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Abstract

TerraSAR-X satellite SAR (Synthetic Aperture Radar) scenes have been analysed us-
ing Persistent Scatter Interferometry (PSI) approach to monitor a tunnelling process in
Dusseldorf, Germany. The aim of this work is to detect the deformation of ground sur-
face and structures above the tunnelling line during the tunnel excavation. In this study,
the PSI approach integrated in the open source software package Stanford Method for
Persistent Scatterers (StaMPS) was employed since it has shown significant advan-
tages in obtaining Persistent Scatterers (PS). In order to protect the historic buildings
in this region from subsidence-induced damages, a Tunnel Boring Machine (TBM) was
used to restrain serious displacements during the tunnelling excavation, as well as
compensation injections. Both surface uplifting and subsidence were observed during
this tunnelling process, by a levelling survey and a validated PSI observation. It is con-
cluded that sub-centimetre accuracy observations are achievable for process-related
monitoring in urban areas, using the open source software package.

1 Introduction

Ground subsidence has strong impacts not only on local structure stability, but also
on regional topographic changes. The excavation of underground systems is a typi-
cal cause of subsidence in both urban and non-urban areas (Lu and Danskin, 2001;
Catalao et al., 2011; Liu et al., 2014). For instance, land subsidence is frequently
caused by subway construction in cities all over the world. Nevertheless, urban tun-
nelling requires that the ground surface should be undisturbed. Therefore, a Tunnel
Boring Machine (TBM) is routinely used for excavation due to its low disturbance of
the surrounding ground, although the upfront cost is expensive (Schindler et al., 2014).
Apart from TBM, compensation injections may also be applied along the tunnelling line
(Mark et al., 2012).
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Interferometric Synthetic Aperture Radar (InNSAR) and Persistent Scatterers Interfer-
ometry (PSI) produce a time series of deformation on a succession of time-ordered
images, in principle allowing people to investigate temporal characteristics of defor-
mation patterns (Massonnet et al., 1993; Bamler and Hartl, 1998; Osmanoglu et al.,
2011; Liu et al., 2014). Several INSAR/PSI techniques have been developed for defor-
mation monitoring in the past years (Berardino et al., 2002; Lanari et al., 2004; Hooper
et al., 2007; Pritchard and Fielding, 2008; Sowter, 2010; Li et al., 2011; Crosetto et al.,
2013; Sowter et al., 2013). In contrast to other PSI method, Stanford Method for Persis-
tent Scatterers (StaMPS) has shown its strong abilities for monitoring non-urban areas
(Hooper, 2006). However exciting these developments people have made, there are
still challenges when applying PSI to monitor subtle deformation by removing signal
contamination from, i.e. atmosphere and DEM errors.

In this paper, we have applied StaMPS to monitor a tunnelling process for a subway
construct in DUsseldorf, Germany. Using 20 high resolution TerraSAR-X images, a time
series of surface displacement at the control point induced by tunnel excavation has
been extracted with millimetre-level accuracy, validated by a levelling survey.

2 Methodology

Starting from single-look complex (SLC) images, 20 scenes of TerraSAR-X data are im-
ported directly into the Delft Object-oriented Radar Interferometric Software (DORIS)
and used to form interferograms (Kampes and Usai, 1999). We select the master scene
that minimizes the sum de-correlation of all interferograms, while the temporal base-
lines, spatial baselines, Doppler centroid baselines and thermal noise are also con-
sidered. The 90 m Shuttle Radar Topography Mission (SRTM) Digitial Elevation Model
(DEM) was then used to compensate topographic phase, and to aid the interpretation
of the interferograms (Farr et al., 2007). An adaptive filtering technique was employed
to clarify the fringes and to reduce noise (Goldstein and Werner, 1998).
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When an interferogram stack is ready, an initial selection based on amplitude anal-
ysis determines the PS probability for individual pixels, which is followed by a phase
analysis in an iterative process (Hooper, 2006). Moreover, the deformation signals of
the PS pixels are isolated from the residual phase due to DEM error, atmospheric de-
lay and noise terms. In contrast to conventional PSI techniques, StaMPS generates
a time series of deformation phase from the spatially correlated nature of deformation,
rather than any prior deformation models (Hooper et al., 2007; Sousa et al., 2011). In
other words, StaMPS does not rely on any predefined deformation models hence has
inherent advantages for monitoring non-linear deformation.

3 Tunnelling project and SAR data

The Area Of Interest (AOI) of this study is located in Dusseldorf, Germany. Diissel-
dorf is the seventh largest city in Germany, and lies southwest of the Ruhr urban area.
More than half a million people live in this region. The altitude of Disseldorf ranges
from 30 to 160m. In 2011, the so-called “Wehrhahnlinie” urban tunnel project in Dis-
seldorf was carried out (Fig. 1). A hydro-shield tunnelling process was applied, which
started in April 2011 and ended in December 2011. The shield tunnelling was done by
shield machine TBM (Fig. 2). The outer diameter of the tunnel is constant as 9.50m. In
this process, reinforcement steel fiber concrete and rebar were executed (Mark et al.,
2012). 20 TerraSAR-X X-band images in Strip Map (SM) mode were acquired from 7
January 2011 until 31 October 2011 (Krivenko et al., 2012). The SAR data set and
baseline information is shown in Fig. 3.

4 Analysis and discussions

For deformation studies, we aim to isolate the deformation signal from other compo-
nents that can be considered as noise. Atmospheric error is a significant disturbance
4816
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when dealing with subtle deformation signals in urban areas. Fortunately, the variation
in atmospheric retardation between passes is correlated spatially and may be esti-
mated by a low-pass filter in the spatial domain (Hooper, 2006). Similarly, estimating
other terms, such as the orbital error and DEM error, is also carried out by the StaMPS
approach.

The final PSI result was shown in Figs. 4 and 5. The unit of displacement is
mm year‘1 with negative values being away the satellite and positive values being to-
wards the satellite in the line of sight. Obviously, only a small area of the western part
in the velocity map lacks of PS points since it is clumpy. Nevertheless, the density of
PS points is highly satisfactory when assessed as a whole.

In order to convert the deformation in LOS to the vertical direction, direction
cosines in analytic geometry were applied. In other words, the direction cosines ac-
tually are the percentages of the real displacement along three directions: vertical,
N-S and E-W. The actual movements are always underestimated if only LOS dis-
placements are used. In this study, the movements were assumed as purely vertical
based on a priori knowledge. As the incidence angle is around 35°, we found an un-
derestimation of approximate 19 % of purely vertical movements when using the LOS
values.

PS points are generally stable as shown, but with some interesting exceptions. As
mentioned above, in this construction, compensation injections were carried out in
some cases. A number of buildings on the ground along the tunnel line could bene-
fit from compensation injections to avoid damages which would have happened due to
the subsidence caused by excavation. The velocity map indicates that some points in
that area have positive displacements (points with blue colour) which may be induced
by such injections. A time series analysis of some points with uplift or subsidence be-
haviour in this area now follows.

Figure 6 shows the persistent scatterers distributing close to the start point of the ex-
cavation. For each PS point, a deformation time series was estimated from the phase
values. The different components of the interferometric phase: deformation phase,
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DEM error, atmospheric error, orbit error and noise are described in Eq. (1) (Hooper,
2006).

Dint = Paet + Poem + Patm + Porp + Proise (1)

The final four error terms contaminate the deformation phase. By low-pass filtering the
unwrapped PS phases in time then high-pass filtering in space, StaMPS is able to
estimate the spatially correlated error, which is to be subtracted. The remaining phase
component will be only related to deformation while spatially uncorrelated error terms
can be modelled as noise. In whole StaMPS processing, no predefined deformation
model is required. Therefore, there is a possibility to derive a non-linear deformation
signal. The Time series of one PS point approximate 20 m far away from the control
point is plotted in Fig. 7. From January until April 2011, an impressive uplift can be
seen adjacent to the start point, due to the compensation injection mentioned above.
In contrast, apparent subsidence behaviour is seen later, related to the hydro-shield
tunnelling process that started in April 2011. Along with the tunnelling, a levelling survey
was carried out near to the start point by the State Capital of Diisseldorf. Therefore, the
levelling result has been used to validate the PSI approach here, which indicates very
few discrepancies (Fig. 7).

In additional, a group of points with subsidence behaviour can be found along the
tunnelling line (Figs. 8 and 9), although there is no relevant report from the terrestrial
observation. To confirm this, the reason of subsidence has been clarified to be a re-
placement of the original pavement, according to the field survey.

5 Conclusions

An evaluation of INSAR to process-related monitoring was presented in this paper.

A total of 19 interferograms were formed from 20 TerraSAR-X scenes and processed by

the PSI method integrated in StaMPS, in order to monitor the deformation of the ground

surface induced by a tunnelling project in Dlsseldorf city in 2011. The comparison
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between the time series retrieved from PSI and from the leveling from a control point
indicated good consistency. It is therefore concluded that INSAR/StaMPS is able to
detect subtle movements for process-related monitoring in urban area with an 11 day
data sampling rate, by restraining various error resources.

Acknowledgements. TerraSAR-X images were provided by DLR (CAL 1140). The levelling sur-
vey was provided by the State Capital of Dlsseldorf.
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Figure 2. Shield machine TBM arriving in the target shaft (Mark et al., 2012).
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Figure 5. 3-D view of velocity map, displayed on Google Earth. The yellow line indicates the =
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o Back Close
g.
= Full Screen / Esc
28
o
% Printer-friendly Version
Q)
8 Interactive Discussion
w

4826


http://www.nat-hazards-earth-syst-sci-discuss.net
http://www.nat-hazards-earth-syst-sci-discuss.net/2/4813/2014/nhessd-2-4813-2014-print.pdf
http://www.nat-hazards-earth-syst-sci-discuss.net/2/4813/2014/nhessd-2-4813-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

NHESSD
2, 4813-4830, 2014

Jaded uoissnosiq

Process-related
. deformation
monitoring by PSI
% using HR space-
(@)
S based SAR data
(2]
S D. Liu et al.
=
QO
o
@
Title Page
o Abstract Introduction
(7]
= Conclusions  References
(7]
(2]}
g' Tables Figures
-
S
2 I« (4|
o < >
O Back Close
(7]
Figure 6. PS points close to the start point of the tunnelling excavation, displayed on Google % Full Screen / Esc
Earth. The yellow line indicates the approximate location of the tunnelling line. g.
% Printer-friendly Version
Q
8 Interactive Discussion

4827


http://www.nat-hazards-earth-syst-sci-discuss.net
http://www.nat-hazards-earth-syst-sci-discuss.net/2/4813/2014/nhessd-2-4813-2014-print.pdf
http://www.nat-hazards-earth-syst-sci-discuss.net/2/4813/2014/nhessd-2-4813-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

Figure 7. Comparison of deformation time series observed by levelling and PSI at the control

point.
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Figure 8. PS points close to the end point of the tunnelling excavation, displayed on Google =
Earth. The yellow line indicates the approximate location of the tunnelling line. . < >
o Back Close
3
= Full Screen / Esc
@)
o
% Printer-friendly Version
Q
8 Interactive Discussion
@

4829


http://www.nat-hazards-earth-syst-sci-discuss.net
http://www.nat-hazards-earth-syst-sci-discuss.net/2/4813/2014/nhessd-2-4813-2014-print.pdf
http://www.nat-hazards-earth-syst-sci-discuss.net/2/4813/2014/nhessd-2-4813-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

NHESSD
2, 4813-4830, 2014

Jaded uoissnosiq

Process-related
E _ deformation
= 50 -
e 8 1 ; ‘ ‘ 1 1 1 1 1 monitoring by PSI
[=%
@ ] 2 4 6 8 10 12 14 16 18 20 o - _
1 pETTE @ using HR space
o™X 3.2011.0120 S based SAR data
Oy o 2y 4.2011-02-09 =
| . £ o S
R _\.*\_ .......................................... ggg] :gg:gg S D L|U eta|_
: \ 9. 2011-06-10 )
2 b Moo 10-2011-07-02 9
; * 12. 2011-08-04 [0}
ol \ e )
£ -3 _ ......................................... Norrrre e 15: 20110628 Tltle Page
*_ 16.2011-09-17 —
A b N 17-2011-09-28
: ‘\ 19. 2011-10-31 o Abstract Introduction
S L * @ ‘
; *x 2 Conclusions  References
: (7]
8 e e §K< .............. Q
: * % S Tables Figures
Tant1 D
Time [mmmyy] S e o
@
-
Figure 9. Deformation time series of one selected PS point near to the end point of tunnelling. < >
B,erp is the perpendicular baseline of SAR pairs.
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