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Foreword

This report is the published product of a study by the British Geological Survey (BGS) as part of
the Engineering Geology and Infrastructure Programme. The study forms part of the wider
investigations into anthropogenic deposits (character and distribution) in the Urban Geoscience
team.
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Summary

This report is the published product of a study by the British Geological Survey (BGS) to identify
the impact of thickness and distribution of different strata beneath the borough of Tower Hamlets
in London compared against temporal ground motion resulting from anthropogenic activities.
Other units which are known to have potential high shrink and swelling characteristics in this
location were also considered.

Focus was on a newly developed Artificially Modified Ground (AMG) 3D layer where the
thickness and distribution was calculated using boreholes and landuse types. The layer has been
used to refine the thickness of the other lithological units in the area.

Ground motion data for the 2015-2018 period was derived using spaceborne Interferometric
Synthetic Aperture Radar (INSAR) which can measure surface displacement to millimetre
accuracy in urban areas. A machine learning technique, called cluster analysis, has been used to
group ground motion pattern of 23,245 points within the borough in space and time. The
relationship with the thickness of the AMG and the underlying superficial and bedrock units was
then studied.

The results show that, within the area of study, the main component of motion is the uplift
connected, in time, with the underground anthropogenic activities in the area. Ground
displacement patterns are not connected with the thickness of the thickest and deepest units
(London Clay, Lambeth Group and Thanet Formation) but have a connection to the most
superficial deposits (Alluvium, River Terrace Deposits, Langley Silt Member and Kempton Park
Gravel Member).
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1 Introduction

Urban areas are covered with a multitude of different types of artificially modified ground (AMG)
which vary in character and geometry (Bridge et al, 2005, Bridge et al., 2010, Price et al., 2012,
Burke et al., 2014). AMG have been mapped and studied extensively by the BGS, particularly as
they impact on areas where there tends to be a large human population. Understanding the
geometries and character of the AMG, and the interaction with underlying bedrock units improves
the way in which the land is utilised for further development and how hazards, such as subsidence
and uplift, are mitigated. Vertical motion is a major geological hazard that affects the stability of
foundations and deep basements of buildings with the Association of British Insurers estimating
that the average cost of shrink—swell-related subsidence to the insurance industry stands at over
£400 million a year.

In London, the London Clay has long been known as a major contributor to subsidence and uplift
due its inherent characteristics for shrinking and swelling (Jones, 2011) which is affected by
groundwater levels. The water table in London has risen up to 15 m since 2000 despite the London
Licensing Strategy encouraging abstraction in areas of the aquifer where the pressure head is in
the London Clay (Environment Agency - EA, 2018).

This study aims to identify any lithological control on the ground deformation detected by
Interferometric Synthetic Aperture Radar (INSAR) and related to groundwater level changes.

The thickness and geometries of AMG and underground deposits derived from the London and
Thames Valley 3D geological model have been considered as lithological parameters.

The Area of Interest (Aol) for this study is the London Borough of Tower Hamlets (Figure 1)
because:

e An AMG thickness map was constructed there just prior to this study thanks to the
availability of 6,353 boreholes in the 19,77 km? occupied by the Aol.

e The London and Thames Valley London Lithoframe 50 model covers this area so the
underlying modelled unit thicknesses and geometries could be considered (Burke et al,
2014). The London Basin 1:50,000 resolution 3D geological model covers a total area of
4,800 km? in southeast England, from easting 450,000 to 570,000 and from northing
160,000 to 200,000 (Figure 1).

¢ InSAR ground motion data available back to 1992 has already shown that, historically, this
area strongly undergoes ground elevation changes on short temporal scales (Cigna et al.,
2015).
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Figure 1. Spatial coverage of the 3D geological model of London and the Thames Valley with indication of the
administrative boundary of the London Borough of Tower Hamlets. Contains Ordnance Data © Crown
Copyright and database rights 2019. Ordnance Survey Licence no. 100021290.

The datasets used to extract the thickness information for the AMG and the underlying units are
described in section 1.1 and 1.2, respectively. The methodology adopted for the spatio-temporal
comparison between the thicknesses and INSAR maotions is shown in section 2. Section 3 details
the results obtained considering both the average and the pattern of INSAR motion. Section 4
represents the discussion and conclusions of this work based on its main findings and limitations.

1.1 ARTIFICIALLY MODIFIED GROUND

Anthropogenic deposits are the material accumulations formed by human action, which along with
human reshaping of the landscape through excavation and transportation of material forms part of
AMG, deeply affecting the urban development of Tower Hamlets and the entirety of City of
London (Terrington et al, 2018). Ford et al (2014) used a morphogenetic approach to classifying
AMG into five mapped categories based upon morphological relationships:

e Made Ground: areas where material is known to have been placed by humans onto the pre-
existing natural land surface, including engineered fill such as road, rail and canal
embankments and dumps of dredged materials from natural river channels (e.g. Mudchute
Park, Isle of Dogs).

e Worked Ground: areas where the pre-existing land surface is known to have been
excavated by humans. In the study area it is dominated by excavations for the Docklands
in Tower Hamlets, but also includes cuttings for the metro system and for ornamental lakes
in Victoria Park;

e Infilled Ground: areas where the pre-existing land surface has been excavated and
subsequently partially or wholly backfilled by humans. In the study area it is dominated by
the infill of parts of the Docklands excavations in Tower Hamlets at Wapping, Canary
Wharf and Isle of Dogs;
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Disturbed Ground: areas of surface or near-surface mineral workings where ill-defined
excavations, areas of subsidence caused by workings, and spoil are complexly related. This
Is mainly associated with brickearth workings in the study area, but these deposits have
been commonly buried by subsequent development and are now shown as Made Ground;
Landscaped Ground: areas where the pre-existing land surface has been extensively
remodelled but where it is impracticable to delineate separate areas of Made Ground,
Worked Ground or Disturbed Ground. Landscaped Ground is not explicitly shown on
published 1:50 000 scale geological maps of the area, with the exception of small areas of
industrial development in Tower Hamlets, but is likely to be more extensive in areas where
Made Ground is not observed.

Recent progress made by BGS and others around the world in this field has meant that AMG is
increasingly mapped and modelled, and is now regarded by many as an important deposit or
excavation likened to natural geological processes (Bridge et al., 2005; Bridge et al., 2010; Burke
et al., 2014; Price et al., 2012; Zalasiewicz et al., 2011). Boreholes are an important resource for
mapping the geometry and character of AMG, as these records preserve former landscape
evolution inferring the thickness change from previous land levels and the start heights of
boreholes (Terrington et al, 2018), and help indicate current thicknesses of AMG using logged
core (Terrington et al, 2015).

The data, methods and processes used to calculate the thickness of the AMG are a continuation of
those used in the Terrington et al work of 2018. This involved the following steps:

Deriving the maximum thickness of each borehole log that has recorded AMG in the BGS
Borehole Geology and Geotechnical databases.

For those borehole logs without AMG recorded, the start height (height at which drilling
was commenced and a measured ground level) was used as a proxy for land surface
elevation change against a modern Digital Terrain Model (DTM) from which a pseudo
thickness value could be calculated. For some areas negative values occurred for the
thickness, which is where the modern DTM would show Worked Ground when measuring
against the historical start height of a borehole. For those areas showing positive thickness
values, this indicates areas of Made Ground or potentially even Worked and Made Ground.

The results of the above were used to calculate a thickness map using ArcGIS using both
Inverse Distance Weighting and Kriging functions and assess which is most suited to give
‘reasonable’ values.
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Figure 2. AMG thickness map for the Tower Hamlets area. Contains Ordnance Data © Crown Copyright
and database rights 2019. Ordnance Survey Licence no. 100021290.

Around 54.8 million m® of AMG characterize the Aol with the spatial distribution of the deposit
controlled by the proximity to the River Thames and variation in underlying geology with the
highest values usually in the southern part of the Aol (Terrington et al., 2018).

AMG distribution in Tower Hamlets has a large variety of historical landuse and building types
spanning from buildings of exceptional national interest (e.g. the Tower of London, Tower Bridge
and Christ Church Spitalfields) and recent commercial/residential infrastructures following the
closure of London’s docks in the 1960s and regeneration of dormant land began in earnest in the
1980s.

1.2 LONDON AND THE THAMES VALLEY GEOLOGICAL MODEL

The geological model for the units underlying the AMG was constructed using the GSI13D software
and methodology (Kessler & Mathers 2004, Kessler et al. 2009). The superficial units were
calculated in GSI3D, while the bedrock units were calculated in GOCAD using the Structural
Modelling workflow as these were faulted structures. This model is intended for use at scales
around 1:50,000, together with the corresponding DiGMapGB-50 geological map data. This model
is not recommended for site specific studies or use, but gives a wider city to regional scale
appreciation of geological structure and geomorphology (Figure 3).

In total, 64 superficial and artificial geological units were modelled (including mass movement
deposits) for the London and Thames Valley Model from the surface to a maximum depth of
several hundred meters (Figure 3). AMG was mapped in the model in 2D, but was excluded from
the model calculation because there was insufficient data to constrain the base of these deposits

8
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(the Z elevation) and so produce a calculated volume. Hence AMG was calculated separately
(section 1.1). In total, 7174 borehole logs were considered, comprising both confidential and open
access borehole data, plus geotechnical boreholes that were absent from the BGS Single Onshore
Borehole Index (SOBI) and 922 cross-sections were constructed across the area of varying lengths
and detail.

Tower Hamlets

Heathrow
Reading

Dartford Crossing

Windsor Castle
X10 vertical exaggeration

Figure 3. Geological model of London and the Thames Valley.

In the Borough of Tower Hamlets, the following superficial and bedrock units are present and
were used in the comparison of the AMG thickness against the INSAR derived ground motion data
(Table 1). Conventionally, superficial deposits are the youngest geological deposits formed during
the most recent period of geological time, the Quaternary, which extends back about 2.6 million
years from the present. They rest on older deposits or rocks referred to as bedrock.
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Table 1. Summary of the superficial and bedrock units underlying the AMG within the Aol following their
stratigraphic order, from top to bottom. The Lexicon code database provides BGS definitions of named rock
units as they appear on our maps and in our publications (see https://www.bgs.ac.uk/lexicon/home.html).

bedrock

Inferred Age Lexicon code Full Name - category Lithology
Fluvial deposits of
Holocene ALV Alluvium - superficial mOd‘?”? flood plams_,
consisting of clay, silt,
sand and peat
Late Anglian — Devensian River Terrace Deposits sand and aravel deposits
glacigenic and river RTDU (undifferentiated) - . g POS
- directly beneath alluvium
terraces superficial
Late_ Angllan - I?evensmn Langley Silt Member - Varies from silt to clay,
glacigenic and river LASI 7 usually yellow brown and
superficial .
terraces massively bedded
Late_ Angllan - I;)evenman Kempton Park Gravel Sand and gravel., with
glacigenic and river KPGR L local lenses of silt, clay or
Member - superficial
terraces peat
Late Anglian — Devensian Sand and gravel, locally
glacigenic and river TPGR :’uap;?f\;\(/:iGalravel Member - with lenses of silt, clay or
terraces P peat
Late_ Angllan - l_)evensmn Hackney Gravel Member Sa_md and grave!, locally
glacigenic and river HAGR - with lenses of silt, clay or
- superficial
terraces peat
Bioturbated or poorly
London Clay Formation - laminated, blue-grey or
Eocene LC grey-brown, slightly
bedrock ;
calcareous, silty to very
silty clay
Vertically and laterally
variable sequences mainly
of clay, some silty or
Eocene LMBE Lambeth Group - bedrock sandy, with some sands
and gravels, minor
limestones and lignites
and occasional sandstone
and conglomerate.
Glauconite-coated,
nodular flint at base,
overlain by pale yellow-
Eocene TAB Thanet Formation - brown, fine-grained sand

that can be clayey and
glauconitic. Rare
calcareous or siliceous
sandstones.

The alluvial deposits dominate the surface the near subsurface in the south of the Aol, and range
between 1 and 9 m in thickness. Terrace gravels and Langley Silt member dominate the remainder
of the northern half of the Aol. Both the London Clay Formation and Lambeth Group are thinning
to outcrop in the south of the area, and becoming thicker and deeper to the north. The London Clay
Formation averages 14 m in thickness, and at its thickest point in Tower Hamlets it is 30-35 m.
The Lambeth Group averages 16.5 m in thickness, and at its thickest point is ~45 m (Figure 4).
HAGR, RTDU and TPGR have the most heterogeneity in thickness.

10
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Figure 4. Map showing the uppermost natural geological unit present immediately beneath the AMG from
three perspectives: looking toward NE (top), SE (middle) and NW (bottom).

12
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2 Methodology

The newly defined AMG layer has been used as the model cap to adjust the thicknesses of the
Lithoframe 50 model within the Tower Hamlets Borough where, on the other hand, values have
been calculated considering the DTM as the model cap (Figure 5).

While superficial units (ALV — Figure 5a, RTDU — Figure 5b, LASI — Figure 5c, KPGR — Figure
5d, TPGR - Figure 5e, HAGR Figure 5f) tend to be very limited in spatial extent and of limited
thickness (< 5 m), deeper units (LC Figure - 59, LMBE - Figure 5h and TAB - Figure 5i) tend to
cover a larger area and be thicker on average (> 10 m).

As the calculation of the thickness was completed using GSI3D, the thicknesses across this fault
were calculated accurately.

Avearage thickness [m]
0 T A5

Figure 5. Thickness map in the Aol after removal of the AMG thickness (see Figure 2) for ALV (a), RTDU
(b), LASI (c), KPGR (d), TPGR (e), HAGR (f), LC (g), LMBE (h) and TAB (i). Contains Ordnance Data ©
Crown Copyright and database rights 2019. Ordnance Survey Licence no. 100021290.

The AMG and the underlying units have then been individually compared in space and time with
ground motion information derived from InSAR, in order to disentangle trends and patterns of the
terrain displacement that can be connected to the underground geology. INSAR is a remote sensing
technique allowing the measurement of ground deformation from the phase difference between
SAR images acquired over the same area at different times by ground, air or space platforms
(Rosen et al., 2000). This approach has proved to be particularly suitable solution for long term
monitoring (>20 years) at a relative low cost and high precision especially in urban areas like
London where intense exploitation of aquifers occurs and vertical movements might be significant
(Bateson et al., 2009; Aldiss et al., 2014; Boni et al., 2018). The study has been performed
combining data from 105 ascending and 111 descending SAR images acquired by Sentinel-1A/B
satellites of the European Space Agency (ESA) between May 2015 to January 2018 with a nominal

13



V4

revisit cycle of 6/12 days. The small spatial and temporal separation (baseline) between satellite
orbits provided by Sentinel-1A/B reduces decorrelation noise effects (Zebker and Villasenor,
1992) affecting the interferograms and to maximize the number of reliable measurement points
and is the reason why only this dataset has been considered among the ESA SAR data available in
the last 25 years for the area.

Processing was carried out using the GAMMA software by CGG’s NPA Satellite Mapping group
within the framework of GIRP project (https://business.esa.int/projects/qirp). Displacements are
provided for 110 synthetic dates along the vertical direction resulting from the combination of the
ascending and descending results for a total of 762,606 Measuring Points (MPs) minimally
affected by temporal and geometric decorrelation over the Greater London Area (1,596 km?
extended; Figure 6). Given an average standard deviation associated with the vertical velocity of
~1.5 mm/yr, a conservative velocity threshold of £5 mm/yr has been applied to consider a MP
unstable.

In the investigated area, the coordinates of each MP can be expressed in term of X, Y, Z with the
latter usually corresponding to radar reflection from building roofs. During integral analysis of the
building deformation state, however, buildings usually can be considered as a rigid body without
considering elastic deformation because they are made of reinforced concrete and a rigid motion
model is sufficient to describe the deformation state of the whole structure (Yang et al., 2016).
Under this assumption, the displacement information from the roof can be assimilated to the
displacement information from the bottom of the building that could be either the ground surface
or the sub-surface where its foundations lie.

Legend
/ Greater London

4| / Tower Hamlets Borough

Vertical velocity [mm/yr]

ST T 15

Figure 6. Vertical velocity measured by Sentinel-1 data during the period 2015 to 2018 across Greater London
and the AOI (in red). Positive values indicate uplift and negative values indicate subsidence. INSAR data ©
CGG NPA Satellite Mapping 2018. Contains modified Copernicus Sentinel data 2014-2018. Contains Ordnance
Data © Crown Copyright and database rights 2019. Ordnance Survey Licence no. 100021290.

The thickness of the AMG and the superficial and bedrock units has been analysed in connection
to the 23,245 InNSAR MPs within the Aol by considering two different semi-automatic ways of
sorting MPs into groups that, in turns, could be correlated to the local geological or anthropogenic
conditions:

14


https://business.esa.int/projects/girp

V4

1. MP average displacement rates.
2. Cluster analysis of the time series of the MP displacements.

Average displacement rates can represent an important clue especially when identifying linear
patterns of motion like compaction of alluvial deposits but misleading when looking for shared
patterns of deformation or when detecting non-linear or cyclic patterns of motion that have
historically occurred in the Tower Hamlets area.

Clustering is one of the most common methods for unsupervised learning, where each data entry
IS given a cluster without any prior knowledge or input from the user.

The shape-based distance (SBD) clustering method was applied in the Tower Hamlets dataset as
implemented in the k-shape algorithm (Paparrizos et al., 2015) from the R ‘dtwclust’ package
(Sarda-Espinosa R., 2017). The Dynamic time warping Barycenter Averaging (DBA) method was
used for the cluster’s centroid computation. With this process, the time series sequences are
grouped into clusters where they have the most similar distance. Given X, y are two z-normalized
time series subsequences and with m being their length, the shape-based distance (SBD) is
calculated by the following equation:

CCw(X,Y)

1/R0(9?.9?) ‘Ro(F,Y)
(1)

Where, CCy is the cross-correlation in the position w, for each shift of x over time series y when
x is slided by shifts s € [-m, m] and is computed by the formula:

CC,(% %) = Ry_m@ ), w €{1,2,..2m — 1} )

SBD (%,y) = 1 — max
w

Where Rs if s=w-m, is computed in turn, as:

il Vi, >0
Rg(—)) —>) — {Zl—l _)xl:‘S yl S (3)
R_.(y,x), s<0

The goal of the process is to find the position w at which the cross-correlation maximizes equation
(1). The SBD takes values between 0 and 2, where a value of 0 indicates perfect similarity between
two time series x and y. The above process is performed k times, with k being the number of
clusters. The clustering algorithm requires a single user parameter, k, to cluster , , the n time
series observations (the satellite acquisitions in this case). However, because we do not know the
number of clusters that exist in the dataset, an objective measure has to be used to find this optimal
number k < n. A variety of cluster validity indices are used in the literature and in this work the
elbow method was applied to decide the optimal number of clusters (Kodinariya et al., 2013). To
find the “elbow”, the variance of the distribution represented by total sum of square (TSS)
distances for each cluster has to be computed. In this case, for a set of clusters k, the TSS is
computed by the function:

k
TSS = Z SBD?
i=1
(4)
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This calculation is performed for each different configuration of k-clusters and the TSS is plotted
against the number of clusters. The algorithm is run several times because it returns a non-
deterministic result with each experiment and as the number of clusters increases the TSS
decreases and it will eventually become 0 if k becomes equal to the number of the time series
sequences in the dataset.

The objective of this process is to find, either visually or by calculating the curvature, the number

of clusters that resemble an “elbow” in the graph. The elbow point shows the highest drop in the
TSS and means that the algorithm has achieved a well grouped clustering.
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3 Results

INSAR data shows that the main deformation area is localised to a restricted area, ~16 km?,
between Tower Hamlets and Newham London Boroughs.

Here, previous studies (Cigna et al., 2015) have shown that changes in groundwater management
in the LMBE and TAB and engineering work in the ALV and AMG have been responsible for
ground motions during the ‘90s and 2000s followed by the settlement, in the range between 3 mm
and 30 mm, induced by the excavation activities of the Crossrail project (Benoit, 2010; Milillo et
al., 2018). The latter is the largest underground excavation plan in Europe as of 2018 and
encompasses the creation of 42 km twin-bore tunnels between 2012 and 2015 stretching from west
to east London.

The end of the depressurisation activities in the TAB and the Chalk Group connected to the
termination of the Crossrail project boring have been proven to be the cause of ground motions
observed in the Sentinel-1 data (Boni et al., 2018).

Despite most of the Aol being stable during the analysed time span, displacement rates up to 20
mm/yr characterize the Canary Warf area where KPGR, LC, LMBE and TAB occur (Figure 7)
with only AMG and TAB overlapping with all the 23,245 MPs in the area (Table 2).
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Figure 7. LOS velocity measured by Sentinel-1 data during the period 2015 to 2017 across Tower Hamlets (in
black). Positive values indicate uplift and negative values indicate subsidence. INSAR data © CGG NPA
Satellite Mapping 2019. Contains modified Copernicus Sentinel data 2014-2018. Contains Ordnance Data ©
Crown Copyright and database rights 2019. Ordnance Survey Licence no. 100021290.
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Table 2. Number of MPs falling into each units ordered from the top to the bottom according to the local
stratigraphy.

units no of MPs
AMG 23,245

ALV 5,525
RTDU 5,610
LASI 2,241
KPGR 2,212

TPGR 12,484
HAGR 2,260

LC 19,578
LMBE 22,745
TAB 23,245

The density plots of Figure 8 shows the distribution between the average displacement motion of
MPs and the underlying geology by considering the thickness of each superficial and bedrock unit
along with AMG (Figure 8). All the correlation coefficients (p) between the variables are quite
close to 0 with LASI, RTDU and especially LC showing a negative correlation.
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Figure 8. Comparison of MP average velocity with thickness of: AMG (a), ALV (b), RTDU (c), LASI (d), KPGR
(e), TPGR (f), HAGR (g), LC (h), LMBE (i), TAB (j). The correlation coefficient values (p) are provided (top
right).
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The analysis continued by considering the comparison between the thickness of the units and the
clusters with the number of clusters chosen according to the TSS as explained in section 2. We
choose a number of clusters that account for the variance of the data, these are also clusters where
the addition of a further cluster does not provide a better fit for the modelling of the data. At this
point the marginal gain will drop, giving a strong curvature in the graph (Figure 9).
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Figure 9. The elbow graph produced from clustering the Tower Hamlets dataset.

Calculating the second derivative will give us the curvature for each point at the graph. The second
derivative results shown in Table 3, indicate that the best clusters k correspond to 3 and 5 classes.
Even though the second derivative of cluster 3 is shown to be the best choice of clusters k, repeating
the experiment with k=3 yields a very different clustering result. This problem is known to exist
in imbalanced datasets with heavily under-sampled groups (Chawla, 2009). To be more precise,
from the signals shown in Figure 10, group A represents the dominant signal in the area with
81.2% of MPs showing this pattern. Group B represents the 2.8%, group C the 1% and group D
and E represent the 4.6% and 11.4% respectively. Because the majority of the groups are under-
sampled, the second best choice of k=5 was selected as the number of groups. This choice is shown
to represent the cluster distribution of the MPs better because the resulting groups retain their
distinct features and shapes with low variation each time the algorithm runs. The results therefore
can be regarded as consistent.
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Table 3. The second derivative of each point from the graph shown in Figure 9.
k clusters Second derivative

3 202.31

4 13.41

5 81.88
6 57.38
7
8
9

38.00
0.48
-4.92

In terms of temporal characteristics, groups A, C and D are within the £5 mm/yr threshold so,
despite appearing slightly different, they all show overall stability. A and C both experience uplift,
followed by stability and then a period of subsidence, whereas D does not experience the uplift at
the start of the time series in 2015.

MPs classified as group B display a small linear subsidence trend over the 2 years period (Figure
10b). MPs in group E display a relatively rapid uplift in 2015 followed by a period of stability
(Figure 10e).
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Figure 10. The spatial pattern of the shape-based distance cluster analysis. The solid curves show the centroids
(median) of the distribution of the five clusters. The shaded area denotes the standard deviation +1 of each of
the size bins, for all distributions that were members of the given clusters. Note the Y-axis has been scaled for
each plot independently to highlight the differences within the plot.

Considering the number of MPs within each group, group A is always dominant over the others
groups in every unit and, overall, the number of MPs in each cluster group does not relate to the
occurrence of specific units (Figure 11). However, group E represents a consistent portion in ALV
with 27% of the total number of MPs for this unit (Figure 11b) compared to an average of 10.8%
of MPs belonging to group E for the other layers (Figure 11).
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Figure 11. Comparison of clustering trends with thickness of: AMG (a), ALV (b), RTDU (c), LASI (d), KPGR
(e), TPGR (f), HAGR (g), LC (h), LMBE (i), TAB (j). On each box, the central mark indicates the median, and
the bottom and top edges of the box indicate the 25" and 75" percentiles, respectively. The whiskers extend to
the most extreme data points not considering outliers. Outliers are plotted using the red '+' symbol if they lie
between 1.5 and 3 times the interquartile range or the red "o’ symbol if they lie outside 3 times the interquartile
range. Box width is proportional to the number of samples within each cluster.

By considering the median and the Interquartile Range (IQR) values of the normalised
distributions, the percentile analysis of the boxplots of Figure 11 has been performed in order to
assess the relationship between the thickness and the cluster groups within each units (i.e., the
colours in Figure 12) and among the different units (i.e., the symbols in Figure 12). The lack of a
dispersion of the cluster groups within the same unit, in particular for LMBE and TAB, confirm
the absence of correlation between the groups and the thickness. On the other hand, there appears
to be a slight negative correlation between IQR and the median values for the each cluster group
across the different units, however the confidence in the correlation is low because of the large
spread in the data.
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Figure 12. Distribution of median and 1QR values of the cluster groups for each unit, after the normalization
of the thickness values.

The majority of MPs are classified into group A and therefore assessed to be stable with the eastern
side of Tower Hamlets dominated by group E (Figure 13a). Group D is mainly associated with
two structures: Old Spitalfields Market and Tobacco Dock. MPs assigned to groups B and C appear
to be not connected in space and therefore isolated from other MPs belonging to that group.

Temporally and spatially, group E can be straightforwardly connected with the rising groundwater
level, up to 20 m, in the deep and confined aquifer of the TAB and the Chalk Group (Figure 13b)
following the end of the bulk of Crossrail dewatering activities in the area from August 2015
(Crossrail, 2016). It should be noted that, with the termination of Crossrail dewatering, the
drawdown effect induced by Crossrail has now fully dissipated and that the dewatering works have
complied with the obligations as enshrined in Section 46 of the Crossrail Act (2008), available at:
https://www.legislation.gov.uk/ukpga/2008/18/contents.
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Figure 13. Distribution of clustering groups in Tower Hamlets area (a) and groundwater level increase
between August 2015 and May 2016 (b). Borehole data used for interpolating the groundwater levels have
been provided with the permissions of Canary Wharf Contractors, Crossrail Ltd, Environment Agency and
Thames Water. These reproduced materials are courtesy of Crossrail Ltd. Contains Ordnance Data ©
Crown Copyright and database rights 2019. Ordnance Survey Licence no. 100021290.
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4 Discussion and Conclusions

With the recent surge in the availability of free SAR data, millions of measurement points are
routinely being generated with short revisiting time. There is therefore a need to develop
methodologies to understand the complexity of the components within the time series of the data.
The clustering analysis used within this study is one such methodology upon which new case
studies can be developed and new insights can be generated.

In particular, by exploiting the high temporal density of INSAR displacement data, this study
illustrates how average displacement rates and cluster analysis can be used to investigate the
characteristics of the human-induced deformation in the Tower Hamlets area and the relationships
with the thickness map of the local geological units.

According to our results, ALV is the unit that is mostly affected by the deformation as proven by
the relatively large number of MPs classified in to group E but, overall, the cluster groups we
identified do not have correlation with the thickness of the units. In particular, no correlations
between the AMG thickness and the MPs deformation has been found, probably because the
foundation depth of the buildings in this area lie well below its lowest occurrence so these
buildings tend to respond to strains affecting a deeper source rather than the top layer.

We can then conclude that the thickness of the lithological units directly above the Chalk Group
does not have overall influence in the ground deformation behaviour.

Our first results for the Tower Hamlets area show also that the analysis of the average motion
alone is not a good indicator for highlighting any influence between the unit thickness and ground
motion because of:

o the short time interval considered, which does not allow the recognition of large temporal
trends such as compaction of unconsolidated deposits.

e The narrow range of deformation and the small area of study, the latter limited by the
availability of the new 3D geological model, that does not allow to encompass the whole
area of uplift which extends eastwards (see Figure 6) and to extend our conclusion to the
whole Greater London area.

Therefore, further work may be considered in order to spatially and temporally extend our analysis
(i), to account for the actual saturated thickness of the layers above the Chalk Group (e.g., LC and
LMBE; ii) and to consider the impact of urban features (e.g., building type, building age; iii) that
show local patterns of subsidence (Old Spitalfields Market and Tobacco Dock) almost impossible
to be detected without the clustering analysis.

The results presented here, although not conclusive, do show the huge potential of clustering
analysis in analysing large matrix generated by INSAR data for displacement pattern recognition
and in highlighting the strong influence of dewatering activities on ground deformation, thus
providing more easy-to-interpret data to stakeholders (e.g., engineering consultants) or public
organisations that are in charge of coordinate urban policies and hazard mitigation strategies.
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