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The use of satellite technology on Sydney Metro Northwest tunnel construction
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ABSTRACT: The recently opened Sydney Metro North West Line includes 15km of twin running tunnels that were constructed in rock using
four double shield TBMs. The selected route, with an open cut station at Cherrybrook, passes through a designated landslip zone along a steep
sided ridge line. The station is in the middle of the landslip zone, with shallow tunnels either side required in order to avoid a deep cut and
cover station box. During the planning stages, the risks associated with the landslip zone and boring tunnels at a relatively shallow depth were
considered. There was a risk that the landslips were still active and could be accelerated by the presence of the tunnels impacting the
groundwater regime. There was also considered to be a low risk that new slips could be triggered by the tunnelling works.
This paper describes the geology of the landslip zone and how the landslip issues were assessed and then addressed through the use of InSAR
satellite monitoring technology to review historic data to determine the status of existing slips. The monitoring was then continued during the
construction period and post construction to identify any on-going movement.
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1. INTRODUCTION

Sydney’s Metro North West Line, which was completed and opened
in May 2019, is the first line of the planned Sydney Metro network,
(Figure 1). The 36km route includes a new twin tunnel underground
section that is 15 km long between existing tunnels at Epping and a
portal at Bella Vista in the Hills District of Sydney. The alignment
passes through a hilly, suburban environment with four intermediate
stations and a station at the portal. An important requirement when
planning the railway was to make them as attractive as possible to
customers. In order to achieve this, the alignment was developed to
minimise the depth to platform level of the stations to maximise
natural light and minimise escalator lengths.

Figure 1Sydney Metro network map

The challenge was, therefore, to make the vertical alignment as
shallow as possible in the vicinity of the stations. Careful
investigation and assessment of existing infrastructure, topography
and geology along the alignment was carried out (Figure 1). A
particular area of interest was the alignment at Cherrybrook Station,
where the proposed tunnels were shallow enough to allow an open
station configuration.

Figure 1 Map combines digital elevation overlain by geology of the
North west.

In this location, landslide areas are known and were identified as risks
with the escarpment adjacent to the southern flank of Castle Hill Road

above the twin metro tunnels (heading to Cherrybrook Station
((Parker 2012) Figure 3).  Extensive geotechnical investigations were
completed along the metro corridor to assess geological and
hydrogeological conditions to understand if the Metro North West
tunnels may have an impact on these downslope landslide features by
potentially altering the groundwater regime beneath the edge of the
escarpment. The ridgeline, (Figure 2), is defined by relatively shallow
residual clay soils overlying siltstones of the Ashfield Shale that are
subject to on-going and periodic movements, generally attributed to
rainfall events, groundwater pressures and/or influences on slopes by
developments across the area.
Although a designated landslip zone with restrictions on
developments was imposed by the Hills District Council, no recent
investigation or monitoring of landslip activity was available. Sydney
Metro  considered  that  it  was  essential  to  determine  the  status  of
known slips before confirming the planned tunnelling at shallow
depths along the ridge line. It was important to maintain the surface
station configuration and not lower the tunnel alignment, if at all
possible.

Figure 2 3D model of ridge line showing slip features.

Sydney Metro considered that a baseline needed to be established and
was advised that satellite technology would be an appropriate method
to cover a wide area over a number of years. Sydney Metro obtained
proposals from specialists in the field and appointed CGG to
determine movements before, during and after tunnelling, using a
remote sensing technique known as satellite InSAR, across the area
of the landslip zone.

mailto:Geoff.Bateman@transport.nsw.gov.au


ITA-AITES World Tunnel Congress, WTC2020 and 46th General Assembly Kuala Lumpur Convention Centre, Malaysia 15-21 May 2020

2.    RISK ASSESSMENT

The project area lies within the geological region known as the
Sydney Basin. During the Permian and Triassic Periods (298 to 200
million years ago), the Sydney Basin was infilled with a thick
sequence of sediments deposited in both fluvial and marine
conditions.

2.1    Local Geological Conditions

The Metro North West vertical alignment encounters Ashfield Shale
in the both tunnel drives shallowest beneath the Castle Hill Road
ridgeline extending onto Cherrybrook Station (Figure 2 – generalised
section).  The Ashfield Shale comprises four distinct members
(Herbert, 1980) across this study area and the generalised
characteristics of each are described below.

Figure  3 Simplified geological longitudinal section of the
Metro – Northwest vertical alignment (Parker, 2012)

2.1.1    Mulgoa Laminite Member

The Mulgoa Laminite Member is a dark grey interlaminated fine-
grained sandstone and siltstone rock up to 20 m thickness, defining
the escarpment and ridgeline across the study area.  The laminae are
highly variable associated with sedimentary structures, including
micro-crossbedded (rippled), silt-infilled and invertebrate burrows
(Figure 4).

2.1.2    Regentville Siltstone Member

The Regentville Siltstone Member is typically a dark grey to black
siltstone with occasional fine grained sandstone laminae, up to 17m
in thickness (Figure 3).

2.1.3    Kellyville Laminite Member

The Kellyville Laminite Member is very distinguishable across the
Sydney Basin due to the distinctive regularly spaced laminations,
comprising dark grey siltstone and light grey fine-grained sandstone
up to 7m in thickness (Figure 3).

2.1.4    Rouse Hill Siltstone Member

The basal member of the Ashfield Shale is distinguished by a black
siltstone member up to 6 m in thickness that unconformably overlies
the Mittagong Formation or Hawkesbury Sandstone in some cases.
The nature of the Rouse Hill Siltstone Member with an elevated clay
mineralogy as observed with often the rapid deterioration of the rock
cores  on  drying  with  fissile  cracking,  common  evidence  with
claystones (Figure 3).

2.2    Summary

The persistence of sub horizontal laminations in in the Kellyville
Laminite Member and the thin “white tuff layer” in the Rouse Hill
Siltstone Member (Parker, 2012; Och et al. 2020) assists greatly in
correlations across the Sydney region to assess whether any
geological structure has influenced an area, and in this case of this
ridgeline the strata is not affected by folding or faulting.

Figure 4 Core box photos of typical Ashfield Shale rock types:
(13 -17 m) Mulgoa Laminite Member (NWR_BH012); (11 –
15 m) Regentville Siltstone Member (NWR_BH013); (23 – 27
m) Kellyville Laminite Member (NWR_BH013); (31 – 34.6
m) Rouse Hill Siltstone Member (NWR_BH013), note the
presence of the “white tuff layer” at 31.55 m and the contact
with the Mittagong Formation.

2.3   Proposed tunnels
The twin 15km tunnels were planned to be undrained precast concrete
segmental lined tunnels constructed using TBMs in order to minimise
any impacts on existing property and infrastructure. This included
specifying immediate grouting of the annular void around the
segments and also specifying a very high level of watertightness. It
was possible to ensure that the tunnel horizon remained within rock
so that double shield hard rock machines could be used for the whole
15km length of the tunnels. Adjacent to Cherrybrook Station the
depth of cover ranged from 7m to 12m below Castle Hill Road over
a  length  of  150m.  The  crown  of  the  tunnel  was  within  class  IV/V
Mulgoa Laminite below 2.5m of residual soil/fill.
A risk assessment carried out identified potential issues with the low
cover including settlement of Castle Hill road and also an impact on
the stability of slopes along the eastern edge of the road. The
settlement risk was mitigated by the use of TBMs and immediate
grouting of the rings. The risk of a landslip affecting the tunnel was
considered to be low but with significant consequences so it was
decided that the existing slopes should be investigated for historic
movement and possible existing instability. There was also
considered to be a risk that the undrained tunnel may intersect water
paths  to  cause  mounding  of  the  water  table  and  a  change  to  the
groundwater levels. Any change in the groundwater environment
could trigger further slip movement which could not be managed by
the tunnelling methodology.

Study Area
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It was necessary to be able to differentiate between tunnelling induced
settlement which would be the contractor’s responsibility and slip
movement which would be Sydney Metro responsibility. It would be
important to be able to identify responsibility for damage to property,
should any occur.
Satellite InSAR was adopted as it could provide historic data as well
as ongoing monitoring during and after the tunnelling, across a wide
area. The tunnelling movements would be monitored by the
contractor using normal terrestrial survey techniques such as precise
levelling as tunnelling progressed. The Satellite InSAR would only
be used to monitor for landslip movements.

3.    TECHNICAL SOLUTION

Satellite InSAR is a remote sensing technique that involves the
interferometric processing of multi-temporal (‘time-lapse’) Synthetic
Aperture Radar (SAR) images acquired by Earth observation
satellites. InSAR is capable of remotely detecting
millimetres-to-metres of deformation spanning long
periods (days to decades), at specific sites (e.g. tunnel route) or large
regions (e.g. an entire city). SAR images contain information about
the position of the ground and anthropogenic structures at the time of
image acquisition. As subsequent images are acquired over the same
location, phase difference images, called interferograms, are created
to reveal measurements of relative deformation. SAR instruments
collect data on the ascending (south-to-north) and descending (north-
to-south) orbits of the satellite. Data are acquired in the satellite line-
of-sight (LOS), down a path inclined away from vertical, allowing
deformation measurements to be recorded either towards or away
from the satellite.
SAR data has been globally collected since 1992 by different satellite
missions. Some missions provide open-access data, such as the
European Space Agency’s Envisat satellite (used in this work) and
more recently Sentinel-1 (not used within this work). Other satellite
missions  operate  on  a  commercial  basis,  such  as  TerraSAR-X,  and
data acquisitions from these satellites need to be proactively
programmed and paid for.
Once data from these satellites has been collected, it resides in a data
archive ready to be exploited during retrospective deformation studies
or proactive monitoring programmes.
For the studies described below, an InSAR technique referred to as
Persistent Scatterer InSAR (PSI) was applied. PSI identifies a
network of points termed Persistent Scatterers (PS), where each PS
represents a single strong persistent radar response from within a SAR
image pixel, typically corresponding to naturally occurring or man-
made structures such as buildings and rocky outcrops. PSI compares
differences in phase information for each PS across all SAR images
in a data stack to derive their individual deformation, after statistical
estimation and removal of various noise signals. Reducing these
sources of uncertainty ensures high measurement precision.
PSI is commonly applied to urban tunnelling projects, as
demonstrated in London, UK (Thomas et al., 2017), due to the high
density of PS and the ability to densify in-situ measurement networks
with precise, remote measurements.

3.1. Pre-construction phase results

The aim of the pre-construction study was to determine the presence
and evolution of historical deformation across the study area  (Figure
5) between 2006 and 2013. Three distinct SAR datasets were used for
this study, as shown in Table 1 below

Figure 5  Study area.
.

Table 1 SAR data used for this study

Satellite mission Orbit Resolution Timeframe
Envisat Ascending ~25m 2006-2010
Envisat Descending ~25m 2006-2010
TerraSAR-X Descending ~3m 2008-2016

Individual InSAR datasets provide displacement measurements
towards  or  away  from  the  satellite  down  an  inclined  line  of  sight,
looking in from the east (descending) or from the west (ascending).
Where both ascending and descending measurements are available,
as for Envisat 2006-2010, these can be combined to calculate vertical
and east-west displacement (Wright et al. 2004).
The addition of TerraSAR-X data to the study extends the time period
from 2008 through initiation of tunnelling in 2014, and onward to the
end of construction in 2016. Although acquired from a single LOS,
the TerraSAR-X also provides higher spatial resolution, and therefore
higher spatial density of measurement points.

3.1.1    Envisat results

The ascending and descending Envisat data stacks were processed
using PSI. This identified 8,080 individual ascending and 5,982
descending measurement points, with an uncertainty of ~1.4 mm/yr.
Measurement points present in both datasets were then combined to
calculate vertical and east-west components of displacement.
Figure 6 and Figure 7 show the Envisat vertical and east-west mean
displacement maps for the period spanning 2006 to 2010. The mean
displacement rate (mm/year) highlights the average rate of change
across the 4-year time period, and the measurement points have been
spatially interpolated to aid display at this whole-alignment scale.
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Figure 6 Mean vertical displacement rate (mm/year) derived from
Envisat SAR data spanning 2006-2010. The red line highlights the

tunnel alignment. © CGG NPA Satellite Mapping. SAR data © ESA
2006-2010.

Figure 7 Mean east-west displacement rate (mm/year) derived from
Envisat SAR data spanning 2006-2010. The red line highlights the

tunnel alignment. © CGG NPA Satellite Mapping. SAR data © ESA
2006-2010.

From Figures 6 and 7, it can be seen that the majority of the study
area  is  characterised  by  stability  during  this  period,  defined  as
deformation of -1.5 to 1.5 mm/year, with almost 96% of
measurements in this category.
At the wide scale, there is a small apparent trend from uplift in the
north-east of the study area to subsidence in the south-west, although
this is very subtle, of the order of 0.5 – 1 mm/yr, and well within the
uncertainties of the dataset.
Across a smaller scale, there are a few isolated areas of higher
magnitude displacement. Individual measurement points
experiencing displacement may relate to localised and or structural
issues which don’t represent wider movement of the underlying
ground, for example tilting of fence posts or settlement of newly-
constructed buildings. Based on their magnitude and spatial and
temporal distribution, the majority of the apparent displacement
signals present in these results are likely to correspond to this type of
phenomena, or to occasional measurement points with high
uncertainty. No displacement signals were identified which could be
reliably attributed to landslide or tunnel-related phenomena.
In addition to the displacement rate, PSI processing provides a full
time series of displacement for each measurement point. These
typically have higher uncertainties than the rate measurements, and

are useful when changes in displacement behaviour occur –
highlighting the timing and duration of transient or episodic
displacements.
Given the relative stability of the majority of measurement points
within these results, these typically do not show significant variation
in behaviour through time. Some points (for example that shown in
Figure 8) show a subtle seasonal trend, which may relate to
differences in groundwater, soil moisture or residual uncorrected
thermal expansion.

Figure 8 Example of a displacement time-series, showing a subtle
seasonal displacement signal. © CGG NPA Satellite Mapping.

3.1.2    TerraSAR-X pre-construction result

Figure 9 shows the TerraSAR-X descending LOS mean
displacement rate, across a pre-construction period spanning 2008 to
2013.
Due to the higher spatial resolution of TerraSAR-X SAR data (3m,
versus 25m for Envisat) a much greater density of PS measurements
were derived, totalling 41,585 for the time period. An example of
this increase across a typical sample of residential and commercial
land use is shown in Figure 105.

Figure 9 Mean descending LOS displacement rate (mm/year)
derived from TerraSAR-X descending SAR data spanning 2008-
2013. The red line highlights the tunnel alignment. © CGG NPA

Satellite Mapping. SAR data © Airbus 2008-2013.
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Figure 10 PSI measurement point density for a typical mix of
residential and commercial land use. Left: Envisat result showing
approximately 500 PS/km2; Right: TerraSAR-X result showing

approximately 3000 PS/km2. © CGG NPA Satellite Mapping. SAR
data © ESA 2006-2010 and Airbus 2008-2013 respectively.

Although these results span a slightly different time period to those
from Envisat, the overall picture is very similar. The majority of the
study area is characterised by stability, with almost 99% of
measurements in this category. The calculated precision of the mean
displacement rate gives a 95% confidence interval of 0.9 mm/yr for
these results. Again, while very-localised displacements may be
present, no displacement signals were identified which could be
reliably attributed to landslide or tunnel-related phenomena.

3.1.3   Construction phase results

The aim of the construction study was to determine the presence and
evolution of deformation during tunnel construction works, spanning
2014 to 2016. TerraSAR-X descending SAR data was used for this
phase of work, extending the dataset used for pre-construction
assessment presented in the previous section. This yielded 53,519 PS
measurement points during the time period (Figure 11). The shorter
time period included within the analysis resulted in a slightly higher
uncertainty, with an estimated 95% confidence interval of 1.6 mm/yr.

Figure 11 Mean descending LOS displacement rate (mm/year)
derived from TerraSAR-X descending SAR data spanning 2014-
2016. The red line highlights the tunnel alignment. © CGG NPA

Satellite Mapping. SAR data © Airbus 2014-2016.

The result shows that the vast majority of the study area, from 2014
to 2016, is again characterised by stability, with almost 94 per cent of
measurement points in this category. As for the pre-construction
datasets, any wide-scale trends are well within the uncertainties of the
dataset. Similarly, some localised displacements may be present, but
no displacement signals were identified which could be reliably
attributed to landslide or tunnel-related phenomena.
Since tunnelling could be expected to result in variations in
displacement through time, displacement time series results were also
reviewed for construction-related signals not obvious from the mean
displacement rate. However, this again concluded that no such signals
could be identified.

3.1.4    Discussion

The aim of the pre-construction measurements was to provide a
baseline, identifying any existing areas of ground displacement and
allowing these to be investigated as required. Monitoring during the
construction phase could then consider any observed displacements
in the context of the previous baseline behaviour, allowing
differentiation of construction-related signals from unrelated
phenomena.
In practice, aside from some very small-scale isolated signals
considered unlikely to be related to landslides or tunnelling, the
general picture during both pre- and during construction phases
showed widespread stability.
Although this doesn’t provide a hugely impactful and visually
stimulating set of results for further analysis, it is obviously very good
news and vindicates the Sydney Metro methodology?? The pre-
construction baseline provided valuable information to be considered
with the risk assessment, and clarified the pre-existing baseline to
mitigate potential for unwarranted claims of liability. The
construction-phase monitoring then verified that the risk assessment
had adequately controlled these risks, and that resulting impacts on
surrounding areas were minimal.
The lack of significant deformation associated with the tunnelling
across this area is an interesting contrast to observations elsewhere.
For example, multiple examples of subsidence have occurred during
construction of tunnels across London, as shown in Figure 12
(Thomas et al., 2017). Similar examples have been reported in various
other locations.

Figure 12 PSI mean displacement rate across London for the periods
1992-2001 (left) and 2010-2015 (right), showing multiple subsidence
features associated with tunnelling projects. © CGG NPA Satellite
Mapping. SAR data © ESA 1992-2001 and MacDonald, Dettwiler
and Associates Ltd. 2010-16 respectively.
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Unlike locations such as London, where tunnelling is carried out in
soft ground, negligible ground movements were anticipated from
tunnelling in the Sydney geology of sandstone and shales. The InSAR
results confirm the results of the precise levelling techniques used by
the Contractor that no significant settlement occurred.

4. CONCLUSION

The InSAR technique provides high quality outputs and information
to allow designers to fully understand and mitigate the risks when
planning   tunnel alignments through a potentially active landslip zone.
The results were able to show that the area was stable before finalising
a vertical alignment, which resulted in the best possible outcomes for
the railway product. The results also underlined and confirmed the
benefits of the Sydney Metro specifications for undrained tunnels and
immediate grouting of the annulus, so that significant impacts on
existing property and infrastructure were eliminated.
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