames Gateway and confluence with the River Lea to 

compressible ground materials, in agreement with Bateson et al. (2009), Bingley et al. (2007), Cigna 

et al. (2014). The persistent vertical displacements in north and south London are hypothesised to be 

caused by dextral movements on basement transcurrent faults.  

Bonì et al. (2016) used the same ERS (1992 to 2000) and ENVISAT (2002 to 2010) as Cigna et al. (2014), 

Mason et al. (2015) to analyse the relationship between ground motion and hydraulic head changes 

in the London. Modelling revealed groundwater response to groundwater levels is not uniform across 

London and are related to the lithological units and fracture networks in the aquifer, which are 

believed to cause compartmentalisation of the aquifer (Bonì et al., 2016). Storage coefficient maps for 

the chalk aquifer were produced from PSI data, which agree with pumping tests in the same area. A 

one-dimensional model was used to simulate the ground response to hydraulic head changes at nine 

piezometers and the correlation with PSI displacement results were generally good, with errors 

between 1.4 to 6.9 mm (3.2 mm on average). Agarwal et al. (2020) also observed a positive correlation 

between groundwater and PSI velocities in London, using ENVISAT PSI data and EA borehole data. 

Inferred groundwater change from GRACE gravity data was also compared with PSI velocities, 
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however as there are only four representative points in London, meaningful correlations with PSI 

could be established.  

Bonì et al. (2018) used 79 STL1 A/B images, processed using the Interferometric Point Target Analysis 

(ITPA) package in GAMMA software, between 2015 to 2017 to characterise uplift phenomena in the 

Tower Hamlets Council area of London. The area has average uplift rates of 7 mm/yr over the 2-year 

period, with maximum rate of 18 mm/yr. The hypothesis for the high rates of movement are that a 

rise in the local groundwater level, caused by a cessation of dewatering for Crossrail and other 

construction works, caused swelling of the London Clay formation.  

Bischoff et al. (2019) also studied ground movements in the Tower Hamlets/Limmo Peninsula area of 

East London over the period 2011 to 2017. The phased subsidence and heave over the 6 years directly 

correlates with Crossrail pumping at the Limmo shaft. Bischoff et al. (2020) also validated PSI data with 

BRE levelling points (from Crossrail), as well as correlating with abstraction rates. The dewatering cone 

appears to have a linear boundary on the western edge, which is hypothesised to be a strike-slip fault 

controlling groundwater flow (Bischoff, 2019).  

2.3.7.2 InSAR for infrastructure monitoring in London 

Crossrail (the Elizabeth Line), a 73-mile new railway line that runs east-west across London, has been 

extensively studied using InSAR. The 13-mile central section from Paddington to Stratford consists of 

twin-tunnels, for which tunnelling took place between May 2012 and May 2015. The tunnelling led to 

a settlement trough aligned east-west across London and provided an excellent opportunity to 

correlate InSAR measurements with in-situ monitoring data (Bischoff et al., 2019, Marti et al., 2017, 

Robles et al., 2016). It also provided an opportunity to demonstrate the benefits of InSAR for building 

damage assessments, since tunnelling under a dense urban area such as London can impact adjacent 

structures (Giardina et al., 2018, Giardina et al., 2019, Macchiarulo et al., 2019, Milillo et al., 2018).  

Two case studies assessed the use of InSAR for structural monitoring of bridges in London. 

Selvakumaran et al. (2019) retrofitted CRs onto Waterloo bridge and demonstrated that TSX PSI can 

be used to monitor thermal expansion due to seasonal change, but that there is some uncertainty in 

the discrepancies in correlation between Automatic Total Stations (ATS) and InSAR. Bischoff et al. 

(2019) observed a 35 mm differential settlement on the eastern side of Blackfriars Bridge compared 

to the western side, over the period May 2011 to April 2017.  

2.4 Resolving three-dimensional surface motion with InSAR 

A limitation of InSAR is that resulting deformation measurements are in one-dimensional LOS viewing 

geometry, when surface motions generally have three dimensions, north-south, east-west and 
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vertical. Therefore, InSAR analysis of a stack of images in a single viewing geometry cannot fully 

represent the direction and magnitude of deformation. LOS results can be lead to misconceptions 

about the underlying deformation, are difficult to communicate to stakeholders unfamiliar with LOS 

viewing geometry, and individual components may cancel each other out, for example if the horizontal 

component is equal in magnitude but opposite in sign to the contribution of the vertical component 

(Fuhrmann and Garthwaite, 2019, Samsonov et al., 2020). In rare cases, deformation may appear 

entirely absent in one of the viewing geometries (ascending or descending) LOS displacement maps 

(Samsonov et al., 2020, Samsonov et al., 2014, Samsonov et al., 2013).  

In many studies, LOS measurements are projected to vertical using the incidence angle, which neglects 

any potential horizontal component of motion. The majority of studies using vertical motion in their 

analysis, state the assumption of negligible horizontal motion (Alshammari et al., 2018, Amelung et 

al., 1999, Chaussard et al., 2013, Du et al., 2016, Galloway et al., 1998, Gao et al., 2018, Ge et al., 2014, 

Hung et al., 2011, Hung et al., 2018, Ng et al., 2018, Parker et al., 2017b, Qu et al., 2015, Schmidt and 

Bürgmann, 2003, Tang et al., 2018, Wang et al., 2012, Wisely and Schmidt, 2010, Xu et al., 2016, Yang 

et al., 2018), but several studies do not state this assumption (Chen et al., 2018, Marti et al., 2017, 

Milillo et al., 2018, Raucoules et al., 2003, Short et al., 2014, Sun et al., 2017, Zhou et al., 2017, Zhou 

et al., 2016), which could lead to incorrect interpretations. 

When SAR images are available from both ascending and descending passes, measurements can be 

combined to resolve vertical and east-west motion.  

LOS is defined by the incidence angle, 𝜃, which is the angle between the incident radar beam and the 

vertical (normal) to the intercepting surface (Figure 2.15). LOS velocity (𝑉𝐿𝑂𝑆) is composed of 3D 

velocity components 𝑉𝐸 , 𝑉𝑁, 𝑉𝑈 which correspond to east-west, north-south and up-down (vertical) 

motion respectively (Fuhrmann and Garthwaite, 2019): 

𝑉𝐿𝑂𝑆 = (−𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝛼   𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝛼   𝑐𝑜𝑠𝜃)(
𝑉𝐸
𝑉𝑁
𝑉𝑈

) (2.7) 
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The north-south (azimuth) component cannot easily be constrained because the near-polar orbits of 

the SAR satellites lead to a low sensitivity to the north-south component of displacement (Aslan et al., 

2019, Fuhrmann and Garthwaite, 2019, Wright et al., 2004). However, this problem can be overcome 

with pixel-offset tracking (POT) (Michel et al., 1999) and multiple aperture SAR interferometry (MAI) 

(Mastro et al., 2020). POT techniques rely on the measurement of local sub-pixel offsets between two 

or more SAR amplitude images (Mastro et al., 2020). POT methods were initially applied to single 

deformation events, but there have been some examples of extending the techniques for SAR Doppler 

anomalies in focused SAR data (de Michele et al., 2013) and for 3D ground deformation time series 

(Casu et al., 2011). The accuracy of estimating the azimuth offsets with amplitude matching is low, a 

fraction (1/30th) of the pixel spacing; hence the smaller the pixel size, the higher the accuracy (Mastro 

et al., 2020). For example, the pixel spacing of TSX is ~3 m and the accuracy of PO measurements is 

~10 cm.  

The MAI technique provides an improvement to the precision of azimuth (north-south) 

measurements, compared to POT (Bechor and Zebker, 2006, Jung et al., 2010, Jung et al., 2009). MAI 

uses sub-aperture processing techniques to generate one forward and one backward-looking SLC 

image from one SAR scene (Bechor and Zebker, 2006). Two SAR scenes are then used to form forward 

and backward-looking interferograms using the corresponding SLC images (Bechor and Zebker, 2006, 

Figure 2.15 Viewing geometry for LOS measurements on ascending and descending satellite 
passes. Modified after (Fuhrmann and Garthwaite, 2019). 
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Jung et al., 2010). The phase difference between the two is a MAI image, which reveals the along-track 

deformation. The accuracy of MAI measurements is 3 to 7 cm, depending on the SAR sensor, the 

processing parameters and the coherence of the MAI (Mastro et al., 2020).  

Therefore, by integrating ascending and descending LOS InSAR measurements with POT/MAI azimuth 

measurements, the complete 3D deformation field can be determined.  

For most SAR sensors, the azimuth (α) is ca. 345° for ascending passes and ca. 195° for descending 

passes. The incidence angle is more variable and dependent on the image mode and image extent 

(near or far range). LOS measurements are sensitive to the incidence angle and magnitude of the 

velocity vector. For example, a velocity vector of (2 3 4) mm/yr in E, N, U has a LOS velocity of 

2.2 mm/yr for STL1 𝜃 = 29° and 0.8 mm/yr for STL1 𝜃 = 46° for α = 345° (Fuhrmann and Garthwaite, 

2019).  

To combine InSAR datasets from different viewing geometries, it is necessary to have LOS 

measurements at the same location and over the same time period. Interpolation in time is necessary 

as the image acquisition dates will be different for each geometry and spatial interpolation is 

necessary because the location of InSAR pixels is generally different in each stack of images (Fuhrmann 

and Garthwaite, 2019). 

Fuhrmann and Garthwaite (2019) applied spatial interpolation using kriging in order to interpolate 

LOS measurements onto a regular grid and the fusion of LOS velocities was done on a pixel-by-pixel 

basis on the interpolated grid nodes. Fuhrmann and Garthwaite (2019) applied a least-squares 

adjustment to interpolated velocities (E, N and U): 

𝑦 = 𝐴 ∙ 𝑥 + 𝑒 

(

 
 
 

𝑉𝑎1
𝑉𝑎2
⋮
𝑉𝑑1
𝑉𝑑2
⋮ )

 
 
 
=

(

 
 
 

−𝑠𝑖𝑛𝜃𝑎1𝑐𝑜𝑠 ∝𝑎1 −𝑠𝑖𝑛𝜃𝑎1𝑠𝑖𝑛 ∝𝑎1 𝑐𝑜𝑠𝜃𝑎1
−𝑠𝑖𝑛𝜃𝑎2𝑐𝑜𝑠 ∝𝑎2 −𝑠𝑖𝑛𝜃𝑎2𝑠𝑖𝑛 ∝𝑎2 𝑐𝑜𝑠𝜃𝑎2

⋮ ⋮ ⋮
−𝑠𝑖𝑛𝜃𝑑1𝑐𝑜𝑠 ∝𝑑1 −𝑠𝑖𝑛𝜃𝑑1𝑠𝑖𝑛 ∝𝑑1 𝑐𝑜𝑠𝜃𝑑1
−𝑠𝑖𝑛𝜃𝑑1𝑐𝑜𝑠 ∝𝑑1 −𝑠𝑖𝑛𝜃𝑑2𝑠𝑖𝑛 ∝𝑑2 𝑐𝑜𝑠𝜃𝑑2

⋮ ⋮ ⋮

 

)

 
 
 
(
𝑉𝐸
𝑉𝑁
𝑉𝑈

) + 𝑒 (2.8) 

The satellite’s heading α can treated as a constant for each geometry because variation is usually 

within 1° over the extent of a SAR image and hence has a negligible influence, whereas the incidence 

angle, 𝜃, varies with range and differs for each pixel. A variance matrix was used to weight the least-

squares adjustment and consists of the uncertainties of LOS velocities resulting from spatial 

interpolation and linear regression of the LOS displacement time series, which is performed 

independently for each geometry (Fuhrmann and Garthwaite, 2019). The variance matrix can be 

improved using high-precision GPS observations (Wang et al., 2020).  
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If the N component is omitted and velocity data available from only one ascending and one descending 

geometry, the previous equation can be solved as (Fuhrmann and Garthwaite, 2019): 

𝑉𝑎𝑠𝑐
𝑉𝑑𝑒𝑠𝑐

= ( 
−𝑠𝑖𝑛𝜃𝑎𝑐𝑜𝑠𝛼𝑎 𝑐𝑜𝑠𝜃𝑎
−𝑠𝑖𝑛𝜃𝑑𝑐𝑜𝑠𝛼𝑑 𝑐𝑜𝑠𝜃𝑑

)(
𝑉𝐸
𝑉𝑈
) (2.9) 

Fuhrmann and Garthwaite (2019) use a Mogi model to describe the effect of incidence angle on the 

projection of LOS measurements to vertical. The Mogi model was originally developed to describe 

deformation occurring beneath volcanoes (Mogi, 1958), but it can be used as a first-order 

approximation for many deformation phenomena including that related to mining, groundwater 

withdrawal and underground nuclear tests (Fuhrmann and Garthwaite, 2019). Deformation that 

follows Mogi behaviour to the first order has maximum horizontal surface motion at 38.5% of vertical 

motion. This means that for an incidence angle of 26.5°, the error is 50% of the maximum horizontal 

motion, for an incidence angle of 45°, the error is 100% of the maximum horizontal motion (Fuhrmann 

and Garthwaite, 2019). This result suggests projection of LOS measurements to vertical without 

consideration of the horizontal displacement is not reliable and the maximum error in the projected 

vertical motion is 0.385 ∙ 𝑡𝑎𝑛𝜃 of the maximum vertical displacement (Fuhrmann and Garthwaite, 

2019).  

The aforementioned methods are performed on a pixel-by-pixel basis, thus ignoring the spatial 

correlation of ground deformations among adjacent points, which is unrealistic. Guglielmino et al. 

(2011) combined InSAR and GPS measurements based on the strain model (SM) to retrieve 3D 

displacements and strain parameters (SISTEM technique). Wang et al. (2015) extended the SISTEM 

method to calculate 3D displacement using the SM without GPS. 

In summary, LOS measurements projected to vertical with no consideration of horizontal motion can 

be unreliable. The combination of multi-geometry (ascending and descending) LOS InSAR 

measurements can retrieve horizontal (east-west) and vertical displacements. The north-south 

component is more challenging to constrain, but recent advances using the POT or MAI techniques 

have made this possible. However, the resolution of the north-south component is much lower than 

can be achieved for east-west and vertical displacements.  

2.5 Use of Corner reflectors for deformation monitoring 

CRs are passive targets that reflect incoming radiation directly back to the source of energy. A CR 

typically consists of three mutually perpendicular plates (trihedral) and is typically square, rectangular 

or triangular in shape. CRs have been used for SAR image calibration since the 1980s (Freeman, 1992, 

Keen, 1985, Lopez et al., 1988) and more recently for deformation studies (Cuenca et al., 2014, 
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Garthwaite, 2017, Garthwaite et al., 2015a, Parker et al., 2017a, Ye et al., 2004, Zhu et al., 2014).  In 

deformation studies, CRs are typically used as artificial PS. 

In this research, CRs are used for deformation monitoring to integrate satellite-based measurements 

with traditional surveying and to monitoring locations, such as active construction sites, where the 

ground surface is continually changing meaning there are not many other PS. Therefore, the practical 

aspects of CR design for deformation monitoring are outlined in the following sub-sections. 

2.5.1 Amplitude considerations 

Two of the main considerations when designing a CR are the radar cross section (RCS) and signal-to-

clutter ratio (SCR).  

RCS is a fictitious area that describes the strength of the radar signal reflected from the target in the 

direction of the radar receiver (Joseph, 2005). It is calculated by a ratio of the energy reflected by the 

target, 𝐸𝑠,  relative to the energy incident on the target , 𝐸𝑖  (Knott, 1993). 

 

𝜎 = 𝑙𝑖𝑚
𝑅→∞

 4𝜋𝑅2
[𝐸𝑠]2

[𝐸𝑖]2
 (2.10) 

where R is the distance from the target.   

SCR is used to describe the quality of a radar observation based on the assumption the target is the 

only coherent object in the resolution cell and all other reflecting objects change randomly and are 

the cause of clutter (Dheenathayalan et al., 2017). SCR is defined mathematically as the ratio of the 

peak power of the point target to the average of background clutter power in the vicinity of the target 

(Freeman, 1992, Garthwaite et al., 2015a):    

 

𝑆𝐶𝑅 = 
𝜎𝑇
⟨𝜎𝑐⟩ 

=  
𝜎𝑇

⟨ 𝜎0⟩A 
 (2.11) 

 

where 𝜎𝑇 is the point target RCS, ⟨𝜎𝑐⟩ is the ensemble average background clutter RCS and ⟨ 𝜎0⟩ is the 

normalized average clutter RCS.  

High SCR can be achieved by not only having a reflector with a high RCS, but by undertaking SAR 

analysis of potential target deployment sites prior to installation and choosing sites with low clutter 

(Garthwaite, 2017). The magnitude of clutter is affected by ground features including roughness of 
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terrain, vegetation coverage and soil moisture as well as radar characteristics including radar 

wavelength, incidence angle, polarisation and SAR resolution (Garthwaite et al., 2015a).  

An ideal CR should have a large, wide, stable RCS that is dominant and insensitive to the surrounding 

environment (Ferretti et al., 2007b, Sarabandi and Tsen-Chieh, 1996).  It should also have a small 

physical size, be easy to transport, mount and point, difficult to reach by unauthorized people, and be 

resistant to all weather conditions (Qin et al., 2013).  

The dimension of the reflector depends on the radar frequency, the bandwidth and the reflectivity 

characteristics of the area of interest. The higher the radar frequency and resolution, the smaller the 

reflector needs to be to create a particular RCS. 

2.5.2 Reflector shape 

There are several varieties of trihedral reflectors, the most common being triangular, square and 

circular. Despite the triangular trihedral shape having the lowest RCS (Table 2.6), it is the most 

commonly used (Garthwaite et al., 2015a), most likely because a quarter circle is more difficult to 

manufacture and therefore more costly. Square plates are not as rigid as triangles, impacting on 

longevity which is important given that CRs may be left unattended for months or years. The triangular 

trihedral also takes less material to manufacture, making it cheaper.  
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Table 2.6 RCS of the most common trihedral reflectors. Modified after Garthwaite et al. (2015a).  

 

2.5.3 Construction and design considerations 

The theoretical RCS can be reduced by inter-plate orthogonality, plate curvature and surface 

irregularities (Garthwaite, 2017). Sarabandi and Tsen-Chieh (1996) observed a ±2° distortion of 

triangular, square and pentagonal plated CRs had an RCS loss of 1.3 dB to 2.8 dB. Plate curvature is a 

gradual warp across a flat plate and RCS loss due to plate curvature is inversely proportional to the 

radar wavelength and target size (Garthwaite, 2017). Surface irregularities, such as rivets or bolts on 

the reflector plate can reduce the RCS. A surface feature of just 1 mm can introduce a 1 dB loss at X-

band (Zink and Kietzmann, 1995).  

Perforations or holes close to the trihedral apex are often added to the reflector plates to allow 

precipitation to drain, promote self-cleaning and relieve some of the force applied by wind 

(Garthwaite, 2017).  

2.5.4 Corner reflectors vs active transponders 

CRs are relatively simple and cost effective to make. However, maintenance is required, depending on 

the environment in which they are deployed, due to their exposure to weather, fauna and potential 

Target Photo Maximum Theoretical RCS (dBm2) 

Triangular trihedral 

   (Garthwaite, 2017) 

4𝜋𝑎4/3λ2 

Square trihedral 

   (Qin et al., 2013) 

12𝜋𝑎4/λ2 

Circular (quarter disk) trihedral 

  (Microwaves 101) 

15.6𝜋𝑎4/3λ2 
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vandalism. Their large size, makes them difficult to transport and install, and they must be securely 

anchored to the ground. They are also typically designed and orientated to be compatible with only 

one satellite mission.  

An alternative to CRs are active transponders (Figure 2.16). Historically radar transponders were used 

for SAR calibration, requiring precise power stability and cost on the order of several hundred 

thousand pounds (Mahapatra et al., 2014). However, a transponder for deformation monitoring 

requires less amplitude precision or stability and can be made much more cheaply, costing closer to 

one thousand pounds (Mahapatra et al., 2014). Transponders for deformation wake up from a sleep 

mode according to a preprogramed schedule and when the receiver antenna is illuminated by the 

radar satellite it immediately retransmits a band-pass filtered and amplified version of the signal on 

the transmit antenna.  (van der Marel et al., 2018). 

The advantages of active transponders over CRs are that they are compact, lightweight (< 4 kg), 

unobtrusive and they are more robust against precipitation, wind and debris accumulation than CRs 

(Mahapatra et al., 2014). They can also be used for both ascending and descending passes and multiple 

SAR satellites in a single setup.  However, the major disadvantages are that they require a power 

source, their electronic components can decay over time, and they are more costly than CRs. 

2.6 Summary 

The geology of London’s subsurface has been historically challenging to map, due to its urbanised 

nature, but there is a growing body of evidence to suggest that London is not as structurally simple as 

previously thought (§2.1). Unmapped geohazards such as faulting and DFHs can cause major issues 

for engineering projects if not identified prior to construction. The potential of InSAR to identify 

geotechnical hazards in London is demonstrated in Chapters 4, 5 and 6. 

Traditional in-situ monitoring methods for surface deformation can have high accuracy but often do 

not have a sufficient point density to capture all deformation and cannot monitor retrospectively 

(§2.2). InSAR is a radar remote sensing technique that can measure surface deformation with 

millimetre precision. The basic theory has been described in §2.3 and details of the InSAR datasets 

Figure 2.16 An active radar transponder (van der 
Marel et al., 2018). 
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used in this research are discussed in Chapter 3. InSAR data for London are available from 1992, 

meaning retrospective analysis is possible. The benefits of InSAR as a complementary monitoring tool 

for tunnelling projects in London are outlined in Chapters 4 and 6, with respect to the Northern Line 

Extension, Lee Tunnel and Tideway East Tunnel. Displacement is measured along the satellite LOS, but 

data can be combined from ascending and descending passes to resolve the vertical and horizontal 

(east-west) components (§2.4). Results from the decomposition of LOS displacement from opposing 

passes are presented in Chapter 5. 

There are several examples of InSAR utilised as a post-construction monitoring tool for tunnelling 

projects, both in London and abroad. In London, InSAR has also been used to establish correlations 

between surface displacement, geology and groundwater change (§2.3.7). However, there is a lack of 

research into how these observed patterns of surface displacement can be used as part of the desk 

study phase of a construction project to identify potential hazards which can better inform site 

investigations. The possibilities of InSAR as an additional source of information during a desk study are 

demonstrated for Thames Tideway East in Chapter 6. 

The use of CRs for deformation monitoring and design characteristics are described in §2.5. The 

literature on CRs for deformation monitoring mostly covers their utilisation as artificial PS points in 

rural vegetated areas. There are few examples of CRs deployed on construction sites in urban areas 

with a changing surface expression, which similarly results in few natural PS.  The detail and response 

of the CRs designed and deployed across London for this research are presented in Chapter 6. 
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3 Methodology 

In this Chapter, the processing methodology for STL1 PSI data using ENVI® SARscape® is described 

(§3.1), as well as the details of additional PSI datasets processed by commercial providers (§3.2). In 

§3.3, the design process and characteristics of the CRs are outlined. The basic theory behind InSAR 

and PSI has been described in Chapter 2, §2.3 and the principles of CRs in §2.5.  

3.1 Sentinel-1 PSI data, processed using ENVI SARscape 

With both STL1-A (launched Apr 2014) and STL1-B (launched Apr 2016) in orbit, SAR data are acquired 

every six days and freely available from ESA. The STL1 data used in this research was collected in 

Interferometric Wide swath mode (IW), which acquires data in wide swaths, composed of three 

subswaths (Figure 3.1). Data are acquired using the TOPSAR imaging technique, which is a form of 

ScanSAR imaging (Holzner and Bamler, 2002), during which the antenna beam is switched cyclically 

among the three subswaths and for each burst the beam is electronically steered, backward to 

forward, in the azimuth direction (Bourbigot et al., 2016) (Figure 3.2). Bursts are synchronised from 

pass to pass to ensure alignment of interferometric pairs.  

Figure 3.1 A mosaic of a STL1 IW TOPS scene 
subswaths. Descending orbit number 81 
covering SE England and London. 
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The STL1 products used are Single-Look Complex (SLC) images where the SAR signals are referenced 

by slant range, rather than real-world, coordinates. Each image pixel contains a complex number 

magnitude value (with both real and imaginary parts, I and Q) from which both amplitude and phase 

components can be derived (Bourbigot et al., 2016). The IW SLC product contains one image per 

subswath and each subswath image contains a series of bursts, where each burst was processed as a 

separate SLC image. IW SLC products are re-sampled to a common pixel spacing grid in range and 

azimuth. For IW mode, the resolution is 2.7 to 22 m in range and 3.5 to 22 m in azimuth directions; 

the range in these values corresponds to the lowest and highest incident angles respectively. In 

London, UK, the incidence angle is ca. 37° and the corresponding ground resolution cell is 3.7 m in 

range and 14.2 m in azimuth (Bischoff, 2019).  

The SLC images were downloaded from the Copernicus Open Access Hub 

(https://scihub.copernicus.eu/dhus/#/home). The orbit number for descending images is 81 and 132 

for ascending (Figure 3.3). Descending images are acquired at approximately 06:15 and ascending at 

17:49 GMT, every six days.  

For the analysis described in in Chapters 4 and 5, a total of 168 descending orbit images acquired 

between 03/05/2015 and 19/12/2018, and 163 ascending orbit images acquired between 06/05/2015 

and 28/12/2018, were processed using ENVI® SARscape®. 

Figure 3.2 STL1 TOPS scan pattern for IW mode, composed of three subswaths. The red arrows 
depict the direction the beam is steered. The acquisition starts with the first burst of the first 
subswath (blue), then the antenna is switched in elevation and the first burst of the second 
subswath is acquired (green) and then again for the third subswath. Once all three subswaths 
have been acquired, the process is cyclically repeated (Yagüe-Martínez et al., 2016).  

https://scihub.copernicus.eu/dhus/#/home
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ENVI® (the ENvironment for Visualising Images, Harris Geospatial Solutions) is a commercial software 

suite with a third-party Interferometric Stacking module, SARscape® (sarmap), that supports 

Persistent Scatterer (PS) processing. Processing has been performed using a Windows 10 Intel Xeon 

system with 64 GB of RAM. ENVI® is written in Interactive Data Language (IDL) that offers integrated 

image processing, with a user-friendly interface.  

The PS technique is considered reliable for urban areas, when 20 or more acquisitions, characterised 

by regular temporal separation, are used and where the PS density is higher than ca. 100 PS/km2 

(Sarmap, 2014). Consistent displacements, which affect all PS in the geographic area, are not detected 

and displacements are modelled with a linear trend, meaning that non-linear displacement rate 

variations over time may not be properly represented. The PS technique implemented in SARscape is 

based on Ferretti et al. (2001) 

The steps in PS processing are shown in Figure 3.4 and are detailed in the following sub-sections. 

 

Figure 3.3 STL1 IW burst coverage for descending orbit number 81 (red) and ascending orbit number (132). 
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Figure 3.4 Flow chart of SARscape processing methodology, modified after Sarmap (2014) 
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3.1.1 Data Import to SARscape 

The first step is to import STL1 data into SARscape to convert it to SARscape’s internal data format. 

During the import, orbital corrections are applied to update the orbital information already present in 

the data with more precise orbital data. Precise Orbit Ephemerides (POE) orbit files are available to 

download from the ESA 20 days after data acquisition.   

Then the Sample Selection tool is used to extract a spatial subset of the area of interest (AOI) from the 

imported images, in order to speed up processing. The area is selected in SAR geometry.  

3.1.2 Connection graph 

This step defines the SAR image pairs used to generate differential interferograms. For PSI processing, 

the pairs all have one ‘reference’ image in common and all other images are co-registered to the 

reference image. The relationships to the reference image are shown in two graphs, a Time-Baseline 

plot which plots the perpendicular baseline against the acquisition dates and a Time-Position plot 

which provides the satellite normal distance from the reference image (y-axis) against the acquisition 

dates (x-axis) (Figure 3.5).  Unless the user defines a specific reference image, SARscape automatically 

selects one so that it is approximately the middle of both the perpendicular baseline and time. For this 

research, the automatically selected reference image was used. 

3.1.3 Co-registration 

The co-registration step ensures that each ground object contributes to the same pixel in the 

reference image and all other secondary SAR images. This is achieved by computing the offsets 

between the two single look complex (SLC) images, pixel by pixel, then resampling to match the 

reference image (selected in the Connection Graph Step). All sample images are co-registered onto 

the resampled reference image with an oversampling factor of four in the range direction (Sarmap, 

2014). Oversampling is performed to avoid aliasing in interferogram generation.  

Figure 3.5 Example of SARscape generated connection graphs. The reference image is denoted by the yellow dot, and the 
green dots are individual SAR images, each arc corresponds to an interferogram. 
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3.1.4 Interferogram Generation 

After co-registration, the interferograms are generated between each image and the reference image. 

The interferograms measure the phase difference between two SAR images. Next, interferogram 

flattening is performed which removes the topographic phase from the interferograms and is 

executed using an input Digital Elevation Model (DEM). The DEM used was the NASA Shuttle Radar 

Topographic Mission (SRTM) 1 arc second 30 m DEM. 

3.1.5 Displacement Estimation 

Persistent scatterers (PS) candidates are automatically selected based on the Amplitude Dispersion 

Index (ADI). ADI (𝐷𝐴) is defined as: 

 

𝐷𝐴 = 
𝜎𝐴

𝑚𝐴
 (3.1) 

where 𝑚𝐴 is the mean amplitude component computed over the image stack and 𝜎𝐴 is the standard 

deviation of the amplitude (Ferretti et al., 2001). ADI is a measure of phase stability, and PS candidates 

are selected if they have an ADI below a certain threshold, typically <0.25 (Ferretti et al., 2001).  

The estimates of residual height and displacement of PS are calculated based on a linear model. 

These are known as ‘low pass’ components and are removed before the atmospheric phase removal 

takes place. The linear model is defined as: 

 

𝐷𝑖𝑠𝑝 = 𝑉 ∗ (𝑡 − 𝑡0) (3.2) 

where Disp is the displacement at time t and V is the displacement velocity (Sarmap, 2014).   

The height and displacement components are relative to a reference point. For areas larger than 

25 km2, the area is split into sub-areas and multiple reference points are used to best remove 

atmospheric effects (Sarmap, 2014). The reference points are selected based on points with the 

lowest Amplitude Dispersion Index (ADI). 

At the end of the first inversion, a mosaicking operation is carried out to merge all sub-areas (Figure 

3.6). The overlap between sub-areas is set at the default value of 30%, which is to ensures there are 

sufficient points with high coherence for merging (Sarmap, 2014). 

The second inversion is then implemented to derive date-by-date displacements, after removing the 

atmospheric phase components and at this stage the final displacement velocity model is fitted. The 

atmospheric component is removed using both an atmospheric low pass filter which accounts for the 

spatial distribution of atmospheric variations and a high pass filter which accounts for the temporal 
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variation of the atmospheric component (Sarmap, 2014). The default window sizes adopted here are 

1200 m for the low pass filter and 365 days for the high pass filter, which best separate atmospheric 

components from real ground displacements. Most meteorological effects of interest (clouds, rainfall, 

etc.) are many kilometres or larger in size (hence most meteorological models have a spatial resolution 

on the order of 1 km (Bonekamp et al., 2018, Zhang et al., 2020), whereas features of interest to the 

engineering geologist are typically much smaller, so a low pass filter on the kilometre scale can 

effectively isolate the two. Similarly, many atmospheric changes are daily, monthly or seasonal, 

whereas changes relevant to ground engineering are either continuous (e.g. subsidence) or on very 

long timescales (years), and so a high pass filter of one year can effectively discriminate between them.  

The final displacement values are given relative to a ‘super reference point’, which is the reference 

point with the lowest Amplitude Dispersion Index and is given a velocity of zero (Figure 3.6).  

3.1.6 Geocoding 

During the geocoding step, the PS products, which have so far been stored in slant range geometry, 

are projected into the DEM cartographic reference system. At this point the Product Coherence 

Threshold can be set, meaning only pixels with coherence values larger than this value are retained. 

Geocoded PS point shapefiles are generated, which can then be imported into GIS. 

The shapefile contains velocity and height precision values. The height precision, in metres, is 

computed from the spatial baseline and multi-temporal coherence whereas the velocity precision, in 

millimetres per year, is calculated using the temporal baseline and coherence (Sarmap, 2019). The 

Figure 3.6 Location of SARscape reference points and sub-areas for STL1 processing between 06/05/2015 and 
28/12/2018 in geographic (WGS84) coordinates. The yellow polygon and red stars are for descending data 
and blue polygon and black stars for ascending. The red and black crosses are the super reference points for 
descending and ascending respectively.  
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mu-sigma value is also calculated, which is a quality index defined by the mean/standard deviation 

ratio.   

3.1.7 Sentinel-1 May 2015 to December 2018 results 

The details of the May 2015 to December 2018 STL1 processing are shown in Table 3.1 and total 

displacement of PS are shown in Figure 3.7. The super-reference point (crosses in Figure 3.6) have an 

ADI of 0.032 and 0.027 for descending and ascending respectively. The sub-area size used for the first 

inversion was 25 km2 and the minimum and maximum velocity parameters selected were ±25 mm/yr. 

Table 3.1 Ascending and descending STL1 processing details. 

Details Descending Ascending 

Date range 03/05/2015 to 
19/12/2018 

06/05/2015 to 
28/12/2018 

Number of images 168 163 

Incidence angle 37° 38° 

Area processed 1290 km2 1070 km2 

Point density 2712 2525 
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3.2 Additional externally processed InSAR Datasets 

In addition to the STL1 data processed using ENVI SARscape, commercially processed InSAR datasets 

have been made available for this research, going back to 1992 for certain parts of London (Table 3.2). 

The oldest data, from 1992 to 2000 are from ERS-1 and ERS-2. ERS-1&2 were ESA C-band radar 

missions. Both ascending and descending data PSI data were obtained, derived from 27 irregularly 

spaced (in time) ERS SAR images, processed by CGG Satellite Mapping (Figure 3.8). The PSI processing 

performed by CGG is based on GAMMA’s Interferometric Point Target Analysis (IPTA) (Werner et al., 

Figure 3.7 a) Descending and b) ascending total displacement generated from STL1 data and using SARscape processing.  
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2003). ENVISAT was the successor to ERS and launched in 2002 and ended in 2012. The PSI dataset, 

again processed by CGG, is derived from 45 irregularly spaced ENVISAT ASAR scenes (13th December 

2002 to 17th September 2010) (Figure 3.9).  

Table 3.2 Details of additional SAR datasets 

 

 

 

Dataset ERS ENVISAT RS2 TSX 

Start Date 19/06/1992 13/12/2002 02/02/2010 01/05/2011 

End Date 31/07/2000 17/09/2010 28/09/2015 28/04/2017 

Geometry Ascending and 
Descending 

Descending Ascending Descending 

Incidence Angle ~23° ~23° ~33° 37° 

Wavelength (cm) 5.6 5.3 5.6 3.1 

No. of images 27 45 58 150 

Average point density 430 590 2240 7800 

Average repeat cycle 
(days) 

35 35 36 11 

Processed by CGG CGG CGG TRE Altamira 

     

Figure 3.8 a) ascending and b) descending total displacement generated from ERS archive data (1992 to 2000).  
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PSI were data derived by CGG Satellite mapping from 58 ascending images acquired by Radarsat-2 

(RS2) between 2010 and 2015 (Figure 3.10). RS2 is a jointly funded mission between the Canadian 

Space Agency (CSA) and MacDonald Dettwiler Associates Ltd. (MDA). It was launched in December 

2007 and is still operational. RS2 is a C-band (wavelength 5.6 cm) sensor, with a revisit period of 24 

days.  

TSX data, processed by TRE Altamira using their SqueeSARTM processing chain (Ferretti et al., 2011) 

have also been provided for 1st May 2011 to 28th Apr 2017 (Figure 3.11). TSX is an X-band (wavelength 

3.1 cm) satellite-borne SAR sensor, operated by the German Aerospace Centre (DLR) and launched in 

2007. TSX has a revisit period of 11 days and the LOS inclination of the sensor is 37◦. The TSX dataset 

Figure 3.10 Ascending orbit total displacement generated from RS2 archive data (2010 to 2015). 

Figure 3.9 Descending orbit total displacement generated from ENVISAT archive data (2002 to 2010). 
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used here contains 150 images from descending orbit acquired in StripMap mode. The temporal 

distribution of all 5 datasets are shown in Figure 3.12.  

 

More detailed explanations of the processing algorithms and parameters used by CGG and TRE 

Altamira beyond the information provided in this section were not provided. 

Limited COSMO SkyMed (CSK) data are available through the Space for Smarter Government 

Programme (SSGP), which is led by the UK Space Agency. Data are freely available for academia, 

providing that a public sector sponsor is available; sponsorship for this project was provided by the 

Royal Borough of Greenwich Council. In London there are only 18, 40 km x 40 km images available 

between January and December 2019 and, due to this small number images, PSI processing has not 

been performed on the CSK data, but these data have been used for CR analysis (Chapter 6, §6.1). CSK 

is an X-band satellite and data has been acquired in StripMap mode, which has a resolution of 3 x 3 m.  

 

Figure 3.12 Image acquisition dates of ERS (grey), ENVISAT (yellow), RS2 (blue), TSX (orange) and STL1 (green). 

Figure 3.11 Descending orbit total displacement from TSX archive data (2011 to 2017). 
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3.2.1 Accuracy and precision of InSAR data used 

As discussed, there are some limitations of the SARscape processing, in that non-linear movements, 

or displacements that affect all PS may not be detected. Therefore, to ensure analysis and 

interpretations based on these results are reliable, the PS data were validated with ground-based 

data, described in Chapter 4, §4.1. The TSX dataset was previously validated by Bischoff (2019). 

Another limitation of SARscape, that is likely the case with any proprietary processing suite, is that 

there are regular updates and changes to the processing algorithm, which makes results difficult to 

replicate. The May 2015 to December 2018 STL1 processing was performed using ENVI® v5.5 with 

SARscape® v5.4.1 plug-in. As over November 2020, the latest version of ENVI is 5.5.1 and SARscape 

version is 5.5.3.  

The geolocation precision of PS is dependent on the spatial resolution of the sensor, as well as the 

processing algorithm; positioning precision is usually in the order of metres (Dheenathayalan et al., 

2014, Dheenathayalan et al., 2016). Each pixel in radar geometry has coordinates in azimuth (a), range 

(r) and cross-range (c) which are projected into local geodetic datum geometry during geocoding, to 

have Northing, Easting and Height coordinates (X, Y and Z respectively) (Figure 3.13). The cross-range 

(c) cannot be derived from a single SLC image and is estimated from interferometric SAR observations, 

thus it is calculated relative to a spatial reference point and a temporal reference image (Master 

image) (Dheenathayalan et al., 2016). Therefore, PS height is related to the processing algorithm as 

well as satellite specifications. The height and velocity error of the five InSAR datasets is shown in 

Table 3.3, with the values obtained from the attribute table of the final geocoded shapefile in ArcGIS. 

The velocity and height errors are made relative to the reference point and, in general, more images 

translates to a lower velocity error. The PS density is also inversely proportional to the velocity error, 

the more PS the lower the velocity error. The velocity error results from residual atmospheric noise in 

the time series and results from estimation errors in the APS (Ferretti, 2014).  

 

Table 3.3 Velocity and height error of the five InSAR datasets. *Typical precision values of a SqueeSARTM dataset, from Bischoff 

(2019).  

Dataset Height Error (m) Velocity Error 
(mm/yr) 

ERS 0.42 0.24 

Figure 3.13 Propagation of error in geolocation of PS points. Modified after Dheenathayalan et al. (2014).  
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ENVISAT 0.36 0.32 

RS2 1.0 0.42 

TSX 1.5* 0.56* 

STL1 0.98 0.10 

 

3.3 Other industry provided data 

Throughout the timeline of the PhD research, a number of other industry datasets were made 

available. TTE provided access to their tunnel monitoring data, supplied by Sixense through their 

Geoscope GIS software and as well as their geotechnical reports. The contractors for the Northern 

Line Extension, TfL and Ferrovial Agroman Laing O’Rourke Joint Venture (FLO), also provided ground-

based monitoring data in the form of an SQL database. Detailed information was not provided on 

the resolution and accuracy of the instruments used, or information on the reference network, 

except in the case of Kennington Park (§4.1).  

3.4 Corner Reflector design process 

The artificial CRs used for this research are designed with the purpose of deformation monitoring 

rather than SAR calibration. CR for calibration have more stringent requirements on RCS, such as 

requiring a signal to clutter ratio above 30 dB (Curlander and McDonough, 1991, Freeman, 1992, 

Garthwaite, 2017). They have been designed to be used primarily with C-band (STL1) but also with X-

band data (TSX and CSK).  

 

CRs are designed to have an RCS sufficiently large to be visible in the SAR image above the background 

backscattering level (clutter). As well as having these characteristics practical considerations must be 

accounted for, including being easy to point, light to carry, easy to mount, difficult to be reached by 

unauthorised people, have a low visual impact, be relatively rigid, and resistant to all weather 

conditions (Qin et al., 2013).  

 

3.4.1 Shape 

Despite the triangular trihedral shape having the lowest RCS of the reflector shapes outlined in Table 

2.6 (Chapter 2, §2.5.2), it is the most commonly used (Bovenga et al., 2012, Döring et al., 2007, 

Eldhuset and Weydahl, 2011, Froese et al., 2008, Garthwaite, 2017, Garthwaite et al., 2015a, 

Garthwaite et al., 2015b, Garthwaite et al., 2015c, Jauvin et al., 2019, Saeed and Hellwich, 2017, 

Schlögel et al., 2017, Xia et al., 2002). Reasons for this include: 

1. Lower sensitivity to alignment inaccuracies: flat and dihedral reflectors have a very narrow 

scattering pattern; therefore, alignment precision must be better than 1°. However, a 
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triangular trihedral reflector with an alignment error of 20° has the RCS loss of just 3 dB from 

the peak value (Curlander and McDonough, 1991, Doerry and Brock, 2009, Garthwaite et al., 

2015a).   

2. Structural rigidity: the pyramidal trihedral shape is very stable, which is useful for longevity 

of the reflector and ability to maintain inter plate orthogonality.  

3. Cheaper to produce: less material is required for its manufacture than a square or quarter 

circle reflector.  

 

Triangular trihedral reflectors utilise the triple bounce mechanism, whereby incident radar waves 

reflect off the three orthogonal faces before being reflected back in the direction they came from 

(Polycarpou et al., 1995). This mechanism is responsible for the wide beam width of the trihedral CR, 

however the triangular trihedral aperture will contain portions at the tips where only double bounces 

occur, resulting in an ineffective area, constituting approximately one third of the overall area (Knott 

et al., 2004) (Figure 3.14).  

 

 

3.4.2 Inner leg dimension 

In general, the larger the reflector, the higher the RCS but a larger reflector requires more material, is 

more expensive, more difficult to transport and more prone to distortion over time. The sites used in 

Figure 3.14 Aperture of a triangular trihedral CR when the reflector is normal to the 
radar wavefront. The effective area, where the triple bounce mechanism occurs is 
shaded white. Modified after (Knott et al. 2004; Garthwaite et al. 2015). 
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this research included a school roof accessed internally through the school, a wall accessed with 

scaffolding and active construction sites. For ease of installation, the reflector was fully constructed in 

the geotechnics laboratory at Imperial College and transported to site ready-made. Therefore, the size 

of doorways and transport vehicle also had to be considered. The average width of a UK door is 

762 mm (2’6”)(JB Kind Doors), therefore for practical purposes of transportation and installation, the 

reflector was designed to be narrower than 762 mm.  

 

The inner leg dimension chosen was 0.75 m and thus the theoretical RCS is 26 dBm2, as calculated by 
(Knott et al., 2004):  
 

𝜎 =  
4𝜋𝑎4

3𝜆2
 (3.3) 

      
𝑎 = 0.75 m 
𝜆 =  5.55 cm = 0.0555 m 

𝜎 =  
4𝜋 ∗ 0.754

3 ∗ 0.05552
= 430 

 

𝑅𝐶𝑆 (𝑑𝐵𝑚2) = 10 ∗ 𝑙𝑜𝑔10(430) = 26 𝑑𝐵𝑚2 

The effective area is calculated by: 

 

𝐴𝑒𝑓𝑓  =
𝑎2

√3
 (3.4)

   

𝐴𝑒𝑓𝑓  =
0.752

√3
=  0.32 𝑚2 

 



79 
 

Garthwaite et al. (2015a) estimates that the minimum RCS required for deformation studies at C-band 

wavelength is ~26 dbm2 (Figure 3.15). Therefore our 0.75 m CR is at the minimum limit of the 

detectable size for C-band (Figure 3.16).  

 

3.4.3 Material 

Aluminium is typically used for CR plates because of its low density (lightweight) and its ability to resist 

corrosion. Aluminium alloys have a density 2.6 – 2.9 g/cm3, whereas iron and steel have densities in 

the region of 7.75 – 8.05 g/cm3; a 50 cm reflector of 2 mm thickness of aluminium would therefore 

weigh 5.6 kg compared to 16 kg for steel. Therefore, aluminium was used for this research.  

 

Figure 3.15 Theoretical relationship between peak RCS, reflector size 
and radar frequency for a triangular trihedral CR. Red dashed line 
indicates the size of our reflector, 0.75 m and the red star is at 
Sentinel-1 C-band frequency. The black bars indicate the size of 
reflector required to meet brightness requirements. Modified after 
(Garthwaite et al., 2015a). 
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3.4.4 Perforation 

The CRs are required to remain outside in all weather conditions, for several years, with minimal 

maintenance. Using a mesh perforated metal sheet allows drainage during rainfall, reduces the force 

applied to the structure by wind, reduces overall weight and promotes cleaning of windblown deposits 

(Garthwaite et al., 2015a). The hole diameter should be less than one-sixth of the radar wavelength, 

which is 9.2 mm diameter for STL1 (C-band) and 5.2 for CSK (X-band), so as to not greatly reduce the 

RCS (Garthwaite et al., 2015a).  

 

The aluminium sheets used are 2 mm thick, with 4.7 mm diameter holes and a 21% open area. 

Experiments at the Defence Science and Technology Organisation (DSTO) observed a RCS loss of 0.2 

dB for a mesh with 5 mm diameter holes and a 20% open area for a C-band radar (Garthwaite et al., 

2015a). The losses caused by mesh perforation are significantly less than those which would occur if 

the reflector were to flood, causing a breakdown of the triple bounce mechanism.   

Figure 3.16 Diagram of our corner reflector, 0.75 m inner leg dimension of perforated aluminium. 
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3.4.5 Orientation  

The direction of maximum RCS is normal toward the open face of the CR. The elevation of the 

boresight vector should be directed at and parallel to the satellite LOS. All three SAR systems used 

here have an incidence angle ~35-40° in London, therefore 38° was used as the reference incidence 

angle. The three panels of a trihedral reflector are at 90°, therefore the bisector of this angle was 

aligned with the incidence angle of the sensor, thus the CR was elevated 7° from horizontal.  

 

For a triangular trihedral reflector, the radar wave is normal to the open face when the elevation angle 

is 𝜑 is equal to tan−1
1

√2
, which is approximately 35°. Therefore, the boresight is 35° not 45° and the 

optimum elevation is 17° from horizontal.  

 

Due to the insensitivity of the triangular trihedral shape to alignment inaccuracies, the 10° offset from 

the optimum boresight angle has a minimal effect on the RCS, less than 1 dBm2, which equates to ~4% 

loss from the peak RCS (Figure 3.18).  

 

All reflectors were orientated for descending geometry; the heading of STL1 is 195°, and therefore the 

pointing direction is perpendicular to this at 105° (Figure 3.19).  

 

Figure 3.17 Detail of the perforated aluminium plate with annotated dimensions. The mesh has 
an open area of 21%. 
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Figure 3.18 Sensitivity of the RCS to the elevation angle of the CR. a) Elevation of our CR and incidence angle of the satellites 
in London. b) Contours of RCS (dB) variation with elevation and azimuth, the red star indicates the orientation of our 
reflector relative to the theoretical optimum, modified after Doerry (2008). c) RCS curve change with azimuth (solid line) 
and incident angle (dashed line) modified after Li et al. (2012), the orientation of our CR is shown in red compared to the 
peak in green. d) RCS response to changing azimuth and elevation based on experiments in a anechoic chamber, the orange 
P0+10 degrees is comparable to our reflector, modified after (Jauvin et al., 2019). 
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3.4.6 Locations of corner reflectors 

An ideal CR has a high SCR, which can be achieved by having a reflector with a high RCS, as well as by 

undertaking analysis of potential target deployment sites prior to installation and by choosing sites 

with low clutter. When finding sites for the CRs in London, it became evident that it was not possible 

to select sites based on ideal SAR characteristics, but on where access and permission could be 

granted.  The aim was to install twelve reflectors, including six at Tideway East sites and six at schools 

across London. Schools were chosen to facilitate STEM outreach as an important element of benefit 

to Tideway East who part-funded this research. I launched a competition called the ‘Schools Earth 

Observation Competition’ which ran from January to March 2018. Students had to design a poster on 

the topic of ‘Uses of InSAR in the UK’ and the winning schools had the opportunity to have a CR on-

site and be involved in the project data collection and analysis. A selection of the poster entries from 

the schools are shown in Figure 3.20.  

Figure 3.19 CR orientation relative to the Sentinel-1 descending 
heading angle. 
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Four schools were chosen following the competition: Chelsea Academy, Barking Abbey School, Space 

Studio West London and Seven Kings School, and CRs were installed at each of these. An additional 

CR was installed at Imperial College Putney Boathouse.  

Figure 3.20 Poster entries from the Schools Earth Observation Competition, titled ‘Uses of InSAR in the UK’. 
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Tideway CRs have been installed at: ABMPS, CHAWF, GREPS and KEMPF. An additional CR at EARPS 

was planned but finding a suitable location where it could remain for several years proved too difficult.  

At the time of installation, or shortly afterwards, a GPS measurement was taken at the location of the 

reflector by the Tideway East survey team. Locations are shown in Table 3.4 and Figure 3.21, GPS 

measurements were not available for the Space Studio West London and Imperial Putney Boathouse. 

The accuracy for the GPS is < 25 mm (N. Drayton, pers. comm., 14/06/2018).  

Table 3.4 CR location coordinates (decimal degrees), heights (m) (OSGB 1936) and date of installation. 

Location Latitude Longitude Height Date of 
installation 

Chelsea Academy 51.47796463 -0.182821190 70.11 16/01/2019 

Barking Abbey 51.54456190 0.103750560 58.98 14/01/2019 

Seven Kings 51.56882748 0.087017850 62.642 14/01/2019 

ABMPS 51.528865 -0.003018379 108.29 24/04/2019 

KEMPF 51.50858749 -0.04808034 106.81 18/01/2019 

CHAWF 51.50026773 -0.065621638 103.822 26/06/2019 

GREPS 51.47789433 -0.018623936 n/a 22/08/2019 

Space Studio 
West London 

n/a n/a n/a 18/01/2019 

Imperial Putney 
Boathouse 

n/a n/a n/a 23/01/2019 
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3.5 Summary 

In this Chapter, the details of the InSAR datasets used for analysis in subsequent chapters have been 

described. STL1 PSI data has been processed using ENVI SARscape (§3.1) and this dataset is used for 

most analyses described in Chapters 4 to 6. Verification of the STL1 data with ground-based 

monitoring data are described in Chapter 4, §4.2. Commercially processed ERS 1&2, ENVISAT, RS2 and 

TSX datasets have been obtained, to enable long deformation time series (retrospective analysis) and 

to compare datasets of different spatial resolution processed using different algorithms.  In Chapter 

4, §4.2, the RS2, TSX and STL1 datasets are compared to assess if measured InSAR displacements are 

a function of the processing chain.  

  

The rationale for the design of CRs used for deformation monitoring has been described in §3.3. The 

results from the installation of CRs are presented in Chapter 6.  

 

  

Figure 3.21 Location of CRs across London. Yellow pins are schools (aside from Putney Boathouse) and purple pins are TTE 
sites. 
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4 Surface expression of recent tunnelling projects in London 

In this Chapter, surface displacements associated with the Northern Line Extension (§4.1) and Lee 

Tunnel (§4.2) are investigated. The previous Chapter (3) details the five InSAR datasets that are 

analysed in this Chapter: ERS (1992 to 2000), ERS (2002 to 2010), RS2 (2010 to 2015), TSX (2011 to 

2018) and STL1 (2015 to 2018). The TSX dataset period partially overlaps with RS2 and STL1 and in 

§4.3, the datasets are compared to assess if measured InSAR displacements are a function of the 

chosen processing method. The results in this Chapter directly relate to research objectives 1 to 3 

(Chapter 1, Table 1.1). 

The Northern Line Extension (Figure 4.1a) was selected as a case study, due to the time period of 

tunnelling (April to November 2017), which is covered by the STL1 ENVI® SARscape® processed data, 

and availability of ground monitoring data to ground-truth the InSAR results (§4.1). Ground-based 

monitoring data was provided by TfL and Ferrovial Agroman Laing O’Rourke Joint Venture (FLO). 

Previous InSAR studies of the NLE using 2011 to 2018 TSX data have been undertaken by Bischoff 

(2019), which enabled additional comparisons between TSX and STL1 and information about how the 

time period studied effects the identification of deformation phenomenon. 

The tunnelling project in focus for this research is the Thames Tideway East (TTE) tunnel. Tunnelling 

for TTE did not start until January 2021, therefore a retrospective analysis of the Lee tunnel was 

undertaken to identify the lessons that could be learnt from a similar recent tunnelling project (§4.2).  

The Lee Tunnel was constructed as the first part of the Thames Tideway Improvements Scheme. The 

Lee Tunnel is a 7.2 m internal diameter, 6.9 km long transfer tunnel, from Abbey Mills Pumping Station 

to Beckton Sewage Treatment Works, London (Figure 4.1b) (Anamoah and Feeney, 2013). The Lee 

tunnel is the deepest tunnel ever built in London, with an average depth of 75 m. The TTE tunnel 

connects to the Lee Tunnel at Abbey Mills pumping station. Surface deformation associated with the 

Lee Tunnel has not been studied with InSAR until now. 

The most well-known tunnelling project in London since 2010 is Crossrail. Surface deformation from 

Crossrail has been extensively studied using InSAR and is discussed in §2.3.6 and §2.3.7. 

The benefits of InSAR to the civil engineering industry have been demonstrated on many occasions, 

however there is still a limited uptake by end-users. End-users cite barriers which include a lack of 

clarity on the capabilities and limitations of the techniques, perceived differences between providers, 

confusion as to how results should be interpreted and the lack of standards and best practice 

guidelines. The rare opportunity to compare InSAR datasets from two commercial providers and 

results from ENVI® SARscape® software enabled quantification of the magnitude of the differences 
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between datasets, characteristics of the locations where results differ most and reasons for the 

differences (§4.3).  

4.1 Northern Line Extension 

The Northern Line Extension (NLE) is a 3.2 km long twin-bore rail tunnel from Kennington to Battersea 

(Figure 4.2). New stations are Nine Elms and Battersea Power Station (Figure 4.2 stations 5 & 6), with 

additional new cross passages at Kennington Tube Station and headhouses at Kennington Green and 

Kennington Park (Figure 4.2, shafts 3 & 4). The tunnels are 5.2 m diameter and tunnelling started in 

April 2017 and finished in November 2017.  

Figure 4.1 Map showing the locations of major tunnelling projects in London since 2010. The inset rectangle a) shows the 
area of interest for the NLE and b) for the Lee Tunnel. 

Figure 4.2 NLE route. 1 & 2 are temporary shafts, 3 & 4 are permanent shafts for airflow in and out of the underground 
tunnels and 5 & 6 are new stations (Transport for London). 
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4.1.1 Geological setting 

The geological complexities in the region of the NLE have been discussed by (Bischoff, 2019, Toms et 

al., 2016). The majority of the tunnel is within the London Clay (Figure 4.3), but it enters the Lambeth 

Group, just East of where it crosses below the Victoria Line (near Fentiman Road, Figure 4.2). The 

maximum depth of the tunnel is 26 m. There are a number of DFHs in the area, faults and laterally 

discontinuous superficial strata. However, there is limited published detail on the geology 

encountered during tunnelling. 

4.1.2 Tunnel Construction 

The main TBM drives are 5.2 km long, constructed using the Earth Pressure Balance Machine (EPBM) 

method and two TBM’s, named Amy and Helen, were used for the north and south running tunnels 

respectively. Predicted volume losses using this methodology were 0.5% (Thiagarajan, 2018) and a 

predicted settlement trough for a single tunnel has been calculated, shown in Figure 4.4. Maximum 

estimated settlement above the tunnel centreline is ca. 4 mm. Along much of the NLE route, the two 

tunnels are less than 50 m apart. Surface settlements caused by twin tunnels are typically more 

variable than for single tunnels, which are usually symmetric (Suwansawat and Einstein, 2007). The 

simplest assumption for twin tunnel settlement troughs is that the settlement trough for the second 

tunnel matches the first and the total settlement is a summation of the two. However, this is not 

accurate if there is a time delay between the construction of each tunnel, because the soil will have 

been previously strained by tunnel one, so bigger losses would be expected for tunnel two (Chapman 

Figure 4.3 Simplified geological cross section of the NLE, modified after Thiagarajan (2018). 
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et al., 2004).  In addition to tunnelling, dewatering was undertaken at Kennington Park, beginning in 

June 2016 (Ferrovial Agroman Laing O'Rourke JV, 2016, Transport for London, 2016).  

Tunnelling projects under urbanised areas have an extensive monitoring network to record any 

settlement associated with the tunnelling works for risk management (§2.2.1). NLE monitoring data 

from 26 instrument types, separated into 5 classes: prisms, tiltmeters, settlement, inclinometers and 

tunnel converge, have been made available for this research by TfL and FLO. The settlement 

monitoring was split into three categories: building settlement, ground settlement (hard) and ground 

settlement (soft). There were 1894 ground settlement (hard) points, 82 ground settlement (soft) and 

648 building settlement points installed, totalling 2624 points along the 3.2 km alignment (Figure 4.5). 

The term ‘ground settlement (hard)’ is used when there is a hard element that an instrument can be 

fixed to, such as a kerb line and a levelling bolt is typically used in this case. The term ‘ground 

settlement (soft)’ is used when there are no hard elements present, in such circumstances, an 

extensometer is normally used. ‘Ground settlement (soft)’ points in this project were internal to the 

NLE stations and hence not relevant for InSAR comparisons. The reference points for the ground-based 

measurements varies along the route. The reference point for Kennington Park and Kennington Green 

is at the junction of Wescott and Cooks road (R. Garford-Tull, pers. Comm, 23/10/2020.) and is shown 

by the black cross in Figure 4.5. Dewatering data collected by automatic piezometers in three wells 

has also been provided. 

  

Figure 4.4 Predicted settlement trough for a single NLE tunnel (blue line) and horizontal displacement (grey). 
VL from Thiagarajan (2018), K is typical for tunnels in clay (Mair and Taylor, 1999).  
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Figure 4.5 Location of the NLE route (red) with the location of excavation (station) boxes (grey) a) Battersea b) 
Nine Elms c) Kennington Green d) Kennington Park. Settlement monitoring point locations are shown by 
triangles: black (buildings), green (ground settlement hard), purple (ground settlement soft). Location of PS 
coloured by total displacement over the period May 2015 to December 2018. The reference point for ground-
based monitoring is indicated by the black cross. 
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4.1.3 Methodology 

Verification of the May 2015 to December 2018 SARscape PS processing results has been achieved 

through comparison with NLE in-situ settlement and dewatering data, and the results are presented 

here.  

The PS data are from SAR observations made every 6 days and the in-situ settlement data have a 

variable temporal resolution, between daily and monthly, based on expected and actual rates of 

deformation (e.g., increased frequency when the TBM was in proximity) and location.  Approximately 

even spacings along the tunnel route were aimed at for the comparison but the actual locations 

chosen were conditional on the presence of both an in-situ measurement point and a PS point within 

10 m of each other. To compare the datasets, the in-situ and PS measurements were rebased to the 

first common start date. Then linear interpolation was used to account for the differing temporal 

resolutions. Pearson Correlation Coefficient (PCC) was used to analyse the relationship between the 

PS and in-situ measurement time series. PCC is a measure of the strength of a linear correlation 

between two variables and produces values between +1 and -1. A PCC of zero indicates no correlation 

at all, a positive PCC indicates a positive association and a negative PCC indicates a negative 

association; a PCC value > 0.7 is considered a strong, 0.3-0.7 moderate, and > 0.3 a low correlation. 

Within a 1km wide buffer of the tunnel (500 m either side of the tunnel alignment) there are 8152 PS 

points and within a 500 m buffer there are 3917 PS points. 

4.1.4 Results and discussion 

The interpolated time series are shown in Figure 4.6b. Overall the PS and in-situ measurements follow 

the same general trend at each location. The PS data are significantly noisier than the ground-based 

measurements and this is because, within a resolution cell, there are many elementary scatterers, 

which can change between SAR acquisitions. The STL1 ground resolution cell in London is large, at 

3.7 m wide in range and 14.2 m long in azimuth and there are likely to be many contributing 

elementary scatterers, which will increase the noise level. Other sources of noise include: instrumental 

noise, slight variations in viewing geometry, thermal effects and residual atmospheric effects. It is 

unknown whether the noise originates from the processing (noise in phase signal) or if there are real 

small-scale displacements of the PS that are not in-sync with the broader ground deformation trend. 

Any systematic shifts are likely a result of a different reference point between the PS and ground-

based measurements. Locations 1,2, 5 and 6 all have strong (>0.7) correlations (Table 4.1). 

Although De Laune street (6), has a strong PCC, the PS and in-situ measurements clearly deviate after 

September 2017, where the in-situ measurements stabilise, but the PS point records continuing 

subsidence (Figure 4.6). Another differing point, with a low PCC of 0.21, is at Kennington Park Flower 
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Gardens (4), where the in-situ measurement point records heave between February 2018 and May 

2018, but the PS data does not capture this heave.  

Locations (4) and (6) appear to be within the zone of dewatering, based on InSAR results (orange area 

on Figure 4.6a). According to Bischoff (2019), dewatering took place in the lower aquifer, which 

includes parts of the Lambeth Group. The dewatering piezometer data records a 20 m drop in the 

water table between July and August 2016. Water level is stabilised at the reduced level, until April 

2018, when it begins to rise, gradually at first between April and October 2018, then more rapidly until 

March 2019 (Figure 4.7).  
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Figure 4.6 Comparison of NLE in-situ ground settlement (hard) measurement points with PS. Five measurement points along 
the length of the tunnel have been chosen, location shown in (a). The time series are compared in (b) with PS in orange and 
in-situ measurements in blue. The time period for comparison varies depending on when the ground instrumentation was 
installed. 
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Table 4.1 PCC values derived from PS and HLP ground-based measurements in shown in Figure 4.6. 

 

 

 

 

 

Dewatering results in a reduction in pore pressure, which in turn causes an increase in the effective 

vertical stress, leading to settlement of the strata undergoing the stress increase. The process of 

settlement may take the form of compression and /or consolidation, depending on the geology.  

For locations greater than 50 m from Kennington Park, the effect of dewatering is omitted from the 

ground measurements because the benchmark (reference point) used to measure the settlement was 

inside the dewatering zone, approximately 150 m away from the dewatering wells (Figure 4.5). Hence 

the reference point experienced settlement in line with its surroundings so the ground-based 

measurements could not capture the true magnitude of displacement. Initial assessment of the 

dewatering at Kennington undertaken by the NLE team prior to works, suggested that any significant 

settlement would be within 75 m and that if settlement occurred further out it may be a result of sand 

ID Location PCC 

1 Pump House Lane 0.82 

2 Wandsworth Road Place 0.94 

3 Notting Hill Pedestrian Route 0.58 

4 
Kennington Park Flower 

Gardens 
0.21 

5 Pegasus Place 0.75 

6 De Laune Street 0.95 

Figure 4.7 Piezometer data from three dewatering wells at Kennington Park. 
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channels facilitating flow (R. Garford-Tull, pers. Comm., 23/10/2020). Once it was established that the 

reference point was within the dewatering zone, land survey checks to datums outside the dewatering 

zone were undertaken and it was established that 10 mm should be added to ground-based 

measurements in the Kennington Park dewatering zone. Nevertheless, the decision was taken to keep 

the original Wescott/Cooks Road reference values, because the data was still meaningful for potential 

damage assessments (R. Garford-Tull, pers. Comm., 23/10/2020).  

The difference in displacement between ground-measurements and PS at De Laune St during the 

period May to December 2018 where both measurement types record a stabilisation is 10 mm, 

agreeing with the land-survey checks. De Laune street (Figure 4.6, 6) lies above the SCL tunnel 

southbound step plate junction connection (Figure 4.8), primary underground works finished here in 

May 2017 (R. Garford-Tull, pers. Comm., 23/10/2020). The May 2017 end-of-works aligns with the 

stabilisation, as recorded by the ground-based measurements and the deviation from the PS 

measurements, which continue to subside until May 2018 (Figure 4.9). 

  

 

Figure 4.8 Detailed sketch of the eastern NLE alignment, where it connects with the 
existing northern line (Halcrow Group Ltd, 2012). 
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At Kennington Park Flower Gardens, ground-based measurements started in November 2017, more 

than a year after dewatering began and when the groundwater level was being controlled at a reduced 

level (Figure 4.10). As the groundwater level starts to rise, from April 2018 onwards, both the ground-

based measurements and PS subside. The NLE TBM Helen broke through at Kennington Park at the 

end of October 2017 and Amy broke through at Kennington on November 8th 2017, indicating that the 

settlement there, which doesn’t start until May 2018, is not directly related to the passing of the TBM. 

Kennington Park Flower Gardens is a park environment and therefore will be more susceptible to 

seasonal variation that the other locations because natural ground movements such as shrink-swell 

are not restricted by made ground or infrastructure. However, with less than a year of data available 

Figure 4.9 Timeline of events at De Laune St (Figure 4.6, 6). 

Figure 4.10 Timing of dewatering on the Kennington Park Flower Gardens (Figure 4.6, 4) settlement profile.  
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for this location, the effect of seasonality cannot be confirmed. Thus, the main contributary factor to 

the ca. 5 mm settlement at Kennington Park Flower Gardens is uncertain.  

The limit of the dewatering zone around Kennington Park, is circular to the north and south-east and 

linear to the south-west, suggesting a structural aquifer control on the south-western edge. Bischoff 

(2019) also noted this linear truncation of the area dewatering to the south-west of Kennington Park 

and interpreted it as a fault acting as a barrier to flow. The boundary has a NNE-SSW orientation, 

which is similar to current mapped faults, just to the east (Figure 4.11).  A 0.25 km2 area has been 

averaged around the Kennington Park dewatering wells (Figure 4.12, blue), measuring 18 mm of 

subsidence between May 2015 and December 2018. Comparatively, PS displacement in an area of the 

same size south-east of Kennington Park is stable across the same time period (Figure 4.12, green). 

Therefore, these STL1 observations support Bischoff’s (2019) hypothesis that there is a structural 

groundwater control here.  

Bischoff (2019) also revealed some circular displacement patterns spatially correlated with DFHs, 

using TSX PS data. The ground motions over DFHs followed the same general trend as their 

surroundings (subsidence or uplift), but with a greater magnitude of movement (one and a half to two 

times greater). These circular patterns of heave are not evident in the 2015 to 2018 STL1 data and this 

could be a result of the lower spatial resolution of STL1 compared to TSX and therefore causing a 

reduced PS density and less distinct patterns. Another possibility is that the differing time period 

between the datasets (2015 to 2018 STL1 and 2011 to 2017 TSX) means these features are not visible 

in the STL1 data i.e., heave is no longer ongoing. Furthermore, the TSX and STL1 datasets have 

Figure 4.11 BGS faults and interpreted fault at the eastern edge of the NLE. 
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different reference points, which can cause variability between the two datasets depending on the 

stability of the reference point. 

4.1.4.1 Settlement Trough 

A time series cross section, from A to A’ (Figure 4.13a) has been constructed to assess the InSAR 

measured displacements of the settlement trough associated with tunnelling. It is evident from the 

time series in Figure 4.13b, that the majority of settlement occurred between August 2017 and 

November 2017, then continuing at a slower rate until May 2018. It is assumed that both TBM’s passed 

through this area during the time of maximum settlement, as the NLE tunnelling was completed 

between April and November 2017.   

Figure 4.12 a) Average time series of the areas shown in b). NE and SW of dewatering at Kennington Park. Dashed line 
marks the boundary between the area of subsidence and stability.  
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The maximum settlement recorded by InSAR is ca. 10 mm (Figure 4.13c), which is significantly more 

than the predicted 4 mm for a single tunnel. However, the HLP ground measurement point on 

Cottingham Road (within AOI-1) records a maximum settlement of 4 mm, in line with predictions 

(Figure 4.14) and the PS point here has a strong correlation (PCC of 0.96) and records approximately 

2 mm more settlement, ca. 6 mm total. The InSAR settlement trough appears as a single broad feature 

(ca. 250 m wide), rather than two individual troughs, with one for each running tunnel, due to their 

proximity, which could be a reason for the observed settlement being greater than the predicted for 

a single tunnel. The line of maximum settlement is between the two tunnels. The width and depth of 

the settlement trough is unlikely to be uniform along the tunnel alignment, dependent on depth, 

geology, dewatering etc. therefore this single cross section should not be taken as representative for 

the whole tunnel alignment.  

Figure 4.13 NLE settlement trough, as measured with InSAR. a) Location of cross section A to A’, b) Average time series of 
the points in AOI (labelled a) and  c) Cross section A to A’ across the NLE tunnels, each line represents a new date, from 
2015 (pale grey) to 2018 (black). 
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Subsidence in the area surrounding the NLE during 2017 cannot simply be attributed to NLE works 

alone. A number of other construction works were ongoing in surrounding area at a similar time that 

may have contributed to the subsidence patterns, namely Thames Tideway and development at Nine 

Elms on the South Bank (Figure 4.15). Thames Tideway have three sites, Kirtling Street, Heathwall 

Pumping Station and Albert Embankment Foreshore in this area (blue stars 1,2,3 Figure 4.15). The 

Kirtling Street site, located next to Battersea Power Station, is the largest site on the entire project 

and the shaft has a 30 m diameter. Extensive development has been ongoing in the Nine Elms on the 

South Bank area (yellow area Figure 4.15), including 20,000 new homes, shops, restaurants, the new 

Figure 4.15 Additionally construction works in the area surrounding the NLE. 1) Kirtling Street, 2) Heathwall Pumping 
Station, 3) Albert Embankment Foreshore. 

Figure 4.14 Comparison of PS and ground-based measurements at Cottingham Rd (within AOI-1 Figure 4.13). 
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US embassy and a redevelopment of Battersea Power Station. Without more detail of the timing and 

nature of all these works, it is not possible to attribute ground movements to individual projects.  

4.1.5 Summary 

The comparison of PSI results from ENVI SARscape with the NLE extension ground-based monitoring 

shows good agreement and therefore provides confidence in the PS data for further analysis. A perfect 

correlation between ground-based monitoring and PSI results are not expected because the following 

factors can contribute to significant differences between them: 

• Both datasets are relative to a reference point(s) 

• The ground-based measurements record vertical displacements, whereas the PS data is 

descending LOS (incidence angle 37.5°).  

• Differing temporal resolution 

• PS and ground-based measurement point may be several metres apart on different objects. 

For STL1, the XY geolocation accuracy is on the scale of metres (Dheenathayalan et al., 2014, 

Dheenathayalan et al., 2016).  

PS displacements reveal the area affected by dewatering is significantly larger than that covered by 

in-situ measurement points, particularly to the east of Kennington Park. This demonstrates the benefit 

of InSAR as a monitoring tool, alongside traditional measurements, to capture the true extent of 

displacement caused by tunnelling activities.  

Where the ground-based measurements do not capture the dewatering settlement, due to the 

reference point being within the area of dewatering, this issue can be avoided using InSAR. If the InSAR 

reference point was unintentionally within an area of deformation, the data could be re-processed 

retrospectively with a new reference point in a stable area.  

Furthermore, it demonstrates the potential of InSAR to identify geotechnical hazards, such as a 

potential fault south-west of Kennington Park, but also the limitations due to the time period of study, 

anthropogenic activities and SAR spatial resolution effect the phenomenon observed.  
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4.2 Lee Tunnel 

The case study presented here has been published in: 

SCOULAR, J., GHAIL, R., MASON, P., LAWRENCE, J., BELLHOUSE, M., HOLLEY, R. & MORGAN, T. 2020. 

Retrospective InSAR Analysis of East London during the Construction of the Lee Tunnel. Remote 

Sensing, 12, 849. 

It focuses on an area of East London surrounding the Lee Tunnel (Figure 4.1b) over the period February 

2010 to September 2015. The Lee Tunnel is a 7.2 m internal diameter, 6.9 km long transfer tunnel 

constructed as the first part of the Thames Tideway Improvements Scheme. Construction began in 

September 2010 (Mitchell and Jewell, 2011), tunnelling was completed in 2014 (Walker, 2014) and it 

became operational in April 2016 (Costes et al., 2018). There is significantly more published 

information on the Lee Tunnel than the NLE, enabling a more detailed investigation into the causes of 

ground movements there. Furthermore, there were more InSAR datasets available to study the 

deformation.  

4.2.1 Geological setting 

At an average depth of 75 m, the majority of the Lee Tunnel lies within the Upper Cretaceous, Seaford 

Chalk Formation. Overlying the Chalk are Palaeogene sediments, including the Thanet Sand, Lambeth 

Group, Harwich Formation and London Clay Formation, and above these are Quaternary superficial 

sediments, the River Terrace Deposits and alluvium (Figure 4.16). Further details on lithostratigraphy 

encountered during construction can be found in (Bellhouse et al., 2015, Newman et al., 2017, 

Newman and Hadlow, 2018).  

Figure 4.16 Geological cross section of the Lee Tunnel, modified after Newman et al. (2017).  
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Two fault zones are recognised along the tunnel alignment: the Greenwich fault zone, within which 

the Beckton shaft is sited, and the Plaistow Graben fault zone, which was discovered during ground 

investigations for the Lee Tunnel (Newman, 2008, Skipper et al., 2008). The Greenwich fault (Ellison 

et al., 2004) is a north-east south-west trending feature that has as much as 40 m vertical displacement 

across it, with strata downthrown to the north-west (Newman et al., 2017). The Plaistow Graben is a 

negative relief fault zone, approximately 900 m wide, in which the ground is progressively 

downthrown towards the centre, resulting in Thanet Sands being brought into the tunnel horizon 

(Morgan et al., 2020, Skipper et al., 2008). Crossing any fault during tunnelling can be hazardous 

because they can cause sudden changes in lithology, disturbed ground, groundwater and mechanical 

properties of rocks, leading to tunnelling problems such as flowing ground, tunnel overbreak and 

steering problems for a TBM (Newman et al., 2017). It is important, therefore, that the location and 

nature of any faulting are known prior to construction. 

A feature with unexpected geological characteristics was encountered during the progress of the Lee 

Tunnel drive. In addition, a ‘yellowing’ of the chalk and rounded flints were reported in the slurry 

treatment plant (Bellhouse et al., 2015, Walker, 2014). Additional boreholes, supplementary to the 

original ground investigation, were drilled to understand the nature of the feature, which was later 

defined as a Drift Filled Hollow (DFH) (Bellhouse et al., 2015) (described in §2.1.4). DFHs are a 

substantial hazard to tunnelling projects, often containing perched water leading to variable 

groundwater conditions, potential slumping, shearing of the sides and differential compaction of 

material (Ellison et al., 2004, Toms et al., 2016). Adjustments to the TBM may be required in response 

to such variable conditions, such as an increase in TBM thrust or a decrease in cutting wheel rotation 

speed (Newman, 2017). These can lead to significantly increased risk for operators and project delays 

because of reduced boring speed, all of which result in additional costs. Additionally, their distribution 

across the region is largely unknown. 

In terms of hydrogeology, both of London’s two main aquifers were encountered during the Lee 

Tunnel project. The Lower Aquifer was recorded in the Seaford Chalk, in hydraulic connection with the 

overlying Thanet Sand and Upnor formations. The Upper Aquifer was recorded in the river terrace 

deposits and alluvium across the whole tunnel alignment (Newman et al., 2017). The piezometric 

profile for the lower aquifer indicated groundwater pressures of up to 800 kPa at Beckton and 450 kPa 

at Abbey Mills (Newman et al., 2017).  

4.2.2 Tunnel construction 

Five permanent large-diameter shafts were constructed as part of the Lee Tunnel, three at Beckton 

and two at Abbey Mills (Jewell and O'Connor, 2012). Tunnelling was carried out using a 8.85 m slurry 
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pressure balance system (SPBS) TBM, chosen because of the significant depth and high water 

pressures (Walker, 2014). The TBM was launched from the Beckton Overflow Shaft in February 2012 

(Tunnel Talk, 2012) and completed tunnelling at Abbey Mills in January 2014 (Walker, 2014). 

A predicted settlement trough for the Lee Tunnel is shown in Figure 4.17, using an average depth of 

75 m, tunnel diameter 7.2 m, a conservative volume loss of 1% (Thames Water, 2013) and trough 

width parameter 0.5.  Maximum predicted settlement is ca. 4 mm, which is expected to be challenging 

to detect using InSAR above other background signals.  

4.2.3 Materials and methods 

Primarily, RS2 PSI data (2010 to 2015) processed by CGG’s Satellite Mapping group were used to 

investigate deformation patterns, as this time-period overlapped with the tunnelling. Additional InSAR 

data acquired by ERS (1992 to 2000), ENVISAT (2002 to 2010), TSX (2011 to 2017) and STL1 (2015 to 

2018) satellites are used in specific examples in the following sub-sections. Details of the five datasets 

are described in Chapter 3.      

4.2.4 Results and discussion 

Several interesting features have been identified in the RS2 dataset. One of the most notable is at the 

Limmo Peninsula, where up to -40 mm of displacement, over the 5.5-year period, has been caused by 

dewatering for Crossrail construction. This phenomenon was similarly observed in the TSX results, 

described in detail by Bischoff (2019), Bischoff et al. (2019) and in §2.3.7, hence will not be described 

in detail here. 

Figure 4.17 Predicted settlement trough for the Lee Tunnel (blue) and horizontal displacement (grey). 
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The features discussed in this section are labelled in Figure 4.18 and include Newham Hospital (1), 

Custom House residential area (2), A13 Newham Way (3), East London Crematorium and Cemetery 

(4a) and East Ham Jewish Cemetery (4b), and Beckton Sewage Treatment Works (5). 

 

4.2.4.1 Subsidence at Newham hospital 

Newham Hospital and Boundary Lane exhibit substantial subsidence during the period 2010 to 2015, 

and this can be seen clearly in the centre of Figure 4.18 (1). To understand the cause of this subsidence, 

analysis of historic maps (Ordnance Survey, 1870-1996) was necessary (Figure 4.19). Until the 1910s, 

the hospital site and surrounding area were occupied by marshland and agricultural fields with the 

most notable man-made feature being the east-west embankment of the Northern Outfall Sewer 

which first appears in the 1870 map. In 1910, a gravel pit existed just south of the site and by 1930, 

there are substantial housing developments to the north of the Northern Outfall Sewer and to the 

West of the hospital site. In 1950, further embankments appear on the site of the current hospital 

and, by 1960, there is an extensive network of embankments with tracks on the top. EA records reveal 

that these embankments were constructed for the historic Prince Regent Lane landfill site, the extent 

of which was obtained from the Department of Environment Food and Rural Affairs (2019). The landfill 

lies beneath part of the current Newham Hospital, Cumberland School, Gateway Surgical Centre and 

Newham Centre for Mental Health. The geographical extents and ground level measurement time 

series of the landfill site and its surrounding area are shown in Figure 4.20. 

Figure 4.18 Extent of the RS2 dataset (2010 to 2015), showing average velocity in mm/y overlain on ArcGIS Online World 
Imagery. The locations of the Lee Tunnel route and its main shafts are shown, in addition to the case study sites at: 1—
Newham Hospital; 2—Custom House Residential Area; 3—A13 Newham Way; 4a—East London Crematorium and 
Cemetery; 4b—East Ham Jewish Cemetery; 5—Beckton Shafts (Pumping and Connection). 
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This historic landfill is further evidenced in borehole records (accessed through the BGS GeoIndex 

database), which describe an approximately 6 m thickness of Made Ground containing brick, glass, 

metal, clinker, pottery and wood (Figure 4.21: TQ38SW 2081, 2082, 2083, 2084, 2085, 2087, 2088, 

2090, 2091), covering the site. 

From the time series in Figure 4.20, it is clear that the area of historic landfill subsidence more quickly 

than the surrounding area; ca. 7 mm more, over the 5-year time period (2010 to 2015). Looking back 

at the ERS data from 1992 to 2010 (Figure 4.20 b and c), it is apparent that this pattern of deformation 

was ongoing prior to tunnelling, over at least three decades, with the landfill area accumulating ca 

-90 mm of subsidence between 1992 and 2015 compared to ca -40 mm for the surrounding area. 

The subsidence appears to cease in the first few months of 2015 (Figure 4.20d). This is most likely a 

result of a cessation of dewatering for Crossrail at the Limmo Peninsula Cross Passage 13 (CP13, 

(Semertzidou, 2016) and in local chalk basin abstractions (Environment Agency, 2018).  

 

Figure 4.19 Historic maps of Newham Hospital (red rectangles) and its surroundings. The maps are from Ordnance Survey 
historical map database: (a) 1870, (b) 1930, (c) 1960 and (d) 1990. Available from Edina Digimap online. © Crown 
Copyright and Landmark Information Group Limited 2019. All rights reserved. 
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The same pattern of deformation can also be identified in the TSX data, from 2011 to 2015 (Figure 

4.22). In this comparison, the landfill area (red) contains 841 PS points for RS2 and 889 for TSX, and 

the surrounding area (green) contains 1735 PS points for RS2 and 1779 for TSX. The correlation 

between each dataset has been tested using a PCC. The correlation for the landfill area between RS2 

and TSX is 0.984 and for AOI 2 it is 0.980. Further comparisons of these two datasets are described in 

§4.3. 

The area of high subsidence extends well beyond the historic landfill, to the north and east. Borehole 

records reveal an unusual thickness of gravels and sands extending to a depth of at least −20 m AOD 

Figure 4.20 (a) High-resolution image (ArcGIS Online World Imagery, dated 07/03/2014) indicating the location and 
extents of the historical Prince Regent Landfill Site (red hatched) and the area surrounding the Newham landfill (green 
striped). (b–e) Ground displacement curves over the past 27 years: (b) 1992–2000 ERS; (c) 2002–2010 ENVISAT; (d) 2010–
2015 RS2; and (e) 2015 to 2018 STL1. The red line represents the landfill area, and the green line the surrounding area. 
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(Above Ordnance Datum), which is the base of the boreholes, on the eastern edge of the hospital and 

in the car park (Figure 4.21). The descriptions are consistent with those of DFHs as detailed in Banks 

et al. (2015), Berry (1979), Ellison et al. (2004) and both Newman et al. (2017) and Bellhouse et al. 

(2015) reported a DFH here identified during construction of the Lee Tunnel. A mixture of sand and 

weathered flint was found in the slurry treatment plant, over a distance of approximately 4 m, before 

the TBM was stopped to allow further borehole investigation ahead of the tunnel face to go ahead 

(Newman et al., 2017). This led to additional project costs due to the delay, additional ground 

investigations required, and additional grout required to stabilise the area as the TBM passed through. 

At this point approximately halfway along the Lee Tunnel, the depth is approximately 40 m, so the 

DFH must be at least 40 m deep, extending into the chalk, to be intersected by the TBM. 

 

Figure 4.21 BGS boreholes (accessed from BGS GeoIndex online) in the area surrounding Newham Hospital. Logged 
records from boreholes within the black dashed circle evidence materials typical of scour hollows. Borehole colours 
represent depth below surface. 
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Rates of subsidence are variable in this area, with the greatest subsidence rates are at the eastern 

edge of the hospital and in the hospital car park (Figure 4.23). This area is consistent with that shown 

in Figure 4.21 which contains boreholes that evidence the presence of a DFH. 

The western and southern edge of this DFH are well constrained with surrounding boreholes 

TQ48SW2091, TQ48SW2081, TQ48SW2082, TQ48SW2083, all encountering London Clay at an 

average depth of −2.2 m AOD (Figure 4.21). However, there are no boreholes deeper than 10 m within 

250 m to the north or east, so the true lateral extent is uncertain. The extent of the DFH and similarities 

to the DFH at the Blackwall Tunnel are evident in a coloured depth map of the rockhead surface in 

Figure 4.24. This model was produced from depth to rockhead as recorded in more than 1000 

boreholes records. These were accessed from the BGS and imported into Midland Valley’s Move 3D 

software and then a 3D surface was generated using Ordinary Kriging. It should be noted that the 

density of boreholes in the Blackwall area have enabled greater constraint of this DFH, whilst the data 

sparsity surrounding the Newham Hospital DFH inhibit recognition of its geometric extent. 

The subsidence mechanism(s) around Newham Hospital are unclear. Consolidation is evident and is 

potentially attributable to both anthropogenic (landfill) and natural (DFH) layers and it appears to be 

a long-term phenomenon. Dewatering, and to a less extent tunnelling, likely accelerated subsidence 

and now these activities have ceased, along with some compensation grouting during tunnelling 

(Newman et al., 2017) the area has stabilised. 

Figure 4.22 Time series comparison showing the relatively close fit between the TSX and RS2 ground displacement 
datasets for the area of landfill (red) and its surroundings (green), as shown in Figure 5. The solid line represents RS2 and 
dashed line TSX. 
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Figure 4.24 Modelled surface of rockhead elevation in East London, constructed using Move 3D, showing two 
noticeable depressions which represent scour hollows: a larger one in the south–west at the Blackwall Tunnel 
and a smaller one in the north–north–east at Newham Hospital. The dashed black circle is the area shown in 
Figure 4.21. 

Figure 4.23 (a) Map showing the location of the profile A (west) to A’ (east) across the hospital and 
landfill site. (b) Profile showing variable subsidence, with the greatest displacement to the East of the 
hospital building and in the car park (indicated by the black square). 
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4.2.4.2 Differential subsidence at Custom House residential area 

To the south of Newham Hospital there is another area of subsidence with a distinct north-east to 

south-west trending boundary (Figure 4.18 location 2). The overall pattern of subsidence is similar on 

either side of this boundary, but the south-eastern side (Figure 4.25a, site 2) subsides 9 mm more over 

the same time period (Figure 4.25b).  

In the ERS data, total displacement from 1992 to 2000 was -6 mm for (1) and −1 mm for (2), a −5 mm 

difference. From 2002 to 2010, (1) subsides 13 mm and (2) 8 mm ca. 5 mm more. The same pattern is 

not observed in the STL1 (1A & 1B) data 2015 to 2018. No large-scale redevelopment that aligns with 

the footprint of this area took place during the study period; the area is occupied by terraced housing, 

built between the 1960s and the 1990s.  

This boundary is a probable north-east trending fault. Firstly, it is consistent with the trend of a major 

fault set identified by (Morgan et al., 2020). Secondly, it is proximal to the Plaistow Graben fault zone, 

which is 750 m to the north-west and a suspected product of major fault linkage, implying the 

presence of an unmarked fault locally (Morgan et al., 2020). Thirdly, the north-east continuation of 

this boundary intersects the DFH at Newham Hospital and DFHs are postulated to have an association 

with faulting (Banks et al., 2015, Toms et al., 2016), since faults provide pathways for groundwater 

flow and hence focused erosion.  

The lack of boreholes in the vicinity of this boundary inhibit verification through examining geological 

evidence in the log description. If this differential subsidence is associated with faulting, it would 

support observations by Mason et al. (2015), that these major structures are actively creeping in 

London which is further investigated in §5.5. 

Figure 4.25 (a) Map of average ground displacement (mm/y) at PS points (RS2) showing sites (1) and (2), straddling a 
change in ground displacement behaviour in the Custom House residential area. (b) Time series displacement averaged 
over the area of boxes at sites (1) and (2) in (a). At (2) (green), the ground has subsided by 9 mm more than at (1) (blue) 
over the 5.5 years. 
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4.2.4.3 Subsidence along Newham Way (A13) 

The road surface of Newham Way (A13), between Junction 9 and 10, subsided by up to 45 mm 

between February 2010 to December 2015 (Figure 4.26) and the cause of this subsidence is uncertain. 

It is known that there were ongoing improvements works to the A13 during this period. The UK Power 

Networks (UKPN) replaced a 1.6 km length of cable under the road (Winch, 2014), the length of which 

appears to coincide with the section of road with the greatest subsidence (Figure 4.27). The exact 

nature of these works is unknown due to the sensitive nature of UKPN projects. Historically this area 

has been occupied by marshland, as labelled on historic maps between 1870s and 1890s (Figure 4.19), 

and this section of road first appears on the 1930 map (Ordnance Survey, 1870-1996). Subsidence 

here may therefore be a product of both natural and anthropogenic processes, but due to the long 

term nature of the subsidence (at least 5 years), natural processes are deemed the biggest contributor.  

 

Figure 4.27 Map of the extent of cables laid under the A13 during 2013 to 2014. The location of PS points from Figure 11 
are also shown. Modified from (Winch, 2014). 

Figure 4.26 a) Map of average ground displacement (mm/y), from RS2, at PS Points 1 to 5, along Newham Way (A13) 
between Junctions 9 and 10; and (b) time series displacement at Points 1 to 5. 
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4.2.4.4 Differential subsidence between cemeteries and surrounding terraced housing 

The Lee tunnel drive passes just North of the East London Cemetery. When the 167 PS points inside 

the cemetery are averaged, ca. 28 mm of subsidence is observed, over the 5.5-year period. On the 

opposite side of the tunnel drive, an area occupied by terraced houses, the average subsidence of 221 

points is < 7 mm in total (Figure 4.28).  

Figure 4.28  (a) Map of average ground displacement (velocity, mm/y) at PS points, with the locations of the East London 
Crematorium and Cemetery (1) and East Ham Jewish Cemetery (2) indicated; (b–e) Time series displacement, averaged over 
the area of boxes shown in the map in 13a, selected as representative of local terrace housing: (b) 1992–2000 ERS; (c) 
2002–2010 ENVISAT; (d) 2010–2015 RS2; and (e) 2015 to 2018 STL1. The line colours in (b–e) correspond to the outlined 
areas of the same colour in the map (a). 
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A similar disparity in total subsidence can also be observed at East Ham Jewish Cemetery, further east 

along the route (Figure 4.28, site 2). On the north side of the route where the cemetery is located, 

there has been a total subsidence of 12.5 mm, whereas south of the tunnel in the terraced housing, 

the subsidence is only 8 mm.  

The extent of the areas analysed on either side of the tunnel drive are approximately equal, but the 

comparison area of terraced housing to the north-west of the East London cemetery area was 

selected to exclude Lister Gardens, so that both of the non-cemetery comparison areas were similar 

terraced housing (Figure 4.28, site 1).  

In both cemeteries, the PS points are located either directly on the ground surface or on the 

gravestones, whereas in the areas of terraced housing PS points may be located anywhere from the 

roof to the pavement.  

A possible reason for the differential subsidence between the cemeteries and terraced housing 

could be due to soil-structure interaction, stiffness of existing structures and consolidation from the 

loading of buildings reduce the magnitude of tunnelling induced displacements and produce a 

shallower and flatter settlement profile than that for the unconsolidated ground of the cemeteries 

(Figure 4.29) (Farrell et al., 2014, Leca and New, 2007). However, Walker (2014) reported that, in 

general, surface settlement as a result of tunnelling for the Lee tunnel was less than 2 mm, therefore 

it is unlikely that tunnelling is the only contributing factor to this deformation. Prior to 2010 the 

cemeteries and surrounding houses (Figure 4.28b and Figure 4.28c) subside collectively, with a total 

displacement of −11 mm; the differing rates of deformation did not begin until approximately 

January 2011. More recent STL1 data (post 2015, Figure 4.28e) shows that the East London 

Crematorium and Cemetery is still subsiding, by ca. 13 mm from May 2015 to December 2018, 

whereas the area of houses is stable, settling by just 1 mm over the 3.5 years (Figure 4.28e). 
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4.2.4.5 Effect of dewatering at Beckton 

The Beckton site comprises three shafts, the overflow shaft, from which the TBM was launched, the 

connection shaft, which is sited on the line of the main tunnel and the pumping shaft, which is 

connected to the main tunnel via a smaller diameter sprayed concrete lining tunnel (Figure 4.18, 

location 5). 

At Beckton, dewatering took place at the pumping and connection shafts for three to four months, 

achieving a drawdown of 80 m, before it was switched off due to drawing in contaminants (Warren et 

al., 2018). Three PS points close to the shafts demonstrate the ground response to this dewatering. 

Pumping began on 9th September 2011, which coincides with the initial decrease in the ground level 

illustrated in Figure 15. Pumping ceased at the start of February 2012, after which the ground 

stabilises. 

Figure 4.29 Greenfield settlement profile compared to building settlement during tunnelling works, where DR is the 
deflection ratio of hogging and sagging. Modified after (Farrell et al., 2014). 
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4.2.4.6 Tunnel settlement trough characteristics 

A maximum settlement of 4 mm above the centreline has been predicted for the Lee Tunnel (Figure 

4.17). A time series cross section has been constructed perpendicular to the tunnel alignment to assess 

to InSAR measured settlement associated with tunnelling. The location for the cross section was 

chosen to be outside the zone of dewatering from Crossrail, towards the east of the tunnel route near 

Beckton (Figure 4.31a). There are no PS points within 25 m north or south of the tunnel alignment, 

which leads to two areas on settlement either side of the tunnel, at ca. 300 m and ca. 400 m along the 

cross section (Figure 4.32c). The PS points in this area are located on large metal-roofed warehouses 

(Gateway Retail Park, Beckton). Most of the settlement occurred between August 2011 and January 

2012 (Figure 4.31b). The TBM launched from Beckton Overflow Shaft, 1.5 km to the East, towards 

Abbey Mills in February 2012. Therefore, the sharp ca. 10 mm drop (August to December 2012) on 

the time series graph is likely unrelated to the TBM passing. Between January and July 2012 there was 

6 mm heave. Due to low temporal resolution of the RS2 data, with approximately one acquisition a 

month during 2012, the true timing of the ground movement may not be recorded and occur after 

the ‘real’ event.  

The cross section shown in Figure 4.31c also records ground recovery (heave) in the areas close to the 

tunnel centreline. This is particularly notable at 300 m along the cross section, where displacement 

reached -22 mm, but rebounded to -16 mm. A similar rebound pattern can be observed towards A’ 

(north) along the cross section line. The southern end of the cross section line, towards A, has 

experienced heave over the majority of the 2010 to 2015 period.  

Figure 4.30 (a) High resolution image (ArcGIS Online World Imagery, 2013) of the tunnel works at Beckton, showing the 
locations of PS points (RS2) at the southernmost, Beckton Connection Shaft (1, green and 2, blue), and at the 
northernmost Beckton Pumping Station Shaft (3, gold); (b) Time series displacement at sites 1, 2 and 3. The green dashed 
line indicates the start of dewatering (09-09-2011) and the red dashed line the end (02-2011). 
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The time series, Figure 4.31c, has a cyclic pattern, between 2012 and 2014, there are two peaks and 

troughs, with the peaks occurring December/January 2013 and 2014, which are probable seasonal 

effects, but as yet the reasons for these patterns in this location are unclear. 

In summary, ground movements across the tunnel alignment cannot be easily attributed to tunnelling 

alone.  

4.2.5 Summary 

The case studies in this section demonstrate some of the diversity of ground movement causes 

(tunnelling induced settlement, dewatering, historic landfill settlement, geological subsidence, road 

excavation), as well as the challenges in interpreting InSAR data in an urban area where there is a long 

history of ongoing development. If the 2010 to 2015 data from RS2 only were considered, it could be 

reasonably concluded that subsidence at and around Newham Hospital was a result of the Lee Tunnel 

TBM encountering the DFH. Once the InSAR results for the previous 18 years are included, it becomes 

clear there is a much longer-term and more complex pattern of deformation occurring in this area. 

Had the 1992 to 2010 ERS and ENVISAT data been analysed prior to tunnelling, the unusual and longer-

Figure 4.31 Time series cross section across the Lee Tunnel. a) Location of the cross section A to A’, Lee Tunnel in 
red. b) Time series of PS in AOI-1, labelled in a), c) Time series cross section, each line is a new date, from 2010 
(pale grey) to 2015 (black) and the red vertical line is the location of the tunnel centreline.  
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term deformation would likely have been noted and a more in-depth, targeted desk study and further 

borehole investigation would have been undertaken prior to TBM launch.  

The findings highlight the importance of using InSAR to establish a reliable baseline prior to tunnelling 

(or other construction). There are currently 29 years of archive InSAR data available for London, from 

multiple satellites, with different resolutions, coverage and availability. No conventional ground-based 

in-situ measurements can provide a comparable legacy of historical deformation at the same temporal 

and spatial resolution. Indeed, there are no other, more cost-effective methods for deriving such 

accurate and widespread measurements of ground movement.  

Additionally, the results show that InSAR resolution requirements are dependent on the purpose for 

the data. For example, the ERS data contains 27 images over eight years, which equates to three 

images a year and is sufficient to define long-term deformation trends. However, during active 

construction, if InSAR is intended to be used as a monitoring tool, a higher temporal resolution and 

accuracy of displacement may be required. Aside from TSX data, all the other InSAR data is C-band, 

which has an adequate resolution for these case studies. Therefore, the motivation for the InSAR data 

being acquired should always be considered when deciding if the higher spatial resolution X-band data 

is necessary. Despite the differences in resolution and processing between RS2 and TSX, we have 

shown a strong correlation in their results. 

Furthermore, multiple sources of data should be considered to fully understand the cause of 

deformation. Historical maps and optical imagery should be used to complement the measurement 

data, to better understand human activities as well as the geomorphology of an area. Ground 

modelling, geological maps and open-source borehole data are essential to assist in the identification 

of anomalous ground conditions. Even with all this information, causes cannot always be confirmed 

without local knowledge, as illustrated by the deformation at the A13. 

4.3 Critical comparison of the three available SAR datasets for London 

The results in this section are under review: 

SCOULAR, J., GHAIL, R., MASON, P., LAWRENCE, J. 2021. Are measured InSAR displacements a 

function of the chosen processing method? New Frontiers in Geological Remote Sensing. Geological 

Society of London Special Publication. 

As demonstrated in §4.2.4.1, the RS2 and TSX datasets can be compared because of their overlapping 

time periods (June 2011 to August 2015). The comparison at Newham Hospital achieved strong 

correlations of 0.98, which motivated a more in-depth comparison of the two datasets, to identify if 

this was the case across the whole study area. STL1 and TSX datasets can also be compared, with an 
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overlapping time period between May 2015 and April 2017. The magnitude of the differences, 

characteristics of the locations where results differ most and reasons for the differences are discussed 

in this section.  

4.3.1 Datasets 

Detailed descriptions of the datasets compared are described in §3.1 and §3.2. The TSX data partially 

overlaps both the RS2 and STL1 datasets in time and hence is used as a comparison for both. The TSX 

dataset has been validated with levelling data from the Crossrail Elizabeth Line monitoring at Bond 

Street (Bischoff, 2019). 

The TSX and RS2 datasets are from opposing orbital passes, descending and ascending respectively, 

and the TSX dataset has more than double the number of processed images over the time period 

studied; 107 versus 41 (Figure 4.32). The lower number of included images and less frequent temporal 

sampling for RS2 would be expected to result in a higher uncertainty level for the time series data but 

is not the case from the velocity error (§3.2.1). The STL1 and TSX comparison involves data from the 

descending passes, where there is a 0.2° difference in incidence angle, and there are a total of 45 and 

69 images respectively. All the displacement data used are measured along the LOS.   

Each of the three datasets has a slightly different geographic extent, and the area of study is in the 

region of overlap between them (Figure 4.33). Between 2011 and 2015, a large area of subsidence is 

observed around area (1) in Figure 4.33, which is caused mainly by dewatering at the Limmo Shaft as 

part of the Crossrail project (Bischoff, 2019, Semertzidou, 2016); post-dewatering recharge heave is 

observable between 2015 and 2018. Irregularities in the surface displacements at (2) are described in 

§4.2 and Newman et al. (2017). The Crossrail tunnel settlement trough can also be seen at (3) in Figure 

4.33a and Figure 4.33b. 

4.3.2 Comparison methods 

To prepare the data for comparison, the datasets had to be rebased to the same start and end date, 

because displacements are relative to the first measurement. For the RS2-TSX comparison, the first 

acquisitions, in each case, are within one week of each other (25/06/2011 and 21/06/2011 

respectively), and the last date with an acquisition together is 11/08/2015. For the TSX and STL1 data, 

Figure 4.32 Temporal distribution of images used in the processing of each dataset. Each cross represents an image used in 
the processing. Blue = RS2, Orange = TSX and Red = STL1. The dashed boxes indicate the two time periods used for 
comparison, June 2011 to October 2015 and May 2015 to April 2017. 
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the start and end dates where there are corresponding acquisitions from both satellites are the 

03/05/2015 and the 28/04/2017.    

The first common date is set as zero (21/06/2011 RS2-TSX and 03/05/2015 STL1-TSX), the original 

value of displacement on that date is subtracted from every other date and the average velocity over 

the new time period calculated. The differing temporal frequency of acquisition and the irregular 

spatial distribution and locations of PS points in each dataset requires that the PS values in each 

dataset were linearly interpolated, since linear models are often used in PS processing, although this 

is not always the case. No adjustments have been made to account for the differing incidence angles 

and viewing geometry of each satellite, because only the magnitude of LOS displacements is 

compared. The lateral component of motion in London has been assessed in Mason et al. (2015) and 

in East London is approximately 1 ± 1.6 mm/yr eastward averaged over ca. 25 km2. For STL1 and TSX, 

which both have a descending viewing geometry and a difference in incidence angle of 0.2°, a 1 mm/yr 

eastward movement (with no vertical movement) would lead to a negligible 0.007 mm/yr difference 

in the magnitude of LOS displacement. For RS2 and TSX, the difference in magnitude of LOS 

displacement for 1 mm/yr of eastward motion is 0.18 mm/yr.  

Figure 4.33 The spatial extent of the InSAR datasets. Features of note are (1) Crossrail dewatering and recovery of the 
ground, (2) irregularities in displacement velocities around Newham hospital and (3) Crossrail underground line settlement 
trough. 
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The relationship between the PCC and the absolute total displacement (magnitude) was tested to 

assess and quantify the magnitude of displacement below which the PSI results deviate between 

datasets. This analysis was performed using randomly selected points within the geographic bounds 

of the area shown in Figure 4.34 (66 km2) and averaging all the PS points within a radius of a set 

distance around each of the random points. Initially 300 random points were selected, and a 0.5 km 

radius applied around each one (sensitivity tests were conducted with 1.0 km and 1.5 km radii). 

Although only 84 points are needed to meaningfully sample the entire area (84 ∙ 𝜋 ∙ 0.52), 300 points 

were selected at random to better capture the entire area. The XYZ geolocation accuracy is in the 

order of several metres for all three datasets; hence it is difficult to compare datasets on a PS point 

by PS point basis (Dheenathayalan et al., 2013, Dheenathayalan et al., 2014). PS on the ground will 

behave differently to those, for example, on a tall building which may experience the effects of 

thermal dilation. By choosing a large radius and averaging > 1000 points within the radius, variations 

in displacement caused by slight differences in PS location are averaged out.  

The interpolated time series of the two datasets (RS2-TSX and STL1-TSX) can then be compared for 

each of the 300 selected random points to find the PCC, where a PCC greater than 0.7 is considered a 

strong, 0.3-0.7 a moderate, and less than 0.3 a low correlation. The average total displacement is also 

calculated for each point in dataset pairs to determine the ratio between PCC and absolute total 

displacement. Absolute displacement is used to account for both subsidence and heave, because the 

significance is in the overall magnitude of displacement, not the direction. For the displacement data, 

a positive PCC indicates that both PSI datasets register subsidence or heave together, whereas a 

negative PCC indicates as one dataset is measuring heave while the other is measuring subsidence, or 

vice versa. The location and time series of the random points with the highest, median, and lowest 

PCC have been analysed in further detail.  

Time series cross sections were constructed to assess the spatiotemporal correlation using the 

average velocity, averaged at 50 m intervals along the cross section line for points with a 50 m wide 

buffer of the line (A to A’, Figure 4.34). Cross sections were constructed for each of the four datasets, 

at every acquisition date (each line is a new date) and additionally cross sections of mean-

displacement for each dataset. The PCC was calculated between the mean-displacement cross section 

lines for both RS2-TSX and STL1-TSX. 
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4.3.3  Comparison results 

4.3.3.1 Relationship between absolute total displacement and PCC 

This relationship between correlation coefficient and absolute total displacement was first tested 

using average values from 0.5 km radius circles around the 300 randomly selected points within the 

66 km2 test area (Figure 4.34). An inverse relationship of the form y =  
a

x
+ b, with a horizontal 

asymptote of 1, can be observed between PCC and absolute total displacement (Figure 4.35a).  

This inverse relationship is particularly clear for the RS2-TSX comparison (blue dots, Figure 4.35) with 

the PCC increasing with absolute displacement between 0 and 5 mm and then stabilising at a strongly 

correlated PCC >0.8 for displacements greater than 5 mm. This relationship is less clear for STL1- TSX 

Figure 4.34 a) Location of the 300 randomly selected PS points used in the comparison of datasets, overlain onto the TSX 
2015 to 2017 PSInSAR data and the cross section line; b) Example of PS points and surrounding 0.5k m search radii inside 
the black rectangle shown in a).  
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(orange x symbols, Figure 4.35). The maximum total displacement for the STL1-TSX (2015 to 2017) 

dataset is 4 mm and the strongest PCC observed is 0.66. The STL1-TSX point values follow the same 

higher total displacement over that time period. 
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Figure 4.35 Effect of absolute total displacement on the PCC for STL1-TSX (orange crosses) and RS2-TSX (blue dots), at 
three different radius a) 0.5 km b) 1.0 km and c) 1.5 km. 
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The effect of varying radius size on the correlation is examined in Figure 4.35 and the same inverse 

relationship is observed with radii of 1.0 km and of 1.5 km. The number of points averaged in each 

radius size is shown in Table 4.2; the average number of points for a 0.5 km, 1 km and 1.5 km radius 

are 1200, 4600 and 9800. 

Table 4.2 Average number of points in the radii used in the analysis shown in Figure 4.35 

Radius 
(km) 

TSX '11 to '15 RS2 '11 to '15 
STL1 '15 to 

'17 
TSX '15 to '17 

0.5 1170 1031 1458 1169 

1 4412 3896 5534 4412 

1.5 9467 8380 11897 9467 

Using the 0.5 km radius data (Figure 4.34a), it is evident that the areas with an absolute total 

displacement greater than 5 mm show a consistently strong correlation between datasets, >0.7. For 

the larger radii (1.0 km and 1.5 km, Figure 4.34b and c, points with displacement greater than 4 mm 

have a consistently strong PCC. A moderate correlation (0.3 to 0.7) can be observed between 3 mm 

and 5 mm total displacement at all radii. Some areas with a total displacement <3 mm also have a 

strong or moderate correlation, but the coefficients are much more variable. For example, at a total 

displacement of 2.5 mm, some points for STL1-TSX have a negative PCC of - 0.35, whereas others have 

a PCC of 0.65 for the same total displacement (orange x symbols, Figure 4.34). For the RS2-TSX data, 

39% of points have a strong correlation and 30% moderate, and for STL1-TSX, there are no strong 

correlations and 23% moderate (Table 4.3).  

Table 4.3 Percentage of points in Figure 4.35 with a strong, moderate, low or negative correlation, using a 1 km radius. 

Correlation coefficient RS2 vs TSX 
STL1 vs 

TSX 

> 0.7 39% 0% 

0.3 - 0.7 30% 23% 

0 - 0.3 17% 56% 

< 0 14% 21% 

 

4.3.3.2 Magnitude variations in correlation 

Figure 4.36a and Figure 4.36e show the geographic location of the points with the highest (1), median 

(2) and lowest (3) PCC at a 0.5 m radius and the time series of the PS points averaged within the radius. 

The PCC’s are 0.99, 0.48 and -0.34 for RS2-TSX and 0.70, 0.13 and -0.39 for STL1-TSX. A negative 

correlation implies that the two datasets are inversely correlated. The highest correlated areas for 

both datasets are within the zone of influence of the dewatering (1), and the median correlated areas 
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(2) appear to be just East of the zone (1.0 km apart). The least correlated areas (3) are 3.5 km apart in 

each dataset, for RS2-TSX it is to the north of the area and for STL1-TSX it is to the north-east. 

Figure 4.36 Points with the highest (1), median (2) and lowest (3) PCC in the analysis with a 0.5 km radius. a) 
Geographic location of the three points indicated with a yellow star on the TSX ’11 to ’15 PS data. e) location of 
the three points on the TSX ’15 to ’17 
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The RS2 data have a gap in acquisitions between November 2012 and May 2013, there are also missing 

TSX data between February 2013 and May 2013 and it is during this period that the RS2 show the 

biggest deviation from the TSX data, at each of the 3 points. The RS2 also deviates from the TSX by 

more than 2 mm in August 2011, May 2014 and February 2015. Locations (1) and (2) (Figure 4.36b and 

c) have a negative total displacement from RS2 and TSX of ca. -25 mm at (1) and -1 mm for TSX and -

4 mm for RS2 at (2). At location (3) (Figure 4.36c) TSX records a positive total displacement of 1 mm 

whereas RS2 records a negative displacement of -0.5 mm, hence the correlation coefficient is 

negative.  

The STL1 data are notably noisier than the TSX data, with many 1-2 mm amplitude shifts between 

positive and negative displacement. Many of these smaller peaks and troughs align with those in the 

TSX data but appear exaggerated. At location (1) both datasets have a positive displacement trend 

(heave) and start following a similar upwards trend until October 2015 when TSX records an 

acceleration in heave, but from September 2016 the trends are similar again. Total displacement is 6 

mm for TSX and 3 mm for STL1. Location (2) is stable, with 1 mm cumulative displacement measured 

by TSX and 0.3 mm by STL1. Location (3) again has no substantial total displacement, however TSX 

measures 1.5 mm of heave and STL1 -1.2 mm of subsidence and therefore the correlation coefficient 

is negative.  
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4.3.3.3 Spatiotemporal variations in correlation 

The spatiotemporal relationships of each of the four datasets are shown in Figure 4.37. PS velocity 

values are averaged within a 50 m buffer, and at 50 m intervals along the west to east cross section 

line (A to A’, Figure 4.34). The four cross sections demonstrate the extent to which the spatial extent 

of displacement is captured equally between the datasets. As well as capturing the wide-scale 

settlement between approximately 2000 and 7000 m along the cross section, both Figure 4.37a and 

Figure 4.37b have additionally sharp troughs of settlement at approximately 450, 5200, 5400, 6330 to 

6700 and 8300 m. The TSX 2015 to 2017 and STL1, c and d respectively, appear less similar. Figure 

4.37c has an area of heave with a geographic extent similar to that of the settlement bowl in a and b, 

around 2000 to 7000 m. However, the STL1 data Figure 4.37d, appears to have a broader, less 

pronounced area of heave, although many of the smaller width peaks and troughs are still aligned, 

such as the peak at approximately 2000 m and trough at 6500 m, which is observed in all four datasets.  

Figure 4.37 Analysis of the spatiotemporal correlation between datasets. a) TSX 2011 to 2015 b) RS2 2011 to 2015 c) TSX 
2015 to 2017 and d) STL1 2015 to 2017 cross sections. The most recent date is in black and oldest date in light. 
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The average displacement (2011 to 2015 and 2015 to 2017) of the four datasets along the cross section 

line is shown in Figure 4.38. The RS2 and TSX data closely align until about 8000 m and overall have a 

moderate PCC of 0.64. The STL1 and TSX align well between 0 and 2000 m and 6000 to 9000 m but 

deviate in between, with TSX recorded heave ca. 2 mm greater than STL1. STL1 and TSX have an overall 

PCC of 0.44.  

 

4.3.4 Discussion 

An inverse relationship of the form y =  
a

x
+ b, with a horizontal asymptote of 1, between absolute 

total displacement and PCC, with a threshold of ca 5 mm has been found, with a strong correlation 

(>0.7) for total displacements greater than this value and much more variable correlation coefficients 

below it.  

Reliable statistical correlations are difficult to perform on such variable data. To enable comparison, 

the datasets are rebased and interpolated, but the accuracy of the interpolation is dependent on the 

temporal frequency of acquisitions, with the real timing of ground movements appearing at different 

times in the data. For example, if a 5 mm subsidence occurred on 12th January, and the next TSX 

acquisition on the 15th January and the next RS2 acquisition was on 28th January, the subsidence 

troughs would appear to be offset in the graphs of displacement against time and hence appear to be 

poorly correlated. Gaps in acquisition times affect the correlations markedly. Non-linear deformation 

would also be poorly represented in the interpolated data.  

Figure 4.38 Average displacement profiles, along the cross section line (A to A’ Figure 4.34), for the four datasets. The area 
of settlement (2011 to 2015) and heave (2015 to 2017) associated with Crossrail dewatering is clearly visible between 
approximately 2000 and 7000 m along the cross section line. 
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Low correlations for the 0 to 3 mm range of ground movements are not surprising given the number 

of variables between datasets, such as reference points, incidence angles, temporal frequency of 

images and different processing algorithms. Furthermore, movements in this range are within the 

typical error margins for time series deformation (Colesanti et al., 2001, Crosetto et al., 2009, 

Raucoules et al., 2009). For such strong correlations to occur for ground movements >5 mm in RS2 

and TSX datasets, which are from different satellites, wavelengths and geometries (ascending and 

descending), the horizontal component of motion must be minimal. However, an imaging frequency 

in TSX of more than three times that of RS2 used in these datasets, means that smaller, higher 

frequency deformations are absent in the RS2 dataset.  

Differences in the mean displacement for STL1-TSX cross sections A to A’ are apparent between 3000 

m and 6000 m (Figure 4.38). A potential reason for this is that the reference point in the SARscape® 

processing to which all displacement is relative, is in the area of heave and therefore the reference 

point itself will be displacing, leading to a measured heave lower than the true value.   

A comparison of individual PS points at locations common to all datasets would be beneficial but is 

not possible because of the high density of reflectors resulting from London’s urban nature. The many 

potential PS in a dense urban area coupled with differing satellite geometries and slight differences in 

incidence angles can affect which part of a building, road, railway track, etc becomes a PS. 

Furthermore, the geolocation precision of the datasets combined with the high density of PS, makes 

it impractical to attribute PS to particular objects and therefore cannot be compared on a point by 

points basis.  

Buildings are moving constantly as a result of numerous factors including: ground movement (clay 

shrink-swell, subsidence, vibration etc), foundation failure, decay of the building fabric, moisture 

changes (causing materials to expand and contract), thermal movement, deformation under load, tree 

root growth, absence of foundations in older buildings etc (Kelsey, 1987). In London, there is often a 

background shrink-swell cycle produced in the London Clay but isolating the amplitude of these signals 

within PS time series is challenging (§5.1). Because each satellite observes different PS points within 

the same area, systematic ground movements must be larger than threshold of motion of an individual 

building to be detected.  TSX will be more sensitive to these movements than RS2 or STL1 because of 

its smaller wavelength.  

The datasets were not processed specifically to monitor the deformation phenomena in this area of 

East London, the data shown here are only a subset of much larger datasets. This is important to 

acknowledge because parameters can be adjusted during data processing, depending on the 
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deformation of interest and size of the area being processed, because velocity errors tend to increase 

with increasing distance from a reference point. 

4.3.5 Summary 

An inverse relationship between PCC and absolute total displacement is observed in PS points, in 

London, UK. For absolute displacements greater than 5 mm, there is a strong correlation between 

datasets but below 3 mm the different datasets are inconsistently correlated. This reflects the high 

number of variables involved in getting to an end-user product, in terms of both the SLC image 

characteristics, including the look direction, temporal and spatial resolution, as well as the processing 

methodology. Another factor is that all the data are relative, but relative to different points that may 

themselves be deforming, which leads to systematic differences between datasets. Furthermore, 

individual points, particularly those on infrastructure, may appear to move at random by a few 

millimetres due to thermal and moisture changes in the building fabric and ground beneath.  

The implications of these results are that these standard commercial InSAR datasets have error bars 

below 5 mm, but deformation phenomena above this threshold are correctly detected by all 

commercial software. The comparisons are based on single datasets for one area and therefore may 

not be representative of the true precision of the algorithms.  

Ground truth data were not available for this area but other work (Bischoff et al., 2020, Luo et al., 

2015, Robles et al., 2016) and §4.1, show that reliable correlations with levelling and other data can 

be made but are challenging because in-situ measurements are also relative to both a start date and 

a reference point or network, and so have systematic offsets. Furthermore, in-situ data such as 

levelling typically measure vertical deformation, but PSI data are in the LOS, unless projected to the 

vertical, either assuming negligible horizontal motion, or by combining ascending and descending 

passes.  

Many factors must be considered when deciding if and what type of PSI dataset is right for an 

engineering project: 

a) Should the PSI dataset be processed specifically for the area of interest and deformation 

phenomena to be monitored, or for a wider area? This is particularly important with regards 

to the reference point chosen. If the aim is to directly compare PSI and ground-based 

measurement a common reference point or network should be used for both.  

b) The spatial and temporal characteristics of the expected deformation, relative to the 

acquisition interval and spatial resolution of the available datasets. The density of PS points 

required (per km2) and the precision of their geolocation. 
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c) The temporal frequency of acquisition, which affects both PS density and processing time and 

costs. 

d) Whether LOS motion is suitable, or if ascending and descending passes are needed to resolve 

vertical and east-west movements. 

e) The budget available to spend on the dataset. 

4.4 Conclusions 

Throughout the chapter the validity of InSAR results have been assessed. In §4.1, STL1 PSI results from 

ENVI SARscape were compared with NLE ground-based monitoring data. In areas unaffected by 

dewatering, good correlations were observed, often with a systematic offset that can be attributed to 

the differing reference points between InSAR and NLE. These results relate to the questions posed in 

research objective three. 

 

In §4.3, the STL1 data is compared with TSX data processed by TRE Altamira and RS2 data processed 

by CGG Satellite Mapping is also compared with TSX. For absolute displacements greater than 5 mm, 

a strong correlation between datasets is observed but below 3 mm the different datasets are 

inconsistently correlated.  

  

The comparisons of both multiple InSAR datasets and InSAR with ground-based monitoring highlights 

the challenges of comparing relative datasets. Results of the correlation with ground-based data 

would likely improve had the LOS data been resolved to vertical prior to comparison. However, despite 

the fact that ascending and descending STL1 data were available, it is challenging to resolve 

displacements on a point by point basis, due to the XYZ geolocation of PS being on the order of several 

metres. The decomposition of ascending and descending PSI data into vertical and east-west is 

discussed in §5.3.  

  

In both the NLE and Lee Tunnel case studies several examples of the ability of InSAR to identify 

geotechnical hazards have been demonstrated. A potential fault, that acts as a barrier to groundwater 

flow, first identified by Bischoff (2019) using TSX, has been confirmed in the STL1 data in the area 

around Kennington Park (NLE). In the Lee Tunnel case study, a DFH was identified at Newham Hospital 

and a potential fault in the Custom House residential area. This demonstrates that InSAR can be used 

to detect subsurface geotechnical hazards (research objective one).  

  

The settlement trough associated with both tunnels were also analysed. The two NLE running tunnels 

result in a single broad settlement trough, ca. 250 m wide, with a maximum displacement of -10 mm. 
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Settlement associated with the Lee Tunnel is much less evident and cannot directly be attributed to 

the TBM passing.  Other observed displacement caused by anthropogenic activities include 

dewatering at both Beckton (Lee Tunnel) and Kennington Park (NLE) and subsidence along the A13.  

 

Chapter 4 has focused on local deformation mainly related to anthropogenic activities, particularly 

tunnelling, as well as the validation of InSAR results. The next Chapter (5) focuses on larger scale 

regional deformation patterns and what they reveal about potential geotechnical hazards for 

construction activities.  
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5 Utilising a legacy of InSAR data in London to establish a ground 

model 

In this Chapter, regional deformation patterns in London have been analysed. London, in this section, 

is loosely defined as the area between Ilford to Woolwich in the east, Uxbridge to Chertsey in the 

west, Brent Cross to the north and Wimbledon to the south. The results in this Chapter relate to 

research objectives 1 and 2 (Chapter 1, Table 1.1). 

London clay has long been recognised as highly susceptible to shrink-swell with cyclic annual vertical 

movement of up to 50 mm (Boyle et al., 2000). Therefore, a background shrink-swell signal in InSAR 

data of London is expected which lead to the research question addressed in this Chapter, ‘Is shrink-

swell signal identifiable in InSAR data in London?’. This background signal was investigated using TSX 

data in three areas in London and the results are described §5.1.  

From the initial STL1 SARscape processing results, presented in Chapter 3 Figure 3.7, it was observed 

that PS displacement across London is not consistent between ascending and descending geometries. 

These displacement variations were analysed and presented in §5.2. The differences between 

geometries are most likely a result of horizontal motion, therefore, in §5.3, the LOS displacements are 

resolved to vertical and horizontal (east-west). Section 5.4 details geotechnical hazards inferred from 

InSAR and the proposed geohazard features are then compared with results from groundwater data 

(§5.5) and other published hazard maps (§5.6).  

5.1 Background shrink-swell signal in London 

The work presented in this sub-section has been published in: 

SCOULAR, J., CROFT, J., GHAIL, R., MASON, P., LAWRENCE, J. & STOIANOV, I. 2019. Limitations of 

Persistent Scatterer Interferometry to measure small seasonal ground movements in an urban 

environment. Quarterly Journal of Engineering Geology and Hydrogeology, 53, 39-48. 

Shrink-swell in London has long been the cause of significant damage to foundations and 

infrastructure (Jones and Terrington, 2011). During the 1950s to 1990s, seasonal movements of the 

London Clay were the focus for much research by the Building Research Establishment (BRE) which 

led to publication of a book titled ‘Has your house got cracks? A guide to subsidence and heave of 

buildings on clay’ (Freeman et al., 1994), as well as numerous other publications (British Standards 

Institution, 1980, Building Research Establishment, 1993, Freeman et al., 1991). The years, 1976, 1984, 

1990, 1991, 1995 and 1997 all had a notably high number of insurance claims associated with damage 
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to housing from subsidence and heave, caused by drought conditions which brought these effects to 

homeowners attention (Freeman et al., 2002).  

 

Freeman et al. (1991) conducted measurements on the London Clay at a test site in Chattenden, Kent, 

which showed shrink swell movements are largely restricted to the surface metre of soil and are 

greater in terms of movements and depth in the vicinity of trees (Freeman et al., 1991). The maximum 

ground movements recorded at a depth of 1 m in open ground were 13 mm and at 3 m depth near 

trees, 18 mm. However, in certain years, namely 1989 and 1990, surface movements of 36 mm and 

48 mm, with corresponding movements of 5 mm and 13 mm at 1 m depth, respectively, were 

recorded (Freeman et al., 1991). The summers of 1989 and 1990 were notably hot and dry, which had 

a significant effect on soil conditions (Freeman et al., 2002). The strong influence of trees on clay 

shrinkage, due to drying of the clay by tree roots, is well documented because of the associated 

damage to buildings (Biddle, 1983, Driscoll, 1983, Johnson, 1982, Skempton, 1954). Freeman et al. 

(1991) also indicated that, following a dry summer, the ground does not recover to its original level in 

a single winter cycle and hence leads to an overall subsiding trend. Heave is generally recorded in 

winter, typically the wettest months, hence the clay swells, and subsidence in summer, as the clay 

dries and shrinks. 

 

Volume Change Potential (VCP) of a soil is the relative change in volume to be expected with soil 

moisture content flux and is reflected in subsequent shrinkage and swelling of the ground (Jones and 

Terrington, 2011). There are few recent studies that cover the VCP of the London Clay, the most recent 

being Jones and Terrington (2011) and, prior to that, chapters covering the Plasticity Index (PI) in 

Burnett and Fookes (1974), Forster (1997), Hight et al. (2003), Driscoll and Crilly (2000), Freeborough 

et al. (2006), Hight et al. (2007) and Pantelidou and Simpson (2007). Typical values of PI for the London 

Clay are 46% to 63%, which equates to a High/Very High VCP (Driscoll and Crilly, 2000).   

 

There are standard methods for investigating such properties of clay, such as BS 1377, 1990: Part 2, 

tests 6.3 & 6.4, Shrinkage Limit and 6.5, Linear Shrinkage and Part 5, test 4, Swelling Pressure (British 

Standards Institution, 1990), however, they rarely form part of a routine site investigation in the UK 

(Jones and Terrington, 2011). If these properties are recorded, they are typically restricted to 

infrastructure assets or areas in the vicinity of ongoing construction and recorded for a limited time-

period only. Techniques such as levelling, total station surveying, and GPS can provide accurate 

measurements of deformation but can be costly if a high density of measurements are required over 

a large area.   
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Precision GPS has been used to study ground movements in London but the spatial density of GPS 

stations is low; only 26 in total, of which just three are relevant to clay shrink-swell (Ashkenazi et al., 

1998). Boyle et al. (2000) used differential InSAR from ERS-1 and -2 to map surface movement in 

London but the results were inconclusive and not validated. North et al. (2017) applied PSI to C-band 

(5.6 cm) STL1 data to study the response of roads and railways to seasonal soil movement at 6 

locations in the UK. Deformation was observed across all sites, with spatial and temporal patterns 

caused by variations in regional water use and shrink-swell potential of the different soil types.  Agar 

(2018) identified swelling of Jurassic clays up 10 mm/yr over an eight month period in an area near 

Bath, UK, using PSI applied to STL1 but the low PS point density (1063 PS/km2) limited interpretation 

to the identification of regional trends (over a 50 x 40 km area), rather than local patterns. 

 

With surface movements of up to 48 mm associated with swelling of the London Clay having been 

recorded (Freeman et al., 1991), and InSAR able to measure millimetric displacement, it is 

hypothesised that shrink-swell in London can be measured using InSAR.  

 

5.1.1 Datasets 

A portion of the TSX SqueeSARTM dataset, processed by TRE Altamira, was used to investigate whether 

a shrink-swell signal can be separated from other deformation phenomena in London. The X-band TSX 

dataset was chosen because it is more sensitive to displacement than the other C-band datasets, due 

to its shorter wavelength, therefore is more likely to be able to detect subtle shrink-swell movements.  

 

GIS vector point files, containing PS velocity data, were supplied for three areas in London 

(Hammersmith, Muswell and Islington); chosen to provide a representative sample of clays with 

different shrink-swell properties (§2.1.1) and differing long term ground movement trends (Figure 

5.1). The point density was 3840 PS/km2, 1930 PS/km2 and 3830 PS/km2 for Hammersmith, Muswell 

and Islington respectively. It should be noted that the atmospheric filtering procedure applied to the 

TSX dataset was not based on any pre-selected cyclic model for displacement of the radar targets, to 

avoid creating a bias in the results. 

 

Shrink-swell data was obtained from the National Soil Resources Institute (NSRI), which holds the soil 

data for England and Wales in the Land Information System (LandIS) database. Using topographic, 

climatic and LandIS soil data, Cranfield University developed the Leakage Assessment from Corrosivity 

and Shrinkage (LEACS) database, aimed specifically at the water industry, with soil shrink-swell 
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recorded as just one of its parameters (Dufour et al., 1998; Jarvis, 1999) in a GIS point vector file (Figure 

5.1). Shrink-swell potential is categorised from Very Low (1) to Very High (5), based on the predicted 

volumetric shrinkage that occurs at soil suctions between 5 and 1500 kPa, as a percentage of the 

volume at 5 kPa (Jones and Hollis, 2014, Hall et al., 1977). 

The thickness of superficial sequences, depth to rockhead and thickness of London Clay were 

determined from borehole records from the BGS and superficial deposit thickness data (British 

Geological Survey, 2010), which was input into GIS with the TSX data. Hourly rainfall data and 

maximum daily temperature were acquired for the Heathrow weather station (station ID: 708) for the 

period 2011 to 2017, from the Met Office Integrated Data Archive System (MIDAS) through the Centre 

for Environmental Data Analysis (CEDA) Web Processing Service (WPS) (Met Office, 2006).   
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Figure 5.1 Study areas: a) Hammersmith; b) Muswell and c) Islington overlain on the LEACS shrink-swell potential map (Natural 
Perils Directory Cranfield University) and the TSX PS points, coloured by their velocity values, overlain onto the World 
Topographic Map (Esri, 2018). 
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5.1.2 Methodology 

As the ground surface, rather than infrastructure, was the focus for this study, only PS points on roads 

were used for analysis. PS points on buildings were discarded since they may be affected by thermal 

dilation, may not be representative of surface motion depending on foundation depth (Freeman et 

al., 1991) and because there is uncertainty as to where on the building the PS point is located. The 

location of roads have been identified from the OS VectorMap District (Ordnance Survey, 2018), which 

is a vector line map of roads, input into GIS. The width of roads has been determined from the World 

Topographic Map (1:1000) (Esri, 2018) and the road lines of the OS VectorMap enlarged to that width. 

The PS points were input into GIS and the overlapping road points were selected using the Intersect 

function with the enlarged OS VectorMap. The number of road points in each area was approximately 

7,500 for Hammersmith, 1,500 for Muswell Hill and 30,000 for Islington, which reduces the point 

density in each area to 1520 PS/km2, 500 PS/km2 and 1440 PS/km2 respectively.  

 

The PSI data were first detrended, which removes the average secular ground movement of each area 

over the entire time period. This was done because the focus was on short period cyclical ground 

movements, rather than long-term deformation trends. The number of cycles per year and the 

average amplitude of these cycles, for each area, was calculated using the Rainflow function in Matlab 

(ASTM International, 1985 (2011)), which detects a change in gradient from positive to negative or 

vice versa, with the number of cycles per year being half the number of gradient changes. The Lomb 

Scargle method (Lomb, 1976) was used to test for periodicity to identify seasonal patterns in the PS 

data. This method operates like a Fast Fourier Transform (FFT) but does not require equally spaced 

samples and allows for missing data points.  

The hourly rainfall data from Heathrow weather station has been combined to obtain a daily rainfall 

total for the period midnight to midnight. As the displacement measurements are every 11 days, a 

moving average of rainfall with a window size of 10 days was used and the value of this average, on 

the date where there is a displacement measurement, was used in the comparison. To compare 

rainfall and displacement, the datasets were first standardised by subtracting the mean and dividing 

by the standard deviation. Cross correlation was performed using the correlate, function in the Signal 

module of SciPy, in Python 3.6 (Jones et al., 2001). Periodicity in rainfall and temperature were tested 

using the Lomb Scargle method (Lomb, 1976).   

To test for a statistical significance in the average velocity and amplitude of PS points in different 

shrink-swell units, points were group-selected according to their LEACS shrink-swell potential and a 

one-way analysis of variance (ANOVA) test was applied to compare the averages across different 

mapping units. The ANOVA test determines whether there are statistically significant differences 
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between two or more groups (the null hypothesis is that there is no difference in the means). If the p 

value of the ANOVA test was significant, a post-hoc Tukey test was applied to determine exactly which 

units are significantly different. A confidence level of 0.05 is used in all statistical tests. 

5.1.3 Results 

5.1.3.1 Average ground movements, cyclicity and periodicity 

Each area has a different long-term trend (Figure 5.2). Hammersmith has subsided by ca. 4 mm over 

the six years, whereas Muswell has uplifted by ca. 2 mm and Islington has remained stable. The 

detrended signals for each area show similar patterns of peaks and troughs and magnitude of 

movement that might imply common environmental controls on cyclicity, such as rainfall or 

temperature.  

The number of cycles per year is consistent between the sites, with an average of 8.5 per year over 

the five year period (Table 5.1). The average amplitude between sites is also consistent at between 

0.34 and 0.37 mm (Table 5.2). An annual periodicity is evident only in Hammersmith, with a peak at 

365 days (Figure 5.3), but all sites show a periodicity approximately at the two-year mark (600 to 700 

days). There are no other dominant signals at periods shorter than 365 days in any of the areas. 

 

  

Figure 5.2 Ground movement over the period May 2011 to April 2017 for Hammersmith (red), Muswell (blue) and Islington 
(green) and the detrended average ground movement for each burst site.   
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Table 5.1 Average number of cycles per year for each area. 

Year Hammersmith Muswell Islington Rainfall 

2012 10.5 9.5 9.5 8.5 

2013 8 7 8 8.5 

2014 6.5 6.5 6.5 7 

     

2015 10 11 10 8.5 

2016 8 8 8 7 

Average 8.6 8.4 8.4 7.9 

 

Table 5.2 Average cycle amplitude per year (mm) for each area 

Year Hammersmith Muswell Islington 

2012 0.31 0.29 0.27 

2013 0.40 0.31 0.28 

2014 0.38 0.38 0.35 

2015 0.45 0.42 0.40 

2016 0.32 0.43 0.39 

Average 0.37 0.36 0.34 
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5.1.3.2 Comparison of detrended displacement with rainfall and temperature 

The Lomb-Scargle periodogram of daily rainfall reveal a weak annual periodicity but a strong spike in 

power spectral density at approximately two years (Figure 5.4a). The periodogram of daily 

temperature reveal a clear annual periodicity (Figure 5.4b).  

The standardised displacement and 10-day rainfall moving average (Figure 5.5) suggest displacement 

may be weakly correlated with rainfall but with a lag of just over a month. When this correlation is 

statistically tested using Spearman’s Rank, the correlation coefficients are very small: 0.089, 0.067 and 

0.071 for Hammersmith, Muswell and Islington respectively. Cross-correlation analysis between 

rainfall and displacement reveal no significant correlation at any lag time (Figure 5.6).  

 

Figure 5.3 Lomb-Scargle plot of detrended displacement suggesting an annual periodicity at Hammersmith and a 
two-year periodicity at all sites. 
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5.1.3.3 Comparison of shrink-swell mapping units 

Table 5.3 shows the areas with a statistically significant (p < 0.05) difference between shrink-swell 

potential classes. If PS velocity correlated strongly with shrink-swell, each class should be significant.  

In Hammersmith there is a statistically significant difference between the Very Low and Low classes 

(p = 0.022), which equates to 0.02 mm/yr. In Muswell, the differences in velocity are greater, for 

example, the average velocity for both the Moderate and the Very High shrink-swell potential are 

Figure 5.4 Lomb Scargle plot of daily rainfall and daily temperature at Heathrow weather station for the period May 2011 
to April 2017. a) Rainfall has a small peak at approximately one year, but a more pronounced peak at approximately two 
years, like that of the detrended displacement; b) Temperature has a strong annual periodicity (note the difference in 
strength of power spectral density between the two graphs). 
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significantly larger than the Very Low shrink-swell potential (p < 0.001 for both). The difference in 

velocity is approximately 0.14 mm/yr but the difference between Moderate and Very High at Muswell 

is not significant. In Islington, the difference in average velocity for the shrink-swell potential between 

the High and Very Low classes is significant (p < 0.001), but the Low and Very Low classes are not 

significant.  

Table 5.3 Results of ANOVA and Tukey statistical tests comparing velocity between shrink-swell potential classes. A result of 
p < 0.05 in the Tukey test implies the shrink-swell classes are significantly different. 

Variable 1 Variable 2 Mean 
1 

Mean 
2 

f-
Anova 

p-
Anova 

p-
Tukey 

Significant 
(Y/N) 

Islington High Islington Low 0.26 0.25 9.44 0.00 0.62 N 

Islington High Islington Very Low 0.26 0.24 9.44 0.00 0.00 Y 

Islington Low Islington Very Low 0.25 0.24 9.44 0.00 0.17 N 

Muswell Very 
Low 

Muswell Moderate 0.27 0.40 21.84 0.00 0.00 Y 

Muswell Very 
Low 

Muswell Very High 0.27 0.40 21.84 0.00 0.00 Y 

Muswell 
Moderate 

Muswell Very High 0.40 0.40 21.84 0.00 0.99 N 

Hammersmith 
Low 

Hammersmith 
Very Low 

0.57 0.59 5.24 0.02 0.02 Y 

 

The average amplitude for the shrink-swell potential classes is not significant in all areas (Table 5.4). 

Hammersmith has a significant difference between the Low and Very Low shrink potential classes (p 

< 0.001). Conversely, in Islington none of the shrink-swell units (High, Low and Very Low) are 

significantly different (p > 0.05). If shrink-swell had a noticeable effect on amplitude, a significant 

difference would be expected between each unit.  

Additionally, not all areas that had a statistically significant difference in velocity exhibited a significant 

difference in amplitude, such as the Islington High and Very Low classes. It is important to note that 

many of the significant differences equate to very small ground movements, e.g. the difference 

between the statistically significant Very Low and Moderate shrink-swell classes in Muswell is just 

0.08 mm, which is below the resolution of the data and therefore questionable. 
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Table 5.4 Variations in statistical significance of average amplitude for shrink-swell. 

Variable 1 Variable 2 Mean 1 Mean 2 f-
Anova 

p-
Anova 

p-
Tukey 

Significan
t (Y/N) 

Muswell Very 
Low 

Muswell 
Moderate 

1.01 1.09 6.27 0.00 0.00 Y 

Muswell Very 
Low 

Muswell Very 
High 

1.01 1.09 6.27 0.00 0.00 Y 

Muswell 
Moderate 

Muswell Very 
High 

1.09 1.09 6.27 0.00 0.92 N 

Islington High Islington Low 1.03 1.03 0.47 0.62 - N 

Islington High Islington Very 
Low 

1.03 1.02 0.47 0.62 - N 

Islington Low Islington Very 
Low 

1.03 1.02 0.47 0.62 - N 

Hammersmith 
Low 

Hammersmith 
Very Low 

1.06 1.00 46.50 0.00 0.00 Y 
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Figure 5.5 Comparison of standardised rainfall with a moving average window of 10 and detrended 
displacement for Hammersmith, Muswell and Islington. 
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Figure 5.6 Result of cross-correlation analysis for Hammersmith, Muswell and Islington. 
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The average amplitudes of different areas in the same shrink-swell class are also compared (Table 5.5). 

The data show a significant difference between the Low and Very Low (p < 0.001 and p = 0.006, 

respectively) in Hammersmith and Islington. This is unexpected as areas in the same shrink-swell class 

should show ground movement of a similar magnitude, but comparisons could only be made for four 

of the areas.   

Table 5.5 Significance of the difference in average amplitude for the same shrink-swell potential in difference areas. 

Variable 1 Variable 2 Mean 1 Mean 2 
f-

Anova 
p-

Anova 
p-

Tukey 
Significant 

(Y/N) 

Hammersmith 
Low 

Islington Low 1.06 1.02 45.97 0.00 0.00 Y 

Muswell Very 
Low 

Hammersmith 
Very Low 

1.01 1.00 4.88 0.01 0.83 N 

Muswell Very 
Low 

Islington Very 
Low 

1.01 1.02 4.88 0.01 0.83 N 

Hammersmith 
Very Low 

Islington Very 
Low 

1.00 1.02 4.88 0.01 0.01 Y 

 

5.1.3.4 Discussion 

Cyclic ground movements are successfully identified in PS data, but the amplitude of these cycles is 

smaller than anticipated. This could be due to a non-perfect filtering of atmospheric phase 

components in the InSAR analysis, but we deem it partly due to the location of the points, in that all 

lie on the road surface, so any clay movement is likely resisted by made ground beneath. In London, 

made ground thickness varies from <1 m to >10 m (Howland 1991) and road surfaces are generally 0.3 

to 0.5 m thick (sub-base to surface). At the Chattenden test site where up to 48 mm of surface 

movement was recorded (Freeman et al., 1991), the London Clay outcrops at the surface, hence there 

is very little resistance to shrink swell.  

With a temporal resolution on the measurements of 11 days, short-term periodicity may not be 

detected, by InSAR. However, this is unlikely to be a limiting factor since seasonal clay movements 

have previously been measured with monthly temporal frequency (Freeman et al., 1991). Due to the 

nature of PSI techniques requiring PS to be coherent over the time period analysed (6 years), changes 

to the surface from activities such as resurfacing works or filling of a pothole will not directly affect 

the results as these activities would result in a loss of coherence and PS data would be obtained in 

those areas.  

The number of cycles per year in the PS data is consistent with the number of cycles in the rainfall 

data which suggests a connection between the two variables. Visual inspection of rainfall moving 

average and displacement reveals a weak relationship between the two variables, with displacement 
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appearing to lag approximately one month behind rainfall. Despite this, neither Spearman’s Rank nor 

cross-correlation analysis identify a statistically significant relationship between them. The high 

number and short wavelength of cycles, eight per year as opposed to an annual swelling peak in winter 

and shrinkage trough in summer means clay seasonal movements are unlikely to be the cause. The 

effects of shrink swell are most notable following exceptionally dry summers, such as the 1975-76 

drought which lead to many cases of building damage due to clay shrinkage (Driscoll, 1983). During 

the time period studied here, 2011 to 2017, there were drought conditions from June 2011 to March 

2012 (Kendon et al., 2013), but this does not appear to have impacted the InSAR measured ground 

movements during this period (Figure 5.2).  

Other factors that affect the potential connection between rainfall and surface movements are that 

the rainfall measurement, recorded at Heathrow, is approximately 15 to 25 km from the study areas, 

so some local variation is likely. Surface water drainage patterns have not been considered and this is 

likely to have a significant impact on shrink swell, depending on what fraction and after what time lag, 

rainfall reaches the soil below. Furthermore, there are other factors which may affect road surface 

movements, such as thermal expansion. Additionally, the correlation is performed on a moving 

average of total rainfall and the detrended displacement is an average across thousands of points over 

an area of between 3 and 20 km2. 

The reason that only Hammersmith demonstrates an annual periodicity remains unclear. Its proximity 

to the River Thames may lead to a larger surface water flow or a stronger tidal influence on 

groundwater that increases the shrink-swell of the clays and this may be further amplified by 

subsidence from groundwater abstraction (Figure 5.1). Of the three areas, it also has the thickest 

alluvium and river terrace deposits (as determined from borehole records and the BGS DigiMap 

Superficial Deposits (British Geological Survey 2010), although it has only moderate thickness of 

London Clay. Muswell has the thickest London Clay, at 42 m starting at a depth of 0.9 m below the 

surface (BGS borehole TQ28NE9), with Hammersmith 38 m thickness, 6.6 m below surface 

(TQ27NW419, TQ27NW87 and TQ27NW233) and Islington 19 m thickness, 1.6 m below surface 

(TQ38SW497, TQ38SW4239 and TQ38SW4048) but all areas have an approximately two-year 

periodicity, consistent with rainfall. This suggests alluvium is more critical to the cyclic patterns 

observed over these timescales than thickness or depth of London Clay. 

These results suggest that shrink-swell is not detectable with PSI over London, despite the greater 

sensitivity and PS density in urban areas, compared to rural areas. Urban drainage and the road base 

structure reduces the amplitude and therefore suppresses the signal of shrink-swell movements to 

below detectable limits. Additionally, the areas of interest are relatively small, which can make it 
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difficult to separate the signal of interest from spurious atmospheric components and only one area 

was categorised as having a high shrink-swell potential; thus AOI size may be a limiting factor in 

successful identification. Furthermore, the cyclicity detected may not actually be caused by shrink-

swell at all. Alternative causes for that cyclicity are not fully clear, but a relationship between small-

scale cyclic ground movements and rainfall has been demonstrated. 

5.1.4 Summary 

This section identifies a cyclicity in detrended ground movement from PSI in London, however it 

cannot be directly attributed to shrink-swell. There are on average 8 cycles of movement per year with 

amplitudes between 0.34 and 0.38 mm. Although these figures are close to the precision of the data 

set, the number of cycles is consistent with annual rainfall cycles. Detrended ground movements and 

rainfall data also show a statistically significant two-year periodicity. The effect of shrink-swell 

classification on velocity and amplitude of ground movements is inconclusive, some areas exhibit a 

statistically significant difference between classes, but others do not. While some cyclical signal is 

apparent, monitoring shrink-swell in London using TSX PSI data from road surfaces is not yet 

practicable but may be achievable using future constellations of high-resolution SAR instruments with 

much shorter revisit times and with improved techniques for detecting complex, non-linear ground 

movements. Since these cyclical movements are ca. 0.36 mm/yr, shrink-swell can be disregarded as a 

significant factor in the PSI data when interpreting both local and regional displacements.  

 

5.2 Differences in ascending and descending PSI results 

For both STL1 and ERS, PSI data from ascending and descending passes were available. In this sub-

section, the differences in LOS InSAR data from each geometry are inspected. 
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5.2.1 Sentinel-1 

The methodology for STL1 ascending and descending pass processing were described in Chapter 3. To 

compare the results, they were first clipped to the common overlapping geographic area (Figure 5.7). 

A histogram of the average velocity (mm/yr) was made to first analyse the differences in results from 

ascending and descending passes (Figure 5.8). The average velocity for descending is -0.06 mm/yr with 

a standard deviation of 1.07 and 0.14 mm/yr for ascending with a standard deviation of 0.94. 

Therefore, across the whole area there is only a 0.2 mm/yr difference in average velocity between 

geometries.  

For further analysis, three areas with visually notable differences between ascending and descending 

results were selected and the time series of the three AOI’s compared (Figure 5.9). AOI (1), in Peckham, 

has ca. 3 mm of heave in ascending but is more stable in descending, ca. -1 mm subsidence. AOI (2) is 

around the Limmo Peninsula, where dewatering for Crossrail took place until March 2016 

(Semertzidou, 2016). The descending data records ca. 7 mm of heave, associated with the cessation 

Figure 5.7 Total displacement from 2015 to 2018 (STL1) a) descending pass b) ascending pass. 
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of dewatering, however the ascending data records ca. 1 mm. AOI (3), in the Fulham and Sands End 

area, the descending data records a 5 mm rise and ascending ca. 1 mm.  

For the ascending and descending orbits to yield different results, there must be a horizontal 

component to the displacement. If ground movement is away from the satellite in ascending geometry 

and towards the satellite in descending geometry, then the movement has an eastward component. 

Alternatively, movement away from the satellite in descending geometry and towards the satellite in 

ascending geometry indicates westward movement (§2.4). If values are consistently positive or 

negative in both geometries, the displacement is mostly vertical. An example of an area that has 

consistent displacement in both geometries is the area of the NLE dewatering, at Kennington park 

(orange-red area south of the Thames). A time series comparison of this area is shown in Figure 5.10.  

 

  

Figure 5.8 Histogram of the distribution of average velocity (mm/yr) for ascending (blue) and descending (orange) pass. 
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Figure 5.9 Differences in descending (a) and ascending (b) displacement at three AOI’s 1,2,3; shown in time 
series c), d) and e) respectively. 
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5.2.2 ERS 

The ERS data available for this research were acquired between 1992 and 2000, and were processed 

by CGG Satellite Mapping. As with the STL1 data, there are notable differences between the total 

displacement measured from the ascending and descending passes (Figure 5.11). When ascending 

and descending average velocity (mm/yr) are compared, the histograms are similar (Figure 5.12), 

however the ascending velocities are offset towards a positive velocity (heave). The descending data 

has a mean velocity of -0.29 mm/yr and standard deviation of 1.0 mm/yr, ascending mean velocity is 

0.25 mm/yr and a standard deviation of 1.3 mm/yr.  

The three AOI’s selected for ascending-descending comparisons for STL1 are also investigated for the 

ERS dataset (Figure 5.13). AOI (1) (Figure 5.13c) are poorly correlated between 1992 and January 1996, 

when both ascending and descending stabilise at the same level. In AOI (2) (Figure 5.13d), both 

geometries follow a similar trend throughout the time period, however the ascending time series has 

a systematic shift to higher values, consistent with the results in the histogram (Figure 5.10). AOI (3) 

(Figure 5.13e) also has a similar overall trend between geometries, however the descending geometry 

records periods of subsidence in August 1993 and between July and October 1996, that are not 

observed in ascending. As with STL1, for ascending and descending orbits to yield different results, 

there must be a horizontal component to the displacement. An area of similarity between geometries 

is the area of subsidence south of the river, just south of Battersea Park (Figure 5.14). Subsidence here 

is associated with the South Western Rail mainline train tracks, elevated on brick arches and there has 

since been stabilisation works, hence subsidence is not visible in the later STL1 data.  

Figure 5.10 Ascending and descending time series comparison at the area around Kennington Park (NLE). 
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Figure 5.11 Total displacement from 1992 to 2000 (ERS) a) descending pass b) ascending pass. 
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Figure 5.12 Histogram of the distribution of average velocity (mm/yr) for ascending (blue) and descending (orange) pass. 
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Figure 5.13 Differences in descending (a) and ascending (b) displacement at three AOI’s 1,2,3; shown in 
time series c), d) and e) respectively. 
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5.2.3 Summary 

Differences between displacement results in ascending and descending geometries has been 

evidenced, with up to 7 mm difference in some areas (at location 2, Figure 5.13d), hence there must 

be a component of horizontal motion in London. The next section (§5.3) quantifies the horizontal and 

vertical components of the ERS and STL1 InSAR data.   

Figure 5.14 Ascending and descending ERS time series comparison around the Jubilee Line Extension. 
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5.3 Decomposition into vertical and east-west displacement 

To separate the east-west and vertical components, using InSAR from ascending and descending 

passes, two methods were tested and performed on both the ERS and STL1. The first method is based 

on that used in Mason et al. (2015) and the second method is a mathematical approach performed in 

ArcGIS. North-south displacements are not considered, because the SAR system is insensitive to north-

south displacements due to its near-polar orbit (Wright et al., 2004). Recent advances have meant the 

measurement of north-south components are possible using Multiple Aperture Interferometry (MAI) 

(Bechor and Zebker, 2006, Jung et al., 2009), however this is out of the scope of the research.  

The PS points in each geometry are not located in the same geographic locations, therefore, to 

compare velocities, both methods require the interpolation of velocity surfaces (further detail in §2.4). 

Continuous velocity surfaces were interpolated using an inverse distance weighted (IDW) method. 

Average velocity (mm/yr) for each PS point was used for the interpolation, which is calculated over 8 

years for ERS (1992 to 2000) and over 3.5 years (2015 to 2018) for STL1.  

IDW is a deterministic interpolation process, where the interpolated surface is a weighted average of 

the neighbourhood PS and the weights are a function of inverse distance. The power parameter was 

chosen as 2 and the cell size 100 m. A power of 2, 10 and 15 was tested and 2 had the lowest root-

mean-square error (RMSE) of the three. A variable search radius was chosen to create a smooth 

surface with no gaps; with the minimum number of points used to calculate the interpolated velocity 

value of each cell set to 12. This means that the distances of neighbourhood PS in each cell is variable, 

and dependent on the density of local targets; for example in the majority of London, where there is 

a dense urban fabric, this distance will be a few tens of metres, however in vegetated areas such as 

the parks, it will be up to a few kilometres (Raspini et al., 2012). Additionally, IDW is an exact 

interpolator, with predicted values exactly coinciding with data values at measurement locations and 

is suited to large datasets with a high spatial density, which is the case for this dataset where there 

are over 2,000,000 PS points in 1200 km2  (Krivoruchko, 2011). A disadvantage of IDW is that it can 

produce ‘bull’s-eye’ effects when there is a scarcity of samples around a data point that differs 

significantly from neighbouring samples. The density of PS in London means that this effect does not 

occur across the majority of the study area, but it can be observed in Richmond Park, which is to the 

east of the River Thames, where the river turns south (Figure 5.7), and therefore caution must be 

taken when making interpretations in this area. Other interpolation methods, including Ordinary 

Kriging (OK), were tested. Interpolation of the descending STL1 data using OK took 4000 times longer 

to run in ArcGIS Pro than IDW, both with a cell size of 100 m and a variable search radius with minimum 
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number of points as 12. The similarity of results of the OK and IDW results are shown in Figure 5.15. 

The IDW surfaces were used in all further analysis. 

5.3.1 East-west and vertical decomposition using ER Mapper  

The analysis in this section is based on the method in Mason et al. (2015). First, a threshold was applied 

to the IDW velocity surfaces, in the software ERDAS ER Mapper, to remove values greater than 

±3 mm/yr. This threshold was used in Mason et al. (2015) based on data from Bingley et al. (2008) 

which suggests natural ground movements in London are in the region of +0.5 mm/yr to -2.5 mm/yr.  

The following formulae were applied to the ascending (i1) and descending (i2) surfaces: 

𝐸𝑎𝑠𝑡 =  (if (i1 > 0) then null else i1) + (if (i2 < 0) then null else i2 ∗ −1) 

𝑊𝑒𝑠𝑡 =  (if (i1 < 0) then null else i1 ∗ −1) + (if (i2 > 0) then null else i2) 

Figure 5.15 Results of interpolation for descending STL1 velocity (mm/yr), using a) OK and b) IDW. 
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The surfaces were then combined as an RGB image with westerly movements in red and easterly in 

blue. The results are shown in Figure 5.16.  

5.3.2 East-west and vertical decomposition in ArcGIS Pro 

An alternative method of isolating the east-west and vertical components has been performed in 

ArcGIS Pro. The same IDW surfaces were used for this analysis. The analysis has been performed with 

(Figure 5.17) and without (Figure 5.18) clipping at the ±3 mm/yr threshold.  

Assuming any north-south component of motion is negligible, the following equation is true 

(Fuhrmann and Garthwaite, 2019)(§2.4):  

𝑉𝑎𝑠𝑐
𝑉𝑑𝑒𝑠𝑐

= ( 
−𝑠𝑖𝑛𝜃𝑎𝑐𝑜𝑠𝛼𝑎 𝑐𝑜𝑠𝜃𝑎
−𝑠𝑖𝑛𝜃𝑑𝑐𝑜𝑠𝛼𝑑 𝑐𝑜𝑠𝜃𝑑

)(
𝑉𝐸
𝑉𝑈
) (5.1) 

Figure 5.16 Lateral displacement (east-west) calculated by combining ascending and descending velocities 
(mm/yr) for a) ERS and b) STL1, based on the methodology in (Mason et al. 2015). 



163 
 

To solve for 𝑉𝐸 (east-west) and 𝑉𝑈 (up-down, vertical), the equation can be rearranged as: 

𝑉𝐸
𝑉𝑈
= 
1

𝑥
(

𝑐𝑜𝑠𝜃𝑑 −𝑐𝑜𝑠𝜃𝑎
𝑠𝑖𝑛𝜃𝑑𝑐𝑜𝑠𝛼𝑑 −𝑠𝑖𝑛𝜃𝑎𝑐𝑜𝑠𝛼𝑎

) (
𝑉𝑎𝑠𝑐
𝑉𝑑𝑒𝑠𝑐

) (5.2) 

𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑛𝑡(𝑥) =  −𝑠𝑖𝑛𝜃𝑎𝑐𝑜𝑠𝛼𝑎𝑐𝑜𝑠𝜃𝑑 + 𝑠𝑖𝑛𝜃𝑑𝑐𝑜𝑠𝛼𝑑𝑐𝑜𝑠𝜃𝑎 

Where 𝜃 = 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒 𝑎𝑛𝑔𝑙𝑒 and 𝛼 = 𝑠𝑎𝑡𝑒𝑙𝑙𝑖𝑡𝑒 ℎ𝑒𝑎𝑑𝑖𝑛𝑔 𝑜𝑟 𝑎𝑧𝑖𝑚𝑢𝑡ℎ. 

For STL1, 𝜃𝑑 = 37.5, 𝛼𝑑 = 195, 𝜃𝑎 = 39.0, 𝛼𝑎 = 345 and for ERS  𝜃𝑑 = 23, 𝛼𝑑 = 194, 𝜃𝑎 =

23, 𝛼𝑎 = 346. For ERS, the incidence angle used is the default mid-range incidence angle for the 

satellite, 23°, but it varies from 19° to 27° near to far range (European Space Agency, 2007). The 

heading angle used is typical of an ERS ASAR scene, at 194° for descending and 346° for ascending 

(Dheenathayalan et al., 2018, Fuhrmann and Garthwaite, 2019, Van Leijen, 2014).  

For STL1, the incidence angle can be obtained more precisely. The heading is -165° and -15° for 

descending and ascending, respectively, obtained from the metadata files.  

For STL1, equation 5.2 can be solved as: 

𝑉𝐸
𝑉𝑈
= 

1

−0.939
(
0.793 −0.777
−0.588 −0.608

) (
𝑉𝑎𝑠𝑐
𝑉𝑑𝑒𝑠𝑐

) 

𝑉𝐸 = 
1

−0.939
 (0.793𝑉𝑎𝑠𝑐 − 0.777𝑉𝑑𝑒𝑠𝑐) 

Figure 5.17 Lateral displacement, with a ±3 mm/yr threshold applied to STL1, based on the methodology in (Fuhrmann and 
Garthwaite, 2019). 
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𝑉𝑈 = 
1

−0.939
 (−0.588𝑉𝑎𝑠𝑐 − 0.608𝑉𝑑𝑒𝑠𝑐) 

𝑉𝐸 = −0.84𝑉𝑎𝑠𝑐 + 0.83𝑉𝑑𝑒𝑠𝑐 

𝑉𝑈 = 0.62𝑉𝑎𝑠𝑐 + 0.64𝑉𝑑𝑒𝑠𝑐 

The equations 𝑉𝐸 and 𝑉𝑈 are applied to the ascending and descending velocity IDW surfaces in ArcGIS 

Pro using the Raster Calculator tool. Negative velocities indicate westward motion and positive 

indicate eastward motion.  

Results of lateral east-west displacement, with a ±3 mm/yr threshold are shown in Figure 5.17 and 

east-west and vertical displacement without a threshold are shown in Figure 5.18 and Figure 5.19 

Figure 5.18 Lateral displacement (east-west) a) ERS and b) STL1, based on the methodology in (Fuhrmann & 
Garthwaite 2019), without a 3 mm/yr threshold. 
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respectively. There are only subtle differences between results with and without the threshold, 

suggesting the majority of lateral motion is less than 3 mm/yr.  

 

5.3.3 Results and discussion 

Blocky patterns are revealed in the lateral displacement results, but these are more evident in STL1 

than ERS, which is likely due to the PS point density of the ERS data being less than half that of STL1, 

and the ERS data therefore has a more granular appearance. The use of the term ‘blocky’ pattern in 

this and subsequent sections refers to the geometric pattern of alternating blue and red areas, with 

linear boundaries on two or more sides, as opposed to block movement/failure processes. The vertical 

data (Figure 5.19) highlights anthropogenic induced displacements. In the ERS data there are two 

areas of distinctive linear subsidence, location (1) is tunnelling induced subsidence from the Jubilee 

Figure 5.19 Vertical displacement a) ERS 1992 to 2002 b) STL1 2015 to 2018. Notable areas of 
displacement include: (1) Jubilee Line Extension, (2) South Western Railway raised tracks, (3) Crossrail 
works near Bond Street Station, (4) Northern Line Extension, (5) Dewatering associated with Crossrail 
Limmo Shaft, (6) A13 Newham Way.  
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Line Extension and location (2) a result of subsidence along raised South Western rail tracks. In STL1 

data, some of the most notable features are: (3) tunnelling induced subsidence from Crossrail, (4) 

caused by tunnelling and dewatering for the NLE (§4.1), (5) heave associated with the cessation of 

dewatering for Crossrail at the Limmo site and (6) subsidence along the A13 Newham Way (§4.2). 

In tunnelling induced ground movements, horizontal displacement is generally expected to be half 

that of vertical settlements (New and Bowers, 1994). Hence, by separating the horizontal and vertical 

components, much of the tunnelling induced ground components can be removed in the horizontal 

data. Furthermore, recent tunnelling projects in London, such as Crossrail, NLE and the Lee Tunnel 

(Figure 4.1) are all orientated approximately east-west, thus their horizontal component is in the 

north-south direction which is not measured by InSAR. Dewatering results in lowered pore-water 

pressures leading to the consolidation of dewatered soils, because of an increased effective 

overburden pressure. Subsidence associated with dewatering can be difficult to predict, because the 

amount of consolidation depends on the thickness and consolidation properties of the materials in 

question and in a stratified series of deposits, if the horizontal permeability exceeds the vertical 

permeability, the lateral spread of consolidation effects will be large (Bell et al., 1988). Effects of heave 

associated with the cessation of dewatering for Crossrail at Limmo shaft are evident in both horizontal 

and vertical displacement data.  

The east-west data, from both methods assessed in this section, yield very similar results, with the 

area north-west of the Thames ‘red’ indicating westward motion and a blocky pattern of alternating 

red and blue areas characterising the south-east (Figure 5.20). These patterns are further investigated 

in §5.5.  

 

5.4 Integration of InSAR with Environment Agency groundwater data 

The results shown in §4.1and §5.4, in addition to those of multiple authors (Bischoff et al., 2019, 

Crosetto et al., 2019, Eppler and Kubanski, 2015, Gheorghe et al., 2020, Radutu et al., 2017, Serrano-

Figure 5.20 Comparison of the east-west  STL1 results of a) ER Mapper results using method from Mason et al. (2015) and 
b) ArcGIS Pro results using method based on Fuhrmann and Garthwaite (2019). 
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Juan et al., 2017, Serrano-Juan et al., 2016, Zebker et al., 2017), show that changes in the groundwater 

level associated with construction projects cause surface subsidence that can be detected by InSAR.  

Groundwater flows in London are sourced from the North Downs (South) and Chiltern Hills (North). 

The London Basin has two aquifers, the Lower Aquifer comprising of the White Chalk Subgroup and 

Thanet Sand (confined) and the Upper Aquifer (unconfined), consisting of Alluvium and River Terrace 

Deposits. Folding and faulting in the London Basin controls groundwater flow in some areas. More 

detail about London’s hydrology is outlined in §2.1.5.  

The Lower Aquifer is the focus of this section. The Lower Aquifer has been artificially managed by 

changes in abstraction by the EA and since the 1990s the EA produces an annual report titled 

‘Management of the London Basin Chalk Aquifer’.    

The relationship between changing groundwater levels and surface displacement in London is 

particularly important, as to ensure there is no damage to infrastructure. PSI has been used to 

investigate anthropogenic land subsidence caused by groundwater abstraction in London. Bateson et 

al. (2009) compared PSI data from 1997 to 2005, with results of a groundwater abstraction subsidence 

model as part of the Terrafirma project, for the area of Merton Abbey in south-west London. Cigna et 

al. (2014) used ERS data from 1992 – 2000 and ENVISAT data from 2002 to 2010 to monitor natural 

and anthropogenic geohazards, including subsidence from groundwater abstraction, in London using 

PSI. The ERS and ENVISAT datasets used by Cigna et al. (2014) are the same PSI datasets, processed by 

CGG Satellite Mapping, that are used in this PhD research. Bonì et al. (2016) also used the same ERS 

and ENVISAT PSI dataset to investigate the relationship between PSI ground displacement and 

groundwater storage coefficients. They found the ground response to changing groundwater levels is 

not uniform across London and is related to lithological units and fracture networks. In the Chilterns 

Hills, the authors observed a groundwater level change of 2m corresponded to 4 mm in ground surface 

motion and a five-month time lag at some locations.  

Since the 1992 – 2010 time period of ERS and ENVISAT data has been previously analysed with relation 

to groundwater in London, the STL1 May 2015 to December 2018 PSI dataset was chosen to be the 

focus for this section. Only LOS PSI data has been used in groundwater comparisons. 

5.4.1 Datasets and methodology 

In 2018, there were 86 live groundwater observation boreholes monitored by the EA. For the purpose 

of this research, 79 boreholes have been made available by the EA, with data from January 1992 to 

March 2020. Most of the boreholes record at approximately monthly intervals, however there are 

often gaps in the acquisitions.  
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To clean the data for analysis, first the time series graph of groundwater level for each borehole was 

plotted and those with anomalous values identified. Then the original EA spreadsheet was checked 

for any accompanying written notes by the logger on the dates with anomalous readings and the value 

removed if appropriate. Where there were anomalous values with no notes, a value was deemed 

anomalous if it was more than three times the standard deviation of that borehole groundwater level. 

Anomalous values were then excluded from the analysis. Because the acquisition frequency is variable 

at each location, the groundwater data for each borehole was linearly interpolated in time and 

resampled to monthly for consistency across boreholes (Figure 5.21). 

  

Figure 5.21 Variation in groundwater level (mAOD) from 1992 to 2020 for 5 boreholes, after removal of anomalous values. 
The location of these 5 boreholes is shown in Figure 5.22. 
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The total change in groundwater was visualised in ArcGIS, in map form, with point symbol size scaled 

relative to volume change and with colour according to whether the change in groundwater level was 

positive or negative (Figure 5.22). The change in groundwater level was then calculated to align with 

the STL1 InSAR time period (May 2015 to December 2018).  

The intention was to create interpolated surfaces of groundwater change, as was done with the PS 

data, to establish if abrupt changes in groundwater level potential caused by faulting, as a barrier to 

flow, could be observed. However, due to the sparse spatial density of boreholes and high number of 

artifacts in interpolated surfaces, they were not used for this analysis. Instead, the PS points in a 100, 

250 and 500 m radius of each groundwater borehole were averaged and the average change in 

groundwater level compared to the total displacement of the averaged PS, to identify if there was a 

correlation between groundwater and surface displacement. The comparisons were calculated over 

the time period May 2015 to December 2018 and locations and displacement of the boreholes and PS 

are shown in Figure 5.23. 

Figure 5.22 Change in groundwater level (mAOD) from 1992 to 2020. The magnitude of change is shown by the size of the 
point and whether it was groundwater rise or fall is shown by the colour. Locations of the boreholes 1-5 correspond to 
Figure 5.21. 
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5.4.2 Results and discussion 

Plots of groundwater level change against PS displacement and PCC against displacement for a 100, 

250 and 500 m radius around each groundwater borehole are shown in Figure 5.24. There is a weak 

positive correlation between change in groundwater level and PS displacement and a strong 

correlation is only observed for groundwater changes greater than 12 m. Below a 5 m change in 

groundwater level, there are no consistent correlations. This to be expected, given Bonì et al. (2016) 

observed that a ca. 1 m change in groundwater level corresponds with 2 mm surface displacement in 

the Chiltern Hills and that the surface displacement is likely to be less in an urban area where Made 

Ground resists the change. There are many other causes of surface displacement in London, as 

discussed in Chapter 2 (§2.3.7) and in Chapter 4 at the millimetric level, therefore at <5 m groundwater 

change, the groundwater signal may not be dominant over the 3-year time period.  

The relationship between groundwater depth below ground level (on the first date) and correlation 

coefficients have also been assessed. The hypothesis was that the strongest correlations are at shallow 

groundwater depths, such as those strong correlations between PS and groundwater change observed 

at sites of construction-related dewatering. The ground level at each borehole site was obtained from 

the Ordnance Survey Terrain 5 map, accessed via DigiMap, rounded to the closest 5 m and the 

difference between ground level and groundwater depth (m AOD) calculated to obtain depth below 

ground level. 

The groundwater depth (mAOD) at the start of the time period investigated (30/04/2015) is shown in 

Figure 5.25. The  groundwater level is lowest (deepest) in central London and shallows to the north-

west and south-east, which is consistent with the depth to the top of the Chalk (Ford et al., 2010, 

Figure 5.23 Change in groundwater level (m AOD) over the period May 2015 to December 2018, as points overlain onto 
STL1 PS InSAR. 
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Royse, 2008). However, the results (Figure 5.26) do not support the hypothesis, there is no correlation 

between groundwater depth and PCC and the four highest PCC’s are at deeper groundwater depths 

(-25 to -10 m AOD).   

Poor correlations between groundwater level change and PS displacement may be a result of a lag 

between water level change and ground response. To test this, individual time series of the two 

datasets were first visually inspected, to identify any obvious offsets. The time series of the three 

highest PCC’s are shown in Figure 5.28 and no clear offset can be observed. Then the effect of a time-

Figure 5.24 a), c) and e) plot groundwater level change against PS displacement over the time period May 2015 to 
December 2018 and b), d) and f) are the PCC against groundwater level change. a-b) 100 m radius, c-d) 250 m radius and e-
f) 500 m radius.  
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lag on PCC was tested for the period of up to a year, for the three locations with the highest PCC. A 

cross correlation was performed, whereby the correlation coefficient was tested for a time-lag of a 

day (with InSAR data experiencing the lag), for up to 365 days (1 year). Both Battersea and Western 

Road have a decreasing PCC with time, whereas Weavers fields has a stable PCC, that decreases 

gradually after 150 days (Figure 5.27). However, the low temporal resolution of groundwater data and 

short overall time period (3-years) limits the analysis. Battersea has just 2 groundwater values per year 

and Weavers Fields and Western Road have one per month. 

5.4.3 Summary  

Weak correlations between PS displacement and groundwater level change in EA boreholes have been 

observed for groundwater level changes less than 12 m. The effect of a time-lag on correlations was 

tested for three locations with the highest PCC and a time-lag did not improve correlations. No 

correlation between depth to groundwater and PCC has been observed.  

Suggested further proposed work could be using a longer time series comparison to determine the 

long-term relationships between PS surface displacements and groundwater level change. 

Furthermore, only LOS PSI data were used and correlations may be different if only vertical PSI data 

were considered.  

Therefore, it is concluded that the majority of InSAR measured surface displacements between May 

2015 and December 2018 are not a result of changing groundwater levels in the Chalk aquifer.  
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Figure 5.26 Relationship between correlation coefficient and depth to groundwater (as of 
30/04.2015). 

Figure 5.25 Groundwater level coloured by depth on 30/04/2015 overlain on BGS geological map. 
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Figure 5.27 Variation in the PCC at varying time-lags (days after the start date). 

Figure 5.28 Time series comparison of PS displacement (red line, left-hand y-axis) and change in groundwater level (blue 
line, right-hand y-axis) for a 500 m radius around groundwater boreholes with the three highest PCC a) Battersea, b) 
Weavers Fields and c) Western Road. d) table of groundwater depth and PCC. 
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5.5 Identifying potential geotechnical hazards using vertical and east-west InSAR 

The lateral displacement in Figure 5.18 reveals blocky patterns, with linear boundaries in surface 

displacement striking ENE-WSW, NNW-SSE and NNE-SSW. Mason et al. (2015) first proposed that 

these linear boundaries identified in InSAR results are surface expressions of the subsurface fault 

network in London. These linear boundaries will be referred to as lineaments due to their unknown 

origin. 

Faults are underrepresented on geological maps in London, due to challenges to traditional geological 

mapping including urbanisation, superficial deposit cover and homogeneity of the London Clay 

meaning that faults that juxtapose this formation may not have observable contrasts (Aldiss, 2013). 

The location of faults influence the design and construction of civil engineering projects as well as the 

hydrogeological conditions. Therefore, if faults and other geotechnical hazards can be identified by 

InSAR in London, there could be important benefits for the geotechnical engineering community. 

In this section, the lineaments derived from new InSAR results are compared with published fault maps 

from BGS, EA, previous work comparing sub-surface chalk topography and ERS vertical data by Morgan 

et al. (2020) and a fault map derived from groundwater investigations by Andrews et al. (1995). The 

lineaments are also compared with fault indicators, where the extent of faulting is unknown, such as 

fault zones intersected by recent engineering projects (Morgan et al., 2020, Newman, 2017) and the 

location of DFHs, which are often associated with faulting (Flynn et al., 2020). The process is outlined 

in a flow chart in Figure 5.29. If lineaments identified by InSAR coincide with previously mapped faults 

or fault indicators, it provides confidence that the lineaments are of geological origin. 
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Figure 5.29 Flow chart of the process applied in §5.4. 
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5.5.1 Lineaments derived from InSAR  

The alignments of linear boundaries derived from InSAR have been illustrated on the east-west InSAR 

data, with and without a 3 mm/yr velocity threshold (Figure 5.30a-b and Figure 5.30c-d respectively). 

Linear boundaries on the vertical InSAR data are shown in Figure 5.30e-f.  

First, the lineaments were visually interpreted on both the vertical and east west STL1 separately. The 

lineaments were then refined based on where they are coincident between datasets (ERS and STL1) 

and this refinement process is shown in Figure 5.31. The map of lineaments were first refined 

separately for east-west and vertical InSAR derived boundaries (Figure 5.31b & Figure 5.31c) and then 

for all boundaries combined (Figure 5.31h). The dominant orientations of the refined lineaments are 

NNW-SSE and ENE-WSE (Figure 5.32).  

The IDW InSAR surface that the orientations of lineaments are derived from has a 100 m cell size and 

used a variable search radius with the minimum number of points selected as 12 (further details in 

§5.3). The location and orientation accuracy of the lineaments is controlled by the PS density 

variability and interpolation search radius and is estimated to be uncertain by several hundred metres.   

However, these orientations are consistent with published trends of an underlying fault network in 

London, which has been revealed by multiple lines of evidence such as the orientation of the Thames 

and its tributaries (de Freitas, 2009), borehole records and Chalk topography (Aldiss, 2013, Morgan et 

al., 2020), as well as previous InSAR analyses (Aguado et al., 2015, Aldiss et al., 2013, Mason et al., 

2015). Correlations with these other data sources will be further assessed in §5.6 and §5.7. 
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Figure 5.30 Ground displacement maps (left STL1 and right ERS): a-b) 3 mm threshold EW, c-d) no threshold EW, e-f) 
vertical velocity (mm/yr). Interpreted linear boundaries are shown as dashed black lines. 
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Figure 5.31 Steps to deriving potential linear boundary locations from east-west and vertical InSAR data. a) Interpreted 
boundary from ERS (orange) and STL1 (black) data. b) Coincident boundary locations in both datasets, suspected to be the 
same, c) revised fault locations based on observations in b), d) Interpreted boundaries from vertical InSAR data, e) 
coincident boundary locations in STL1 and ERS, f) revised boundaries based on observations in f), g) boundaries from both 
east-west and vertical InSAR, h) coincident boundaries based on h), i) final revised boundary locations based on InSAR. 
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5.6 Comparison with published geological maps  

The derived InSAR lineations in Figure 5.31i have been compared with published fault maps from the 

BGS, EA, Andrews et al. (1995) and Morgan et al. (2020) and the results are detailed in the following 

sub-sections.  

5.6.1 BGS fault map 

The BGS 1:10,000 geological maps contain ‘linear features’ which are organised into six categories, 

two of which are relevant for London: faults and landforms (which includes DFHs). The faults 

recognised by the BGS were identified during the BGS LOCUS project (Strange et al., 1998), which took 

place during the late 1990’s and more recently the BGS LithoFrame50 3D geological model of London 

(Ford et al., 2008, Ford et al., 2010). The BGS fault mapping is based on interpreted borehole records 

and geological cross sections that together build a fence diagram, across which lithological surfaces 

are interpreted (Kessler et al., 2009). The cross section spacing used is typically 0.5 – 1.5 km with 5-10 

boreholes per km2. Faults are derived from geometric features in the modelled bedrock surfaces, 

together with evidence from outcrops (Ford et al., 2008).  

It should be noted that although faults are typically drawn as single lines on geological maps, they are 

more commonly fault zones which are bands of extensive faulting and fracturing, separating sub-

horizontal relatively undeformed strata. Fault zones up to 3 km wide have been recognised in London 

(Linde-Arias et al., 2018, Morgan et al., 2020, Newman, 2009). Due to the disturbed ground, fault 

zones contain weaker materials than adjacent strata and can juxtapose materials of different 

lithologies. Fault zones can act as both barriers and/or pathways to groundwater flow. Therefore, 

when refining fault maps, faults that were within 1 km of each other and had up to a 10° difference in 

strike were classed as part of the same fault system and refined as one singular line. 

Figure 5.32 Orientation of InSAR lineaments. NNW-SSE 
and ENE-WSE dominant orientations. 
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The linear features for London were accessed through BGS Digimap®, imported into GIS and compared 

with the linear boundaries derived from InSAR data in §5.5, §4.1 and §4.2 (Figure 5.33).   

 

Where the lineations are coincident between datasets, it is assumed that they are a single feature, 

such as (1) Richmond Park, (2) Wimbledon-Streatham fault and (3) Greenwich fault (Figure 5.33). The 

criteria for being classed as part of the same feature was to have an orientation within 10° and a 

distance within 1 km. The refined map is shown in Figure 5.34.  

  

  

Figure 5.33 BGS faults (black) with faults derived from InSAR (grey). The two faults in red dashed were 
derived from investigations in 4.1(NLE) and 4.2 (Lee Tunnel). The numbers and arrows indicate coincident 
lineaments in both datasets. 

Figure 5.34 Refined fault map based on comparisons between InSAR and BGS fault maps. InSAR 
lineaments that are assumed to be part of mapped fault systems are shown as blacked dashed lines. 



182 
 

5.6.2 Environment Agency groundwater fault map  

In 2008, the BGS completed a study of the London Basin for the EA (Royse, 2008). A new interpretation 

of the fault pattern was proposed and boreholes with groundwater levels on either side of major faults 

were used to identify if the faults act as a barrier to flow (Environment Agency, 2018, Royse, 2008). 

Input data used in the analysis by Royse (2008) includes: 1:50 000 BGS geological maps, London 

Memoir (Ellison et al., 2004), LOCUS dataset (Strange et al., 1998), gravity anomaly map, BGS 

Lithoframe, results from Bingley et al. (2007), Bingley et al. (2008) which provided data on subsidence 

and uplift in London using satellite data and borehole data. The analysis concluded the Greenwich, 

Rotherhithe and Mitcham Faults are all barriers to flow. No evidence was found to support the 

Wimbledon Fault as a flow barrier, but a flow barrier does exist along the Streatham fault to the east. 

The Northern Boundary Fault did not appear to act as a flow barrier. The location of these faults and 

permeability classification are shown in Figure 5.35.  

Figure 5.35 Faults of the London basin, classified by permeability and location of EA groundwater boreholes. Modified after 
Royse (2008) and Environment Agency (2018).   
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The fault map from the EA report (Environment Agency, 2018) has been compared with the published 

BGS fault map and InSAR lineaments, in ArcGIS, to identify which faults are consistent between 

sources and which are not (Figure 5.36a). The Wimbledon, Streatham and Greenwich faults are 

identified in all three maps (fault names in Figure 5.35). The Rotherhithe and Mitcham faults coincide 

with BGS faults for part of their length. The Northern Boundary Fault and other unnamed green 

permeable faults and unnamed orange fault do not coincide with existing mapped BGS faults. 

However, the Northern Boundary fault does coincide with an InSAR lineament.  

Where faults are coincident between the EA and BGS datasets or EA and InSAR lineaments, they have 

been refined as a single fault (Figure 5.36b).  

Figure 5.36 Fault and lineament refinement based on EA fault map. 
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5.6.3 Andrews et al. 1995 fault map 

Between April 1992 and May 1995, Thames Water funded a report on the ‘Hydrogeology and 

Hydrogeochemistry of the London Basin’ at the Postgraduate Research Institute for Sedimentology, 

University of Reading (Andrews et al., 1995). In terms of geological structures, the aim of that report 

was to produce a detailed geological structure map indicating major and minor structural features. 

Furthermore, the hydraulic significance of these structures was investigated using water level and 

abstraction distribution maps. The hydrogeological data was sourced from: the Thames Water Card 

Index System, data from the Water Resources Board 1972 report (Water Resources Board, 1972), 

London Water Ring Main, the old Greater London Council, BGS and published literature (Andrews et 

al., 1995).  

Fault locations have been geostatistically identified in areas where the elevations of London Clay and 

Chalk were markedly different from those in neighbouring areas (Andrews et al., 1995). These areas 

were delineated with straight lines, some of which coincided with known major faults (Wimbledon 

and Greenwich) and interpreted as potential faults (Figure 5.37). There are limited further details on 

Figure 5.37 a) A section of the scanned fault map from Andrews et al. (1995), b) Georeferenced faults in ArcGIS. 
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the criteria for fault identification. The potential faults were compared with BGS geological maps by 

the authors and there was good agreement between the potential faults and published faults. NE-SW 

trending faults were named ‘Strike Faults (SF)’ and N-S trending faults named ‘Dip Faults (DF)’. These 

DF are generally offset or terminate at strike faults. Andrews et al. (1995) suggests that SF and DF 

developed simultaneously because they tend to cut or offset each other. The fault locations from 

Andrews et al. (1995) have been georeferenced in ArcGIS, to produce the map in Figure 5.37. 

The fault locations from Andrews et al. (1995) were compared with the refined fault map (Figure 5.36). 

Where faults are coincident with those from InSAR, they are highlighted in red and where they are 

coincident with EA mapped faults, they are highlighted in purple. Individual examples are (Figure 

5.38): 

(1) Faults from Andrews et al. (1995) surround a chalk inlier that can be seen on BGS Geological 

maps (Figure 5.38). The EA has a NE-SW trending fault at the northern edge of the chalk inlier 

and there is an InSAR lineament at the southern, eastern and western edges. However, the 

InSAR lineaments to the east and west have a different strike to the faults from Andrews et 

al. (1995).  

(2) The Northern Boundary Fault, evidenced by InSAR lineaments, EA and Andrews et al. (1995). 

(3) Wimbledon, Streatham and Greenwich faults, evidenced by BGS, EA, InSAR and Andrews et 

al. (1995). 

Figure 5.38 Faults from Andrews et al. 1995 overlain on the refined fault map from Figure 5.36. 
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(4) Coincident InSAR derived lineament and faults from Andrews et al. (1995), there is a ca. 15° 

difference in strike between them.  

(5) InSAR lineament intersects two faults from Andrews et al. (1995) and a minor BGS fault. The 

Andrews et al. (1995) and BGS faults strike 057° and 049° respectively, whereas the InSAR 

lineament strikes 066°.  

(6) Mitcham fault from EA that is partially coincident with BGS faults. The NE part coincides with 

fault from Andrews et al. (1995) at a similar strike orientation, but deviates to the SW.  

(7) InSAR lineament and Andrews et al. (1995) fault, that are partially coincident and within 5° 

strike.  

(8) Partially coincident fault from EA and Andrews et al. (1995) 15° difference in strike. 

(9) South Greenwich Fault from EA, partially coincident with a fault from Andrews et al. (1995).    

Due to the sparsity of input data and low spatial resolution of data from which fault locations are 

derived in Andrews et al. (1995), as well as idealised linear fault alignments and a significantly greater 

number of faults than other published fault maps, the InSAR lineaments and coincident faults from 

external sources were not revised based on the faults in and are not used in further analysis (Andrews 

et al., 1995).  
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5.6.4 Morgan et al. 2020 fault map 

Morgan et al. (2020) collated new and existing structural information about London’s near-surface 

structures. Sub-linear elevational changes in the upper surface of the White Chalk Group are often 

inferred as evidence of folding and faulting (Aldiss et al., 2013, Buchan, 1938, Ellison et al., 2004, 

Environment Agency, 2018, Ford et al., 2008, Ford et al., 2010, Morgan et al., 2020, Royse, 2008). 

Morgan et al. (2020) compared elevation changes in the White Chalk, reinterpreted from Ellison et al. 

(2004), with the position of abrupt changes in vertical displacement InSAR data from Mason et al. 

(2015). Where vertical offsets are spatially coincident, faults have been interpreted, shown in Figure 

5.39.  

As part of this research at Imperial College by Tom Morgan, evidence of faulting from recent 

engineering projects was collated (Black, 2017, Carter and Hart, 1977, Newman, 2017, Newman et al., 

2017) and is shown as yellow circles on Figure 5.39. Fault zones identified by Newman (2017) have 

also been georeferenced by Tom Morgan (Figure 5.39). The precision of the locations of fault zones is 

generally low and dependent on the detail in the publications from which they are sourced.  

The fault locations from Morgan et al. (2020) and recently encountered fault zones from engineering 

projects were compared with the refined InSAR fault map from Figure 5.36b. Lineaments coincident 

between multiple datasets are (Figure 5.40): 

(1) Coincident NE-SW trending lineament.  

Figure 5.39 Location of fault zones encountered in Thames Tideway ground investigations (Newman 2017), 
fault zones encountered during recent civil engineering projects, collated by Morgan et al. (2020) and faults 
interpreted by Morgan et al. (2020) based on comparions with elevational changes in the White Chalk (Ellison 
et al. 2004) and vertical InSAR data (Mason et al. 2015). The fault zones labelled are: Tottenham Court Road 
(Black, 2017), (2) Farringdon (Black, 2017), (3) London Bridge (Newman, 2017), (4) Limmo (Black, 2017, Ghail 
et al., 2015b, Linde-Arias et al., 2018), (5) Plaistow Graben (Newman, 2017, Newman et al., 2017), (6) Thames 
Barrier (Carter and Hart, 1977).  
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(2) Similar ENE-WSW trending lineaments, with a 7° difference in strike. 

(3) a) InSAR lineament, fault from Morgan et al. (2020) and South Greenwich Fault intersect close 

to mapped fault zones. 

(3) b) Similarly striking InSAR lineament and fault from Morgan et al. (2020) (5° strike difference). 

(4) It is assumed these faults are all part of the en echelon Wimbledon-Streatham-Greenwich 

fault zone, due to their similar strike.  

(5) Coincident Mitcham fault (Environment Agency, 2018) and fault from Morgan et al. (2020).  

(6) Morgan et al. (2020) fault with a similar strike (2° difference) to the Northern Boundary Fault.  

(7) Assumed to be the recognised Lee Valley fault (Linde-Arias et al., 2018).  

The fault and InSAR lineament map (from Figure 5.36b) was then refined based on coincident faults 

from Morgan et al. (2020) (Figure 5.41). Ten of the 32 faults in Figure 5.41 are within 1 km of a fault 

zone collated by Morgan et al. (2020) and Newman (2017).  

As part of his PhD research, Tom Morgan generated four rose diagrams from published orientations 

of faulting and linearised river trends, Figure 5.42a-d, as well as a frequency distribution graph of these 

trends (Figure 5.43). A new rose diagram, Figure 5.42e, has been added, based on InSAR lineations 

derived from this research (ERS and STL1 east-west and vertical InSAR, Figure 5.31i. An ENE-WSW (60° 

Figure 5.40 Refined faults from Figure 5.36 with inferred faults from Morgan et al. 2020 overlain. 
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to 80°) trend is evident in all rose diagrams apart from linear river trends (Figure 5.42 and Figure 5.43). 

The InSAR lineations (Figure 5.42e) also demonstrate an approximately N-S (165° to 5°) trend, which 

is not seen in the other datasets, although a NNE-SSW (15°) is observed in the InSAR/Chalk lineations. 

A weaker NW-SE trend is also observed at approximately 150° (Figure 5.43). 

  

  

Figure 5.41 Refined fault map based on coincident faults from Figure 5.40.  
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e. InSAR lineations from ERS and 

STL1 data combined 

Figure 5.42 Rose diagrams of inferred faulting and lineations based on multiple lines of evidence  a) Lineations identified 

from ERS InSAR vertical displacement (Morgan et al., 2020), b) Faults from BGS Lithoframe (Burke et al., 2014), c) Linear 

river trends (de Freitas, 2009) and d) Reading report faults, e) InSAR lineations from Figure 5.31. Modified after (Morgan, 

2021). 

Figure 5.43 Frequency distribution plot of lineation strikes, using 10° bins, modified after Morgan (2021). Major fault 

sets described in the text are highlighted in yellow boxes.  
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5.7 Refining the fault map with additional lines of evidence  

5.7.1 Drift Filled Hollows 

The proposed mechanisms of formation and current understanding of DFHs in London are discussed 

in (§2.1.4). DFHs vary in width, depth, shape, infill and degree of disturbance, the variable depths are 

shown in Figure 5.44a. The origin of DFHs are still unclear. They are often associated with faulting and 

in the most recent data for DFH in London, 20 out of 84 have evidence of faulting (Figure 5.44b) (Flynn 

et al., 2020). Therefore, the coincident location of mapped faults and lineaments intersecting mapped 

DFHs, is considered another possible line of evidence for faulting. 

To identify if there is a spatial relationship between DFHs with evidence of faulting and the refined 

fault map from Figure 5.41, the locations of both were compared in ArcGIS (Figure 5.45). Locations 

where DFHs with evidence of faulting coincide with mapped faults are numbered 1-7 in Figure 5.45. 

Unfortunately no detail of the extent, type or orientation of faulting at the DFH locations with 

‘evidence of faulting’ is provided in Flynn et al. (2020), aside from the DFH at St James’ Park (green 

DFH with orange halo, south of (3) Figure 5.45). At St James’ Park, faulting is identified due to a sharp 

vertical contact between RTD’s and London Clay, however, none of the published fault maps have 

identified faulting at this location; 75% of the faults with evidence of faulting are within 1 km of the 

mapped faults. 

Further research would be needed to assess whether the apparent correlation between DFHs and 

faulting is a result of causation. It should be noted that the location of the mapped DFHs has a 

significant geographical bias because of input data used to identify DFHs. The DFHs have been 

identified from published journal articles, historical borehole records, recent ground investigation 

borehole logs and tunnelling/construction records. Shallow ground investigations may not identify 

Figure 5.44 DFHs in London a) depth; b) evidence of faulting. Modified after Flynn et al. (2020). 
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deeper DFHs, therefore the locations are biased towards locations were deeper ground investigations 

have taken place. For example, four were identified during Crossrail construction and four during the 

Jubilee Line Extension, one during NLE tunnelling and one during the Thames Water Ring Main 

therefore ca 20% of the 56 ‘new’ DFHs identified in Flynn et al. (2020) are associated with major 

tunnelling projects.  

 

 

 

Figure 5.45 Refined fault map from Figure 5.41 with DFH locations from Flynn et al. (2020) coloured by evidence of 
faulting. The green DFH with an orange halo is St James’ Park. 
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5.8 Discussion 

Conventional fault mapping in London is challenging due to the extensive urbanisation, superficial 

deposit cover and homogeneity of the London Clay. The results in this section demonstrate that InSAR 

can be used to identify faulting in London. For example, well-known mapped faults such as the 

Wimbledon-Streatham-Greenwich faults are identifiable in InSAR as well as the published BGS, EA and 

Morgan et al. (2020) fault maps (Figure 5.46, locations 1,2 and 3). Other fault examples with a high 

level of confidence are the Northern Boundary and Rotherhithe faults (Figure 5.46 and Table 5.6, IDs 

5 and 6). When only InSAR data is considered, confidence that the lineaments observed are faults is 

low. However, once correlations are established with other published fault maps or observed fault 

zones, the confidence in InSAR observations increases.  

When the four fault maps, DFH maps and fault zones are considered, there are a maximum of six 

possible lines of evidence for faulting (Table 5.6). Some 41% of mapped faults have three or more lines 

of evidence, 28% have two lines of evidence and 31% only evidenced by one source (Table 5.6). Of the 

lineaments identified in InSAR, 61% (14 out of 23) do not coincide with faults mapped by BGS, EA or 

Morgan et al. (2020). However, nine of the 14 that do not coincide with previously mapped faults are 

within 1 km of a mapped DFH and five are within 1 km of a fault zone observed in a recent engineering 

project.  

A significant challenge when comparing these datasets is the variable spatial resolution and spatially 

restrictive input data such as geological and hydrological boreholes that form the basis for some maps. 

With the STL1 InSAR results, PS point geolocation is on the order of several metres (Dheenathayalan 

Figure 5.46 Refined fault map with fault numbers corresponding to Table 5.6. 
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et al., 2013, Dheenathayalan et al., 2014). The IDW surfaces generated from PS use a variable search 

radius with a minimum number of points as 12 and therefore resolve lineament locations to only 

several hundred metres.  It can be assumed that the BGS 1:10,000 map has a similar accuracy to the 

IDW surfaces, on the order of several hundred metres (Kessler et al., 2009).  The spatial resolution of 

the EA fault map is unknown but, as the mapping was carried out by the BGS using a similar 

methodology to that in the BGS fault map, the resolution is assumed to be on a similar scale (Royse, 

2008). Therefore, the location of these faults and lineaments is approximate. When refining fault 

maps, faults with up to a 1 km horizontal offset or a 10° difference in strike were classed as part of the 

same fault system and refined as one singular line. 

Furthermore, faults in London are rarely singular planes, but more commonly fault zones, defined here 

as regions of extensively faulted and offset strata that separate relatively undeformed sub-horizontal 

strata (Linde-Arias et al., 2018, Morgan et al., 2020, Newman, 2009). Two examples of recognised fault 

zones in London are at London Bridge, where there is a 1 km wide fault zone with negative relief and 

at Greenwich, where a 3 km wide fault zone with positive relief is observed (Newman, 2017). Wider 

faults may also be a result of fault branching and their linkage zones, such as the Wimbledon-

Streatham-Greenwich, which represents an en-echelon fault series (Figure 5.33). Thus, multiple faults 

and lineaments with similar strike, within 1 km are likely part of a fault zone but are represented as a 

singular linearized plane on Figure 5.46 for simplicity.  

In London, faulting and folding generally correlates with uplifted outliers, which can be observed in 

Figure 5.47a (Aldiss, 2013). It is likely that not all InSAR identified lineaments are faults. In particular, 

those identified in vertical InSAR may be a result of differential compaction of superficial deposits 

(Figure 5.47b). For example, the ENE-WSW fault to the east of the map, north of the Thames (12 on 

Figure 5.46) aligns on the boundary of Alluvium and Taplow Gravel. Similarly, the ENE-WSW fault the 

crosses the southern edge of the Isle of Dogs. As shown in Figure 5.42 and Figure 5.43, ENE-WSW 

trend is most dominant in InSAR observations, compared to other published fault maps. Lineaments 

in this orientation could be a result of differential subsidence associated with superficial deposits. 

Correlations between superficial deposits and InSAR velocities have been established by Bateson et 

al. (2009), Cigna et al. (2014) (§2.3.7). The distribution of superficial sediments may be fault bounded 

in some areas and, in general, they are associated with fluvial systems.  

As well as faulting, folding can hinder or aid groundwater flow. Typically, anticlines act as barriers to 

lateral flow from one sloping side to the other, whereas synclines can have preferential flow along the 

axis (Apaydin, 2010). In north London, folding is typically low amplitude and long wavelength, whereas 

to the south there is a higher occurrence of high amplitude short wavelength folds (Environment 
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Agency, 2018).  Therefore, lineaments in InSAR revealed by changes in groundwater may also be a 

result of folding. However, Morgan et al. (2020) presents evidence to suggest many of the larger folds 

historically identified in London are actually misidentified fault zones and that most folding is 

insignificant.  

Vertical displacement in London is generally attributed to changing groundwater level, construction 

related subsidence and heave and compressible superficial materials. Some portion of horizontal 

displacement will result from the same sources as vertical, because, for example, subsidence troughs 

associated with tunnelling, or subsidence bowls from dewatering will have some component of 

horizontal motion. However, the pattern of discrete horizontal motion within individual blocks may 

be a result of creep along Variscan basement strike-slip faults. Recent and ongoing inversion has been 

evidenced in the London Basin and it has been revealed that underlying basement faults were 

reactivated under Alpine compression (Ghail et al., 2015b, Mason et al., 2015, Morgan et al., 2020, 

Royse et al., 2012). Further investigation is required to determine which of these possible mechanisms 

results in these millimetric horizontal displacements.  
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Table 5.6 Lines of evidence for each of the mapped faults in Figure 5.46 

ID Name InSAR BGS EA 
Morgan 

et al. 
2020 

Lines of 
evidence 

fault 
maps 

DFH 
within 
1km? 

Fault 
zone 

within 
1km? 

Lines 
evidence 

fault 
indicators 

Total 

1 Wimbledon     4   0 4 

2 Streatham     4   1 5 

3 Greenwich     4   1 5 

4 
South 

Greenwich 
    1   1 2 

5 
Northern 
Boundary 

    2   2 4 

6 Rotherhithe     3   1 4 

7 Mitcham     2   0 2 

8 
Richmond 

Park 
    2   0 2 

9 unnamed     2   1 3 

10 unnamed     1   0 1 

11 Lee Valley     2   1 3 

12 unnamed     2   2 4 

13 unnamed     1   1 2 

14 unnamed     1   1 2 

15 unnamed     1   1 2 

16 unnamed     1   2 3 

17 unnamed     1   2 3 

18 unnamed     1   1 2 

19 unnamed     1   2 3 

20 unnamed     1   0 1 

21 unnamed     1   0 1 

22 unnamed     1   0 1 

23 unnamed     1   0 1 

24 unnamed     1   2 3 

25 unnamed     1   0 1 

26 unnamed     1   0 1 

27 unnamed     1   0 1 

28 unnamed     1   0 1 

29 unnamed     1   2 3 

30 unnamed     1   0 1 

31 unnamed     1   1 2 

32 unnamed     1   1 2 
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In summary, PS InSAR data reveals lineaments with a NNW-SSE, ENE-WSW and SE-NW trend. Several 

of these lineaments directly coincide with known faults and others are proposed new faults, or 

lineaments revealed from differential subsidence. In-situ geological observations, as well as 

groundwater data and construction information are required to validate the causes of displacement 

in InSAR results. In an urbanised area such as London where traditional geological mapping and ground 

investigations are challenging, InSAR observations are a beneficial edition to the desk study phase of 

a project and can be used to identify the most suitable locations for borehole investigations.  

5.9 Conclusions 

In this Chapter, regional deformation patterns in London have been assessed. Cyclicity was observed 

in TSX PS data, but the cause of the cyclicity could not be confidently defined (§5.1). This means that 

in answer to the research question ‘is shrink-swell signal identifiable in InSAR data in London?’, we 

conclude it is not detectable on road surfaces.  

Differences in ascending and descending LOS PSI results from both ERS and STL1 were observed, 

suggesting ground movements in London have a horizontal component (§5.2). Therefore, the LOS 

displacements were resolved into horizontal (east-west) and vertical components (§5.3). The 

horizontal components revealed a ‘blocky’ pattern, particularly in East London. Section 5.4 compared 

EA groundwater data with InSAR surface displacements and concluded they are not a major 

contributor to measured displacements between 2015 and 2018.  

Similar patterns of horizontal displacement were previously observed by Mason et al. (2015), who 

proposed that this lineaments revealed a subsurface fault network in London (§5.6). Therefore, the 

observed lineaments were compared with published fault maps from the BGS, EA and Morgan et al. 

(2020) to add confidence by comparing multiple lines of evidence (§5.6). The InSAR lineaments were 

Figure 5.47 Refined fault map on BGS a) bedrock geology b) superficial deposits. 
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also compared with the locations of fault zones observed in recent engineering projects and DFHs, for 

which faulting is a proposed formation mechanism (§5.7). Where the lineaments intersected fault 

zones or DFHs, that is considered another potential line of evidence for faulting. Approximately 70% 

of lineaments observed by InSAR coincide with one or more of the six lines of evidence for faulting. 

These results directly address the research objectives one and two.  

In the following Chapter 6, the fault and lineament map derived here are compared with data from 

the TTE site investigations to further assess the validity of the fault and lineament locations and to 

identify hazardous areas where these faults intersect the TTE route. The use of InSAR and CRs 

reflectors as an active construction monitoring tools are also presenting in the next Chapter.  

6 Application of InSAR to the Tideway East Tunnel 

In this Chapter, the time series results from the CR sites (Chapter 3, §3.3) installed at TTE and schools 

across London are presented (§6.1). As discussed in Chapter 1, the scope of work changed throughout 

the PhD, from undertaking pre-construction, active construction and postconstruction InSAR analysis 

of the TTE tunnel to just the pre-construction phase because of delays with the tunnelling.  Therefore, 

analysis of deformation patterns within a 1 km buffer of the TTE tunnel route from 1992 to 2018 have 

been undertaken to understand the history of deformation along the route and to identify any areas 

of concern (§6.2). The fault and lineament locations derived in Chapter 5, §5.5 to §5.8 (Figure 5.46) 

have been compared with TTE’s geohazard map from their geotechnical baseline report, both as an 

additional source of information as to where the TBM may encounter geohazards along the route, as 

well as providing a further line of evidence for the InSAR derived fault map. In §6.3, two more recent 

STL1 PSI datasets are presented, December 2018 to December 2019 and December 2019 to December 

2020, to assess the impact of TTE shaft construction on surface deformation. The results in this 

Chapter directly relate to research objectives 2, 3 and 4 (Chapter 1, Table 1.1). 

6.1 Assessing the efficacy of CRs for deformation monitoring in urban areas 

CRs are generally used for deformation monitoring in rural areas, where there are a lack of natural PS 

or in areas with significant seasonal changes, such as snow cover in winter (Aguado et al., 2015, 

Bovenga et al., 2012, Crosetto et al., 2013, Garthwaite, 2017, Qin et al., 2013, Schlögel et al., 2017, Ye 

et al., 2004). CRs are rarely deployed in urban areas, however, because these tend naturally to have a 

high density of PS.  

For major tunnelling projects, surface construction sites may be active for several years. For example, 

at Chambers Wharf, the main drive site for the East section of the Thames Tideway Tunnel, site works 

started prior to April 2017 and are due to finish in 2025 (Tideway, 2020). During this time, the surface 
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expression of the site continually changes (Figure 6.1), meaning there are few naturally stable PS. 

Therefore, CRs can be strategically installed on site to act as an artificial PS. 

As described in Chapter 3, §3.3, CRs were installed at TTE construction sites and at schools across 

London, both to facilitate STEM outreach and to act as control points, away from the influence of 

tunnelling for TTE. An exception to this is the reflector at Imperial’s Putney Boathouse, which is ca. 

500 m from Tideway’s Putney Embankment Foreshore Site and ca. 75 m from the West section of the 

tunnel alignment. At this site, a connection tunnel is being built to intercept the Putney Bridge 

combined sewer overflow and connect to the main tunnel.    

 

6.1.1 Methodology for assessing CR response 

The design process for the CRs is described in detail in Chapter 3, §3.3. The reflectors were installed 

between January and August 2019 and GPS coordinates were recorded for 7 of the 9 sites, by the 

Figure 6.1 Surface expression of Chambers Wharf drive site from 2008 to 2020. Images accessed from Google Earth. 
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Thames Tideway East surveying team (Chapter 3, Table 3.4). To test the CR response, a STL1 SLC image, 

from 30/04/2019 (21/09/2019 for GREPS) and a CSK image from 17/10/2019, were analysed in SNAP. 

If aligned and functioning correctly, the reflector should appear bright in a SAR intensity image, as 

compared to its surroundings.  

For STL1, first the sub swath was split into selected bursts using the TOPSAR Split tool. Next the 

Calibration operator was used to allow for quantitative comparison by applying a radiometric 

correction so that the pixel values of the SAR image truly represent the radar backscatter. Then the 

TOPSAR Deburst tool is applied which joins all burst data into a single image. The Range Doppler 

Terrain Correction is then applied to correct for SAR geometry effects such as foreshortening, layover 

and shadow (Small and Schubert, 2008). The SRTM 1-arcsec DEM, with spatial resolution ~30 m has 

been used for terrain correction (Veci, 2016), which is the highest resolution DEM available in SNAP. 

For the CSK data, the Calibration operator is applied, followed by the Range Doppler Terrain 

Correction. The result is a greyscale image of intensity which represents the portion of microwave 

backscattered from the ground (Figure 6.2). The intensity values are then converted to decibels (dB).  

A pin is placed at the location of each of the reflectors, using the GPS coordinates when available, and 

using estimated coordinates where GPS data are unavailable. An intensity threshold of -5 to 5 dB is 

used for ease of interpretation.  

Figure 6.2 Intensity image of central London for a) CSK and b) STL1 made in SNAP, with a threshold of -5 to 5 dB applied. 
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6.1.2 CR identification results 

The locations of the CRs at TTE sites are shown in Figure 6.3 and the intensity (dB) of the CR response 

compared to its surroundings in Figure 6.4 and Figure 6.5  for CSK and STL1 images respectively. The 

higher spatial resolution of the CSK data is evident. The CSK was acquired in Stripmap mode with a 

resolution of 3 x 3 m, compared to the STL1 Interferometric Wide Swath (IW) mode of 5 x 20 m.  

The CRs are more easily identifiable in CSK because the RCS is greater at a higher frequency (9.65 GHz 

for CSK compared to 5.41 GHz for STL1), for the same size reflector. As calculated in Chapter 3, 

equation 3.3, for a 0.75 m reflector, the RCS at C-band is 26 dBm2 and for X-band is 31 dBm2.   

A profile plot of intensity (dB) from STL1 across the reflectors at ABMPS and GREPS are shown in Figure 

6.6. A peak in intensity is evident at the pixel the GPS coordinates identify as the reflector location but 

there are equally bright natural reflectors nearby.  

Since the CRs in the STL1 data do not clearly stand out against other bright reflectors in the area at all 

locations, a colour composite image was made using mean amplitude data from before and after the 

reflectors were installed, to test that the intensity response of the pixel is a result of the CR installation. 

Figure 6.3 Location of the 4 CRs at TTE sites indicated by the blue star. a) Abbey Mills Pumping Station, b) 
Chambers Wharf, c) King Edward Memorial Park Foreshore, d) Greenwich Pumping Station. The black box 
outlines the areas shown in Figure 6.4.  
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A five-month period, from May to November 2018 (36 images) was averaged prior to CR installation 

and five months August 2019 to February 2020 (23 images) after CR installation. In the colour 

composite, the average image prior to CR installation is green and after installation in red (Figure 6.7). 

Histogram equalisation was performed to aid interpretation. A red pixel or several red pixels are 

evident at all locations.  

 

 

 

Figure 6.4 CSK intensity at the four Tideway sites. Coordinates of the reflector 
indicated by the blue star and response attributed to the reflector shown by the red 
circle.  
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Figure 6.5 STL1 intensity at the four Tideway sites. Coordinates of the reflector indicated 
by the blue star and response attributed to the reflector shown by the red circle. 

Figure 6.6 Profile plot of intensity across the corner reflector at a) ABMPS and b) KEMPF. GPS corner reflector 
location shown as a red line. The peak intensity at the CR coordinates is evident, but there are equally bright 
natural PS nearby. 
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The analysis has also been performed for the CRs at schools and locations of the reflectors are shown 

in Figure 6.8. The CRs are once again easily identifiable in the CSK data and are identified with less 

certainty in the STL1 data (Figure 6.9). CSK data are not available for Space Studio West London (Figure 

6.9e) because the available images do not extend that far west. The intensity profile plot for Barking 

Abbey School and Imperial Putney Boathouse shows a clear peak for Barking Abbey, but at Imperial 

Putney Boathouse there are several bright pixels surrounding the reflector (Figure 6.10).  

 

 

 

 

 

Figure 6.7 Colour composite from May to November 2018 (36 images) has been averaged prior to CR installation 
(green) and five months August 2019 to February 2020 (23 images) after CR installation (red).  
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Figure 6.9 CR intensity at the 5 schools for CSK (left-hand image) and STL1 (right-hand image), location of CR indicated by 
the blue star and red circle. 

Figure 6.8 Location of CRs at schools indicated by the blue star. 
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STL1 data from December 2019 to December 2020 (after CR installation) were processed in ENVI 

SARscape using the PSI methodology (Chapter 3) to identify if the CRs act as PS. The PS results were 

input into ArcGIS and compared with the reflector locations. The CR coordinates, TTE in-situ 

measurement data and TTE site backgrounds (Figure 6.11) were in OSGB 1936, whereas the PS are in 

WGS84. Therefore, to compare the locations, the PS were projected to OSGB 1936 (British National 

Grid) using the Project tool in ArcGIS. The transformation selected was the 

OSGB_1936_To_WGS_1984_7 which uses the Ordnance survey OSTN02 transformation which has an 

accuracy better than 1 m (Digimap). The geolocation of  PS derived from STL1 is on the order of metres 

(Dheenathayalan et al., 2013, Dheenathayalan et al., 2014). Bischoff (2019) identified typical precision 

of ± 8 m north-south and ± 12 m east-west for STL1 SqueeSARTM processed measurement points, for 

a dataset of at least 30 SAR scenes and points less than 1 km from the reference point. The exact XY 

geolocation accuracy for this SARscape processed dataset is unknown, but it can be assumed to be on 

a similar scale to those values from Bischoff (2019). The SARscape geocoded PS are along azimuth 

lines, 20 m apart and the DEM used for geocoding has a 30 m spatial resolution.  The GPS accuracy for 

reflector locations is < 25 mm (§3.3.6). 

Figure 6.10 Profile plot of intensity across the corner reflector at a) Barking Abbey School and b) Imperial Putney Boathouse. 
GPS corner reflector location shown as a red line. 



207 
 

For the TTE sites, three of the reflectors have PS within 5 m of the coordinates, so the PS can be 

attributed to the reflector with confidence (Figure 6.11). However, at CHAWF, the nearest PS are 19 m 

to the south, or 23 m to the east, so it is uncertain, which, if either, are produced by the CR.  

The PS displacement recorded by the CRs was compared with the nearest BRE levelling measurement 

point at CHAWF, KEMPF and GREPS (Figure 6.12). No levelling data are available at ABMPS because, 

as of December 2020, no major site works have been undertaken at the site. The instrument 

specifications, error margins and spatial reference of the ground-based monitoring are unknown. 

Typical accuracy for a precise level is ± 0.7 mm (Chartered Institution of Civil Engineering Surveyors, 

2017).  As observed in Figure 6.12, there is minimal surface displacement at all three locations, with 

the levelling measurement points recording no more than ±2 mm. The PS velocity error for the 

December 2019 to December 2020 processing is ±1 mm. 

The temporal resolution of the levelling measurements is variable; at CHAWF these are monthly and 

at KEMPF there are between 2 to 4 measurements per month. At GREPS, in December 2019, 

measurements are daily, then reduce to ca. monthly between January to November 2020, then 

Figure 6.11 PS locations from December 2019 to December 2020. Location of CR indicated by blue star and corresponding 
PS by the black circle. 
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increase to daily during December 2020. The temporal frequency of levelling measurements will 

depend on what site activities are occurring and that time and the deformation expected. Dates of 

acquisition of both levelling and InSAR are shown as crosses in Figure 6.12.  

As discussed in Chapter 4, §4.1.4, when PS data were compared with NLE levelling data, the PS data 

are again significantly noisier than levelling. At CHAWF and GREPS, the general trends are captured 

and when individual displacements are compared on a point basis where there is both a PS and 

levelling acquisition on the same date, there is a good correlation. However, at KEMPF the data 

generally have a systematic offset. Reasons for this offset may include different reference points for 

InSAR vs levelling, comparing LOS with vertical or error in InSAR processing.  

The positions of PS with respect to CRs at the schools are shown in Figure 6.13. At Chelsea Academy, 

Putney Boathouse and Seven Kings, the PS is less than 2 m from the CR location (white circle in Figure 

6.13b, 6.13c and 6.13d) and at Barking Abbey and Space Studio the nearest PS are 9 m and 8 m away 

respectively (Figure 6.13a and 6.13e).   

Time series plots for the CRs at Putney Boathouse and Chelsea Academy are shown in Figure 6.14. At 

Putney Boathouse, 4 mm of subsidence is recorded between July to November 2020. The cause of this 

subsidence is unknown but it seems unrelated to the TBM passing for the west section of the Tideway 

Tunnel, because by June 2020 the TBM had passed Putney and was ca. 3 km further East near 

Hammersmith (Figure 6.15). Chelsea academy also measures ca. 4 mm of subsidence between 

December 2019 and December 2020. Both CR time series are consistent with PS points in the 

surrounding area (Figure 6.14).   
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Figure 6.12 Comparison between levelling and PS LOS displacement at three TTE sites. 
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Figure 6.13 Location of PS in relation to CR coordinates at the school locations. White circle shows the PS attributed to the 
CR. Where there is no blue star (b, c and d), the PS aligns exactly with the CR and where there is a blue star (a, e) the blue 
star indicates the CR location in relation to the nearest PS. 

Figure 6.14 Time series of the CR compared to surrounding area at a) Chelsea Academy and b) Putney Boathouse. 



211 
 

 

6.1.3 Discussion and summary 

The results in this section illustrate the potential for using CRs as artificial PS for deformation 

monitoring in urban areas, but also the limitations, particularly when using C-band SAR data (research 

question 4). There are important considerations for the use of CRs in urban areas. The SCR must be 

low enough and RCS high enough for the radar reflection of the CR to be clearly distinguishable from 

other objects in the area. Unfortunately, in urban areas, the choice of locations to site CRs can be 

severely limited due to access and planning permission requirements and hence allowed locations 

may not have desirable SCR levels. High SCR levels can be mitigated by constructing a reflector with a 

high RCS (i.e., by having a larger CR), but this presents further logistical issues for transportation and 

installation as well as being more conspicuous.  

The spatial resolution of STL1 and geolocation accuracy of PS, along with differing coordinate systems 

limits the XY geolocation precision of PS to the order of ca. 10 m. In an area with a high density of PS, 

this makes it difficult to be confident that a PS is produced by any particular CR. 

6.1.4 Recommendations 

If the work was to be continued, or a similar experiment undertaken, some further considerations 

should be made. Firstly, X-band SAR has distinctive advantages over C-band when using CRs because 

the same size reflector has a greater RCS in X-band due it its higher frequency making it more easily 

recognisable in amplitude data, also allowing the CR to be smaller and therefore easier to install. 

Furthermore, the higher spatial resolution of X-band means improved geolocation of PS, which 

therefore makes it easier to identify if a PS is linked to a CR. Secondly, only a one-year time period was 

Figure 6.15 Location of Tideway TBMs as of 10/06/2020. Accessed from 
https://www.tideway.london/tbm-tracker. 
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used for PSI following the installation of the CR, if a longer time series and higher coherence were 

used, then it would likely be easier to make the connection between particular PS and the CR because 

there would be fewer stable points. Lastly, finding locations for the CR where they could remain for 

several years with an unobstructed LOS was very challenging, especially on the TTE construction sites. 

Ideally, if InSAR monitoring and CRs are to be used throughout an engineering project, for best results 

they should be integrated as part of the initial instrumentation and monitoring strategy so they can 

be located with optimum conditions for the SAR sensor (low SCR, clear LOS etc.) and if results are to 

be compared with in-situ measurements, it should be sited next to an in-situ measurement point and 

share the same reference point.   
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6.2 Utilisation of InSAR during the desk study phase of a tunnelling project 

This section utilises observations from Chapters 4 and 5 to undertake a baseline geotechnical study 

for the TTE tunnel, to identify potential geotechnical hazards prior to tunnelling.  

6.2.1 Historic LOS Displacements along the TTE route 

To assess long-term trends along the tunnel route, the InSAR datasets from 1992 to 2018 were utilised 

(Figure 6.16). As described in Chapter 3 (Table 3.2), the PS density for ERS and ENVISAT is much lower 

than that for STL1 or TSX, ca. 500 PS/km2 compared to 2200 and 7800 PS/km2 respectively, which 

makes spatial relationships more challenging to identify.  

In all four time periods, there is notable deformation around the Canary Wharf/Blackwall/O2 arena 

area, alternating between heave (Figures 6.16a and 6.16d) and subsidence (Figures 6.16b and 6.16d). 

A subsidence bowl is particularly clear in Figure 6.16c, which is associated with dewatering at Canary 

Wharf and for Crossrail at the Limmo Peninsula. Heave associated with the cessation of dewatering is 

observed in Figure 6.16d. The TTE route is within the zone of influence (Figure 6.16c and 6.16d).  

 

 

 

Figure 6.16 Surface deformation in East London over the past 26 years. The TTE tunnel route and sites are shown. 
a) 1992 to 2000 ERS b) 2002 to 2010 ENVISAT c) 2011 to 2015 TSX d) 2015 to 2018 STL1. 
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To assess areas with significant deformation along the tunnel route, the datasets in Figure 6.16 were 

clipped to a 1 km buffer around the tunnel route (11.5 km2, Figure 6.17 and Figure 6.18). The point 

densities within the 1 km buffer are 556 and 747 PS/km2 for ERS and ENVISAT respectively. The mean 

velocities inside the buffer are -0.57 mm/yr and -0.75 mm/yr for ERS and ENVISAT. The minimum and 

maximum total displacement for ERS is -53.4 and 51.2 mm and for ENVISAT, -59.6 and 21.0 mm.  A 

threshold of ±10 mm was applied to PS points within the buffer, to reduce the number of points to 

inspect and focus on those with larger total deformation. Approximately 20% of PS points had a 

displacement greater than this threshold (Figure 6.19a and 6.19b). A ±20 mm threshold was then 

applied to further identify PS with a high total displacement and 2.6% of points were above this 

threshold (Figure 6.19c and 6.19d).  

 

Figure 6.18 Points within a 1 km buffer around the TTE tunnel for a) TSX 2011 to 2017 and b) STL1 2015 to 2018. 

Figure 6.17 PS within a 1 km buffer a) ERS 1992 to 2000 and b) ENVISAT 2002 to 2010. 
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The same process was applied to the STL1 and TSX data and the mean velocity of points in the 1 km 

buffer for TSX is -0.21 mm/yr and for STL1 0.58 mm/yr (Figure 6.18). The minimum and maximum total 

displacement for TSX is -42.50 mm and 81.10 mm and for STL1 -26.71 mm and 25.43 mm. The point 

densities are 2889 points/km2 and 3788 points/km2 for TSX and STL1 respectively.  It is important to 

note that total displacement is calculated over eight years for ERS and ENVISAT, six years for TSX and 

three years for STL1. A threshold was then applied to select points with a total displacement greater 

than ±10 mm within the buffer (Figure 6.20).  

Features of interest during the 2011 to 2015 (TSX, Figure 6.20a) period mainly relate to subsidence 

with Crossrail’s settlement trough (above the tunnel alignment, Figure 6.21). The points related to the 

settlement trough can be seen in more detail in Figure 6.21. Between 2015 to 2018 (Figure 6.20b) 

most PS points are associated with heave caused by the cessation of Crossrail dewatering. Dewatering 

for Canary Wharf station, by Canary Wharf Contractors Limited started 11/08/2008 and ceased 

31/08/2015 although some abstraction continued after this date (Semertzidou, 2016). Dewatering for 

Figure 6.19 PS with a) 10 mm threshold ERS, b) 10 mm threshold ENVISAT, c) 20 mm threshold ERS, d) 20 mm threshold 
ENVISAT. 
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the Limmo Shaft occurred during the periods 16/12/2011 to 17/10/2012 and then restarted 

4/11/2013 and completed 14/03/2016 (Semertzidou, 2016). 

 

Two examples of infrastructure that have shown significant displacement related to dewatering are 

Werner Court (Figure 6.21, location (1) and Figure 6.22) and Casson Apartments (Figure 6.21, location 

(2) and Figure 6.23). Werner Court, Aqua Vista Square, is an apartment block located on the corner 

where Upper North Street crosses the Limehouse Cut, less than 10 m from the tunnel alignment. 

Between 2011 and 2015, ca. 15 mm of subsidence can be observed and then ca. 10 mm of heave 

between 2015 and 2018. Construction of these apartments was completed in 2010 and no significant 

surface construction is observed on optical satellite imagery since completion.  

Casson Apartments E14 are located south of Bartlett Park, at the junction of Upper North Street and 

Canton Street. Construction of these apartments was completed in late 2011. They exhibit ca. 20 mm 

Figure 6.21 TTE Main Tunnel PS points with a displacement greater than 10 mm, in relation to the Crossrail route: (1) is 
Werner court (Figure 6.22) and (2) Casson Apartments (Figure 6.23). 

Figure 6.20 Points with a total displacement greater than 10 mm (positive and negative) a) TSX 2011 to 2015 b) STL1 2015 
to 2018. 
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of settlement between 2011 and 2015 (Figure 6.23). There are no PS points on the apartments in the 

STL1 post-May 2015 data, which suggest any heave resulting from the cessation of dewatering did not 

exceed 10 mm. 

Both Werner Court and Casson Apartments were built less than one year before the TSX data began. 

Most buildings experience some level of settlement within the first few years after construction, 

therefore some settlement is likely due to this phenomenon. The settlement may have been 

exacerbated by changing groundwater conditions due to Crossrail dewatering.   

 

There are no areas of notable deformation along the Greenwich Connection tunnel, during the 2011 

to 2015 period (Figure 6.20a). PS points with total displacement greater than 10 mm are restricted to 

individual buildings and the closest PS point to the tunnel alignment with this threshold is 45 m away 

and at the junction of Deal Porters Way/Worgan Street with Redriff Road (B205).  

Figure 6.23 Deformation at Casson Apartments, Upper North Street. a) TSX b) location of 
points used in the time series. Each line in a) is an individual PS. 

Figure 6.22 Deformation at Werner Court from 2011 to 2018. a) TSX, b) STL1 and c) location of points used in the time 
series. Each line in a) and b) is an individual PS. 
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In the STL1 data, there is a large cluster of points with deformation greater than 10 mm on the main 

tunnel alignment between 2015 to 2018. This heave is assumed to be associated with the end of 

Crossrail dewatering. The time series of a selection of these points is shown in Figure 6.24.  

There are several PS points with a subsiding deformation trend around Chambers Wharf during this 

time (Figure 6.20b). At the apartments in Fountain Green Square (Figure 6.25a) there has been ca. 

10 mm subsidence over the 3.5 years. A similar deformation is observed on the apartments at the 

junction of Chambers Street and Bevington Street, ca. 15 mm subsidence (Figure 6.25b). The 

apartments on Chambers Street were built in 2014, therefore some settlement may be attributed to 

the recent construction, however the apartments at Fountain Green Square were built in the 1990s, 

therefore it is likely some displacement can be attributed to construction activities at Chambers 

Wharf.  Prior to 2015, these two areas were stable (Figure 6.26, 2011 to 2015), however the PS points 

in (b) are not directly comparable as the apartments had not been built.  

 

 

 

 

Figure 6.24 Average heave during the period May 2015 to December 2018 along the 
main tunnel alignment, associated with the end of Crossrail dewatering at the Limmo 
shaft. a) STL1 time series, b) location of points used in the time series.  

Figure 6.25 Deformation surrounding Chambers Wharf, May 2015 to December 2018. Both sites are apartment buildings 
and each line in a) and b) is an individual PS. 
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During 2016 at Chambers Wharf, the main works involved the installation of the site offices and 

construction of the cofferdam, which can be seen protruding into the Thames in Figure 6.25c. Ground 

based monitoring did not start at these locations until September 2017 for (a) and January 2018 for 

(b), around when shaft construction begun. When PS and levelling are compared for site (a) in Figure 

6.27, both capture a general subsiding trend and closely align until February 2018, when the PS records 

some heave and several noisy dates. From late May 2018, the PS and levelling data align more closely 

again. 

 

Another area of interest in the STL1 data is the 2000 Community Action Centre which is on Grove 

Street, less than 100 m from the Greenwich Connection Tunnel Alignment (Figure 6.28). There has 

been ca. 20 mm of subsidence over the 3.5 years and there appears to be some seasonal affects, with 

troughs during the winter months (October to January) and peaks in spring-summer. It is assumed the 

seasonal affects result from thermal expansion and contraction of the building. These seasonal affects 

are also observed in the TSX 2011 to 2015 data (Figure 6.29). However, due to the geolocation 

Figure 6.27 PS and levelling comparison at 
CHAWF, Figure 6.25a.  

Figure 6.26 Ground movements between 2011 and 
2015 from TSX data at CHAWF locations a and b 
from Figure 6.25c.  



220 
 

inaccuracies of STL1 (§6.1.2) the PS points could be on the neighbouring park, as opposed to the 

building, which is typically more sensitive to seasonal movements than a structure.  

 

6.2.2 Discussion and summary 

Long term deformation patterns in the area surrounding the TTE route have been assessed. Of most 

notable interest for TTE is that the route is within the area that experienced subsidence from Crossrail 

dewatering and is now experiencing heave following the cessation of dewatering (Figure 6.20). There 

are a number of buildings along the route that have recorded displacements greater than ±10 mm 

between 2011 to 2017 and/or 2015 to 2018. Some of these buildings, such as Werner Court and 

Casson apartments were built just a few months before the InSAR time-period, so some of the 

displacement may be attributed to settlement associated with new-builds. For other buildings, the 

explanation for subsidence is not evident, such as that at 2000 Community Action Centre. The majority 

of ground-based monitoring for TTE did not start until mid-2017 at CHAWF, which was the first shaft 

to begin construction.  

Figure 6.29 Seasonal deformation patterns at 2000 
Community Action Centre between 2011 and 2015 (TSX). 

Figure 6.28 Deformation patterns at the 2000 Community Action Centre. Each line in a) is 
an individual PS. 
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Establishing a baseline of deformation prior to construction can be particularly useful for all parties 

involved in construction as this will support monitoring throughout the life cycle of tunnelling through 

construction, operation, and decommissioning. A baseline study may also raise issues that may have 

not been realised during initial proposals, such as if simultaneous construction projects or other 

anthropogenic activities overlap with the project in question, hence making it difficult to attribute 

deformation to a particular cause.   
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6.2.3 Geohazards identified from horizontal and vertical components of displacement 

In Chapter 5, fault and lineament locations in London were identified from east-west and vertical 

components of InSAR displacements and comparisons with published fault maps from the 

Environment Agency (2018), BGS and Morgan et al. (2020) were undertaken.  

The fault and lineament locations were compared with the locations of potential geological hazards 

identified by Tideway during their desk study and site investigations (Tideway, 2016) (Figure 6.31). The 

geohazards were subdivided into fault zones from borehole logs, poor Rock Quality Designation (RQD) 

in Chalk, high risk of DFHs and geophysical anomalies.  

RQD is a quantitative estimate of rock mass quality from drill core logs (Deere et al., 1966) and is 

defined as the percentage of intact core pieces longer than 10 cm in the total length of core (Figure 

6.30).  

A poor RQD means the rock has a high number of natural discontinuities. As well as rock parameters, 

RQD can be affected by the drilling method, quality of drilling and logging, core size and drill 

orientations (Azimian, 2016). A poor RQD (low percentage) can be an indicator of faulting, but can also 

arise from folding, thermal cooling, tectonic activity and chemical solution (Şen, 2014). The 

geophysical anomalies, which include faults and DFHs (red stars Figure 6.31) were identified by both 

hydrographic and seismic surveys in the Thames undertaken by Thames Tideway. The risk of DFH was 

established using a number of sources, including DEFRA’s Natural Cavities and Non-Coal Mining 

Activities Database, seismic reflection surveys along the Thames and borehole data.  

Figure 6.30 Procedure for measurement and calculation of RQD, modified after 
Hamidi et al. (2010); Deere et al. (1966). 
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Figure 6.31 (a-e) indicate locations where proposed faults intersect the TTE route: 

(a) Two mapped faults with multiple lines of evidence intersect the route at an area identified to 

have a poor RQD by TTE investigations.  

(b) Two lineaments identified by InSAR intersect areas noted as having a high risk of DFH. The 

north-west south-east lineament also coincides with geophysical anomalies in the Thames. 

(c)  A fault from the Environment Agency (2018) crosses the route within 200 m of a fault zone 

identified by TTE. 

(d) A north-west south-east fault identified by InSAR and an approximately east-west fault from 

Morgan et al. (2020) intersect the TTE tunnel at the Earl Pumping Station site and intersects 

the tunnel alignment a second time at (e) where there is a marked fault zone.  

(e) An east-north-east west-south-west lineament identified by InSAR, intersects the tunnel 

alignment 150 m to the south of a marked fault zone.  

(f) The Greenwich fault and north-west south-east fault discussed in (e) are both within 300 m of 

the marked fault zone. 

A total of seven faults proposed in Chapter 5 intersect the route. During the construction of the shaft 

at DEPCS, (f) in Figure 6.31, a fissure (fracture), dipping 67° towards the north was discovered, which 

was causing higher than expected pumping rates in pre-diaphragm wall pumping tests (Riley, 2020). 

A targeted pressure grouting campaign was undertaken to prevent risk of large inflows and inundation 

during shaft excavation. Riley (2020) suggests that this fissure is a result of the proximity of the site to 

the Greenwich Fault Zone and fracturing of the Chalk allowing the fissure to develop. This is in 

agreement with Newman (2017) who identified this fault zone to be 3 km wide, which is from the end 

of the tunnel alignment to the south, to (d) Earl Pumping Station. This further supports the discussion 

in §5.7 and §5.8 that the representation of faults as straight lines on geological maps is inaccurate.  
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6.2.4 Discussion and summary 

The fault and lineament locations derived from InSAR provide an extra line of evidence on where to 

focus ground investigations or where extra caution may be needed during tunnelling. As discussed in 

Chapter 5, the location of faults and lineaments are on the order of several hundred metres. 

Furthermore, little is known about the nature of these features. Faults are rarely singular planes and 

more commonly zones of faulting, as identified in Tideway’s geohazard map (Figure 6.31).  

The faults identified by InSAR provide no indication on the nature of the fault, such as fault type (i.e. 

strike-slip, normal, thrust, oblique-slip), size of fault zone, dip direction, affected lithologies or 

permeability. It is also plausible that some of these InSAR-identified lineaments are not faults but 

associated with folding or the distribution of superficial deposits, as discussed in §5.8.  

In the future, this fault map could be validated with tunnel face observations and TBM performance 

data. Electronic sensors on a TBM record operational performance and changes in performance 

metrics, unless changed by the TBM operator, can indicate a response to changes in ground material 

Figure 6.31 Refined fault map from Chapter 5 with the Tideway Geohazards from the baseline geological report (Tideway, 
2016).  
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or structural geological properties of the ground (Newman et al., 2017). For example, when the Lee 

Tunnel TBM intersected the Greenwich Fault Zone near Beckton Sewage Treatment Works, high levels 

of shield friction and total thrust were recorded, which may have resulted from poor groundmass 

conditions of CIRIA grade C chalk (Lord et al., 2002). When the tunnel intersected a DFH (§4.2.4.1), the 

slurry changed from white to ‘yellowish-brown’ and a decrease in cutter-head torque was reported 

(Newman et al., 2017).  

6.3 Application of InSAR during construction 

The first shaft to be constructed was at Chambers Wharf, the TBM launch site, and construction 

started in mid-2017 and the TBM was launched towards ABMPS in January 2021. At the other sites, 

shaft construction began in late 2018 at GREPS, in March 2019 at DEPCS and in January 2021 at KEMPF. 

Tunnelling from GREPS to CHAWF began in December 2020.  

To assess the ability of InSAR to capture construction activities, additional PSI datasets were 

processed, using STL1 data, between December 2018 to December 2019 and from December 2019 to 

December 2020. The process followed was the same as for the May 2015 to December 2018, described 

in Chapter 3, and both new time-periods comprised of 61 images. Generally, the more images in the 

processed data stack and the longer the time period covered, the better the precision of estimation 

of target parameters (Ferretti, 2014). Chapter 3 stated that the velocity error for the STL1 2015 to 

2018 data stack with 168 images, is 0.1 mm/yr. For these two one-year time-periods with 61 images 

in the data stack, the velocity precision is ca. 1 mm/yr.  

The total displacements within the 1 km buffer for December 2018 to 2019 and December 2019 to 

2020, respectively, are shown in Figure 6.32a and Figure 6.33a, and points with a total displacement 

greater than ±10 mm in Figure 6.32a and Figure 6.33b.  Of the PS above the ±10 mm threshold, 

between 2018 to 2019, 74% are negative and 26% positive and between 2019 to 2020, 28% are 

negative and 72% positive.  
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During the December 2018 to 2019 period, at CHAWF, there are 11 points with a displacement greater 

than ±10 mm (Figure 6.34) and between 2019 and 2020, there are just 3 points around CHAWF above 

the threshold, at St Michael’s Catholic College (Figure 6.35).  By February 2020, the secondary lining 

of the shaft at CHAWF was complete and the TBM from the central section of the Tideway tunnel 

broke into the CHAWF shaft in December 2020, hence it is understandable that less deformation is 

recorded on site during 2019 to 2020 than 2018 to 2019. In 2018 to 2019, all but one PS point, which 

is situated on the site offices, are subsiding. The points with the greatest subsidence are situated on 

the cofferdam (red box, Figure 6.34a). In 2019 to 2020, of these points at St Michael’s College, one 

point records subsidence and one records heave (Figure 6.37). The subsiding point (orange) records a 

jump of 15 mm on the first date and no other surrounding points record similar behaviour. This is 

likely a result of a sudden change in the scatterer on the ground. The PS is most likely located on a 

multi-story flat block, so it could be something as trivial as an opened window temporarily changing 

the PS response, or someone adding or removing an object on a balcony.  After the initial jump, the 

time series follows a similar slow heave to the neighbouring point and hence the focus should be on 

the longer time series trend, as opposed to one individual date.  

At DEPCS there are a similar number of points above the threshold at both time periods (3 to 5). A PS 

point on or adjacent to St Paul’s Church, to the north of the shaft, records heave of ca. 10 mm during 

2018 to 2019 (Figure 6.36b) and another 10 mm 2019 to 2020 (Figure 6.37b). In-situ measurements 

also record heave between 2018 to 2020 but of just 2 mm rather than ca. 20 mm with InSAR. One 

explanation is that the in-situ measurement points are on the church roof, whereas the PS may be on 

the ground surface, which will be somewhat more flexible than the structure.  

Figure 6.32 a) Total displacement from December 2018 to December 2019 b) points with a total displacement greater than 
10 mm. 
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At KEMPF, the nearest PS points with a displacement greater than ±10 mm are ca. 200 m from the 

shaft at both time-periods (Figure 6.34c and Figure 6.35c), measuring a cumulative subsidence of 

18 mm over 2 years (Figure 6.36c and Figure 6.37c). The cause of this deformation is unknown.  

At GREPS, during 2019, the majority of PS above the threshold have a subsiding trend, which aligns 

with the period of shaft construction (Figure 6.34d and Figure 6.36d). In 2020 there are fewer PS above 

the threshold and they have a rising trend (Figure 6.35d and Figure 6.37d).  

An interesting feature in the PS time series below the ±10 mm threshold is again at Fountain Green 

Square apartments, near CHAWF, which experienced heave during the 2018 to 2020 period, most 

notably in late 2020 (Figure 6.38). As shown previously (Figure 6.25, §6.2.1), these apartments had 

been subsiding during the previous 2015 to 2018 period. The heave in November and December 2020 

is consistent with in-situ measurements and is most likely due to a stabilisation in water pressures 

following shaft completion.  

  

Figure 6.33 a) Total displacement from December 2019 to December 2020 and b) points with a total displacement greater 
than 10 mm. 
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Figure 6.35 PS points with a total displacement greater than ±10 mm between December 2019 and 
December 2020. Red boxes correspond to the time series in Figure 6.37. 

Figure 6.34 PS points with a total displacement greater than ±10 mm between December 2018 and 
December 2019. Red boxes correspond to the time series in Figure 6.36.  
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6.3.1 Summary  

The use of InSAR as a complementary tool to in-situ measurements during construction has been 

demonstrated (research objective 2). An arbitrary threshold for total displacement or average velocity 

was used to distinguish notable displacements and filter PS points and this can be easily adjusting 

depending on project requirements. Due to the historical archive of InSAR, for any notable 

deformation during construction, a back analysis can be undertaken to establish if this deformation is 

truly new and likely caused by construction or if it was occurring previously. This has been 

demonstrated at Fountain Green Square apartments near CHAWF, which were stable prior to 2015, 

then subsided between 2015 and 2018 and finally experienced heave between 2019 and 2020.   
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Figure 6.37 Time series of PS points indicated by the red boxes in Figure 6.35.  

Figure 6.36 Time series of PS points indicated by the red boxes in Figure 6.34. 



231 
 

 

6.4 Conclusions 

The benefits and limitations of using CRs in an urban area have been demonstrated in §6.1 (research 

objective four). Due to the XY geolocation accuracy of STL1 being ca. 10 m it can be difficult to attribute 

particular PS to the CR if there are several PS nearby. The higher resolution of X-band makes the 

reflectors both easier to identify in an intensity image, due to the RCS of the reflector being greater at 

a higher frequency, but also the higher spatial resolution would make it easier to attribute PS to the 

reflector.  

The potential of using InSAR during the desk study phase of a construction project is demonstrated 

(research objective two), both in using LOS displacements from historic InSAR data to better 

understand long term deformation at the AOI (§6.2.1) and decomposing data from ascending and 

descending passes to get vertical and east-west displacement (§6.2.3), which in turn has been useful 

in identifying faults and lineaments that could impact tunnelling. Furthermore, the use of InSAR to 

identify any significant displacements during shaft construction is also demonstrated (§6.3).  

Figure 6.38 Time series of displacement for the flats at Fountain Green Square, next to CHAWF (Figure 6.25) during a) 2019 
and b) 2020. 
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7 Summary and Conclusions 

The motivation for this research built on previous work that used InSAR as a monitoring tool above 

active tunnelling projects (§2.3) and expanding that to more stages of the asset lifecycle, in particular 

during the desk-study phase to establish a baseline through retrospective analysis and to identify 

potential geotechnical hazards prior to construction.  

The four main objectives of this research are: 

1) Illustrate some of the causes of ground movements in London, as well as the nature, scales, 

and styles of ground response.  

2) Explore whether InSAR can provide additional insights alongside traditional methods at the 

desk study and geotechnical investigation stage of a major construction project.  

3) Test whether InSAR is a reliable, cost-effective, and accurate tool which is independent of, but 

complementary to, other ground-based instrumentation and methods. 

4) Evaluate the use of corner reflectors as stable and unchanging (persistent) scattering 

reference markers for deformation monitoring in urban areas. 

The datasets used to achieve the research objectives, as well as the main deformation causes observed 

and the main outputs of the research, are summarised in Table 7.1. The findings of the research in 

relation to each research objective are summarised in the following sub-sections.  

 

Table 7.1 Datasets used, deformation phenomena studied and outcomes of the PhD. 
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7.1 Causes of ground movements in London 

This research identifies many causes of ground movement (Table 7.1). Analysis of PSI data from 

ascending and descending orbital passes (§5.2) have been combined to resolve east-west and vertical 

displacements (§5.3). Anthropogenically induced displacements were found to be largely vertical, 

particularly those associated with tunnelling in London over the past 30 years because the major new 

tunnels (Jubilee Line Extension, Lee Tunnel, Crossrail and Northern Line Extension) are all orientated 

approximately east-west, so any horizontal component of settlement would likely be in a north-south 

direction, which cannot be detected by InSAR from near-polar orbiting satellites. Instead, horizontal 

displacements in London reveal a blocky pattern, which are proposed to be fault-bounded blocks 

(§5.3). Through comparisons with published fault maps and other fault indicators, such as the location 

of DFHs, this research shows that two thirds of the linear ‘block boundaries’ have more than one of 

six possible lines of evidence for faulting (§5.6 and §5.7). The causes of horizontal displacement may 

be a result of creep along the faults or a horizontal component of a deformation phenomenon that is 

mainly vertical, such as a subsidence bowl from groundwater abstraction, e.g. at Canary Wharf/Limmo 

for Crossrail. Therefore, geotechnical hazards have been successful identified by InSAR (research 

objective one).  

Dewatering for tunnelling projects were the cause of two of the most notable features observed in 

the PSI data. In addition to the dewatering for Crossrail at Canary Wharf, there is a subsidence bowl 

at Kennington Park caused by dewatering for the NLE (§4.1). Dewatering effects were also observed 

at Beckton for the Lee Tunnel, but on much smaller scale (§4.2). The relationship between 

groundwater level change and surface PSI displacements was investigated (§5.4) to assess its 

usefulness in monitoring long-term groundwater levels in the Chalk aquifer, which are controlled by 

the EA through abstraction licensing policies. The answer to the research question ‘to what extent do 

changes in groundwater affect surface deformation?’ is inconclusive; strong correlations could not be 

established over the 3 year study because the groundwater level changes were not large enough to 

isolate them from other surface movements.  

TSX PSI data were used to investigate whether shrink-swell behaviour in the London Clay could be 

detected using InSAR. X-band is most suitable for this investigation because of its shorter wavelength, 

which is more sensitive to small displacements. Despite this higher sensitivity, the cyclicity identified 

in the data (eight cycles per year), could not be attributed to shrink-swell with any confidence (§5.1, 

research objective one).  
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7.2 Utilising InSAR for site investigations and baseline studies 

During the retrospective analysis of ground movements surrounding the Lee Tunnel, the importance 

of an almost 30-year catalogue of InSAR data are demonstrated. If only the 2010 to 2015 data had 

been analysed, it would be reasonable to conclude that subsidence at Newham Hospital was a result 

of the tunnelling beneath it. However, on inspection of data from 1992 to 2010 revealed that 

deformation had been ongoing since the InSAR observations began (§4.2). No conventional ground-

based in-situ measurements can provide a comparable legacy of retrospective measurements of 

deformation at the same temporal and spatial resolution.  

A baseline study for the TTE tunnel, which addressed the research question ‘to what extent can InSAR 

aid desk study/site investigations for urban construction projects’, established patterns of 

deformation along the route prior to tunnelling. During the last decade, the most significant 

deformation along the main TTE tunnel route is associated with Crossrail with both tunnel settlement 

and dewatering causing subsidence. Thresholding PS at the ± 10 mm level identifies locations with the 

largest displacements of greatest concern for infrastructure. Seven faults inferred from InSAR 

intersect the Tideway route, guiding decision making for ground investigations. InSAR displacements 

at the TTE sites during shaft construction were also studied to identify any significant displacements 

that could cause concern (§6.2).  
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InSAR can be used at all stages of a tunnelling project (Figure 7.1), with the site investigation to 

construction stages evaluated in this research. 

7.3 InSAR accuracy and reliability 

As summarised in §2.3, InSAR can be used to measure displacements with sub-millimetric accuracy 

through carefully controlled experiments. In applied contexts, accuracy may be slightly lower, but is 

still close to one millimetre. Comparisons with ground-based monitoring data can help develop trust 

in the InSAR measurements and this was undertaken using ground-based measurements from the NLE 

and TTE tunnels (§4.1 and §6.3).  

In answer to the research question ‘are InSAR results and ground-based measurements correlated and 

by how much?’, strong correlations were identified between ground-based measurements from the 

NLE and TTE with the STL1 InSAR data. These two data types will always have some variation, due to 

several contributory factors including that both datasets are relative to different reference points, and 

ground-based measurements record vertical displacement, whereas PS data are LOS (ca. 37° from 

vertical for STL1). Furthermore, the XY geolocation accuracy of STL1 PS means that the PS point may 

be several metres from the ground-based point on a different object, and hence may record different 

deformation. The differing temporal resolutions also mean that the observed deformations may be 

offset (causing a temporal lag), depending on when the data were acquired.  

Figure 7.1 Life cycle of a tunnelling project and the opportunities for InSAR at each stage. 
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InSAR displacements associated with the NLE show that the area of dewatering from Kennington Park 

extends beyond that of the in-situ monitoring network and that the NLE in-situ reference point was 

within the zone of dewatering. Therefore, the true effects of dewatering cannot be captured by 

ground-based measurements (§4.1), demonstrating another unique benefit of InSAR, that the 

reference point can be chosen to be in a stable area, and if the reference point is later found to be 

unstable, the SAR data can be reprocessed with a new stable reference point.  

To further investigate the reliability of InSAR datasets, three PSI datasets of the same area, processed 

by different processing chains, and using different SAR sensors, were compared. RS2, TSX and STL1 

datasets processed by CGG, TRE Altamira and using ENVI SARscape software respectively, are strongly 

correlated for displacements greater than ±5 mm. Below this threshold, correlations are inconsistent 

(§4.3). Many of these differences occur for the same reasons as the differences between InSAR and 

ground-based measurements, namely that all datasets are relative to different reference points, 

different LOS angles and differing temporal resolution, but there are also differences in the processing 

methodology, such as the methods of atmospheric phase screen removal and phase unwrapping. The 

comparisons undertaken for this research were based on single datasets over one area and therefore 

may not represent the true precision of the respective algorithms.  

7.4 Advantages and limitations of CRs for deformation monitoring in an urban area 

CRs were installed at nine locations across London, four at TTE sites, four at schools and one at Imperial 

College Putney Boathouse. When designing a CR and locating suitable installation sites, the SCR must 

be sufficiently low and the RCS high enough to enable the reflector to be easily distinguished from its 

surroundings. Results show that the CRs are readily identifiable in X-band COSMO SkyMed intensity 

data but less clear in C-band STL1. In PSI processed data it is difficult to confidently attribute a 

particular PS to a CR, since the XY geolocation accuracy of STL1 is only ca. 10 m (§6.1).  

7.5 Recommendations for future work 

A continuation of this work would be to verify and increase confidence in the geological faults and 

discontinuities identified by this research using InSAR. In particular, those that intersect the TTE tunnel 

alignment may be validated by tunnel face observations and TBM performance data (§6.2.4).  

The identification of potential faults using InSAR could be applied to other urban areas worldwide. The 

PSI processing technique applied to STL1 in this research restricted the analysis to urban areas, but in 

recent years there have been significant improvements to InSAR processing in rural areas by 

combining PS and Distributed Scatterers (DS) so that it is now possible to isolate vertical and east-west 

InSAR components in rural areas. The ability to locate and measure displacement along faults opens 
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up the possibilities of advancing geological understanding of tectonic processes as well as providing 

valuable information for engineers.  

The assessment of the relationship between PSI and groundwater in London is limited by the low 

spatial density of groundwater boreholes and by the lack of data from the Upper aquifer in addition 

to the Lower (Chalk) aquifer. Furthermore, now that groundwater levels in London are tightly 

controlled by the EA, there are few significant groundwater level changes to observe. However, the 

workflow applied in §5.4 could be applied to other cities or rural areas where groundwater level 

changes are of a higher magnitude. 

Suitable locations for CRs are difficult to identify in urban areas and hence finding one with a low SCR 

may not be feasible (§3.3.6). A recommendation for future installations of CRs in urban areas is that 

either reflectors are made bigger than those in this research (75 cm), or that X-band is used for PSI to 

make it easier to attribute particular PS to the CR, due to the higher resolution SAR data.  

Three other PhD research students have worked in parallel with this study to further advance our 

understanding of the geology of London. Tom Morgan (Imperial College London) has been researching 

major faulting in London to relate tectonic-scale processes to site-scale engineering geology. Justyna 

Edgar (Imperial College London) has been establishing a stratigraphic framework for the Harwich 

Formation, building a model of its spatial distribution to aid geotechnical engineering projects. Amy 

Flynn (Brunel University London) has been researching the sub-surface risk associated with DFHs, 

better characterising the geotechnical properties and using an evidence-based approach to support 

or refute the many hypotheses on their formation. Further research that links these projects with the 

research presented in this thesis, alongside other recent publications on London’s geology, would be 

highly beneficial to better characterise the engineering implications of the research.  

7.6 Concluding remarks 

The interpretation of SAR imagery (in radar geometry), choice of processing method and parameters 

used in processing, and interpretation of LOS displacement results, requires detailed understanding 

of the information obtained from a SAR acquisition. For example, phase, from which deformation is 

derived, contains atmospheric, topographic and noise components which must be modelled and 

removed. The methods by which these components are removed, and associated errors, should be 

known and considered when interpreting results. Other contributor factors to InSAR end products, 

such as spatial and temporal resolution, frequency, viewing geometry, topography etc, can also create 

barriers to interpreting the results in a civil engineering context. By improving the understanding of 

the technique for the end user, and higher spatial and temporal resolutions of satellite sensors in 

recent years, InSAR now has the accuracy and precision for a range of civil engineering requirements.  



238 
 

 

The unique advantages of InSAR over other deformation monitoring techniques have been 

demonstrated throughout this research. Most notable are the opportunities for retrospective analysis 

and wide-area coverage. The main limitation for the research objectives are the spatial resolution and 

hence geolocation accuracy of STL1, which makes it challenging to attribute a PS to a particular object, 

such as the CR or a particular building, and for these purposes higher resolution X-band data is 

preferable. However, generally, C-band LOS data are suitable for characterising most of the 

deformation phenomena observed and achieving the research objectives.   

 

From the lessons learnt during this research, a number of general considerations to assess the 

suitability of InSAR for an engineering project can be defined (Table 7.2).  

 
Table 7.2 Main considerations when assessing the suitability of InSAR for a project. 

Requirements Considerations 

Size of area to be 
monitored 

- InSAR data can be processed specifically for the AOI and deformation 
phenomena. 

- Alternatively, a pre-processed nationwide/wide-area dataset can be 
used.  

Characteristics of 
the area 

- Environmental characteristics (urban, rural, water bodies, snow etc) 
affect which SAR band which processing chain are most suitable, as 
well as the overall success. 

- Topographic aspect affects choice of ascending vs descending pass 
and steep slopes may cause issues with layover or foreshortening. 

Type and rate of 
deformation 

- Rate of deformation – maximum deformation detectable is a quarter 
of SAR system wavelength per repeat cycle. 

- Seasonality can usually be measured. 
- Linear deformation is an assumption for many processing chains. 

Non-linear deformation can be modelled and is aided by a priori 
knowledge. 

- Instantaneous deformation cannot usually be detected. 

Spatial resolution 
- Geolocation accuracy required for PS points. 
- Minimum required PS density per km2. 

Temporal 
frequency of 
acquisition 

- Retrospective (over what period) or active monitoring (update 
delivery frequency). 

- Rate of deformation and the temporal frequency required to capture 
it. 

- Necessity to use every available image, e.g. 6 or 11 days, or a wider 
gap. The number of images effects processing time and costs. 

Precision and 
accuracy 

- For time series InSAR a minimum of 20 images is usually required for 
statistically viability and precision. 

- Generally, the longer the time series the better the PS precision. 
- Long time span risks loss of coherence due to increased likelihood of 

surface changes. 
- Shorter SAR wavelengths can better detect small movements. 

Satellite look angle - Orbital pass, ascending or descending (satellite looking east or west). 
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- Suitability of LOS, or measurements resolved into vertical and east-
west components. 

Integration with 
external datasets 

- InSAR displacements can be referenced to an absolute datum if 
required, typically using GNSS. 

- PS locations cannot be guaranteed in advance, but a CR or active 
radar transponder can be installed if there are specific requirements 
for PS location. 

- Requirement to compare InSAR time series with ground-based 
measurements. If so, consider whether the InSAR and the ground-
based instrument reference points be combined. 

Satellite Tasking 

- Commercial satellites can be tasked to ensure a stack of images over 
a particular area at a cost. 

- Satellites owned by national agencies usually have a predictable 
revisit frequency. 

 
These considerations affect the success of InSAR for different applications, as well as the cost, data 

volumes and processing time. 

 

Developments in the use of InSAR for Civil Engineering projects in the UK, over the past decade, of 

which this research contributes, have led to the Construction Industry Research Information 

Association (CIRIA) commissioning guidelines on ‘Earth Observation and InSAR for Civil Engineering 

Infrastructure’, on which myself and my supervisor Dr Philippa Mason are authors, alongside Dr Nuria 

Devanthéry and Dr Miquel Camafort from Sixense Satellite. The guidelines will detail current practices 

and the respective advantages and limitations of the various techniques for the purpose of asset 

management and construction. A database of case studies will also be developed to support the 

guidance. It is hoped that these guidelines will lead to further uptake of earth observation and InSAR 

techniques in civil engineering.  

 

The SAR industry is expanding. In 2019 the SAR market was valued at USD 2.21 billion and is expected 

to have a compound annual growth rate of 10.7% from 2020 to 2027 (Grand View Research, 2020). 

New small satellites with SAR sensors are currently being launched by private companies, such as 

ICEYE, Capella Space, Spacety and Umbra, and have the potential to offer hourly revisit times once the 

constellations are complete. Although, at present, time series InSAR results from small satellites have 

yet to be demonstrated. Existing SAR constellations are expanding to ensure continuity when existing 

satellites reach their end of life, such as the planned TerraSAR-x Next Generation and Sentinel-1 C and 

D. Shorter revisit times and higher spatial resolution will further increase the number of applications 

of InSAR for civil engineering.  
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SAR data are also becoming more accessible. Although the free availability of STL1 data has led to 

many new SAR applications, processing still requires specialist knowledge and/or software and data 

volumes can be very large. Recently, more pre-processed data have become available.  Several 

European countries have freely available nationwide InSAR deformation maps, e.g. Norway, Germany, 

Italy and the Netherlands. A European Ground Motion Service (EU-GMS) project is ongoing, which 

aims to provide consistent, standardised ground motion data over Europe. The first product is 

expected Q3 2022 (Copernicus, 2021).  However, these nationwide datasets may not be suitable for 

monitoring displacements of infrastructure above a tunnel, for example, but can be very useful for 

baseline studies of long-linear infrastructure, such as new railway lines or roads. This is because 

nationwide datasets typically use medium resolution STL1 with a spatial resolution too low to attribute 

measurement points to a particular infrastructure, and also the update frequency of nationwide 

datasets is not suitable for active monitoring. For example, the update frequency of EU-GMS will be 

bi-yearly or yearly (EU-GMS Task Force, 2017).  

 

InSAR results from different processing chains can yield different results (§4.3), which can be 

concerning for the civil engineering user and highlighting the need for transparency in how the results 

were produced and standardisation, to ensure InSAR products are a quantitative commodity an end 

user can trust and use, regardless of the service provider. At present, there are no standards for InSAR 

processing. Standardisation is an important part of the EU-GMS project, to ensure consistency across 

geographic borders. The metadata and processing method will be standardised and the products 

integrated into a standardised reference frame using external GNSS measurements (EU-GMS Task 

Force, 2017). Some standards on the content of SAR and metadata are in progress by the Institute of 

Electrical and Electronics Engineers (IEEE) Geoscience and Remote Sensing Society (GRSS), such as 

P4002 ‘Standard for Synthetic Aperture Radar Metadata Content’. Recommendations towards InSAR 

standards will also be included in the CIRIA guide.  
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