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ABSTRACT 
We present two examples of ground deformation characterization in the metropolitan area of Vancouver using advanced 
InSAR. The first regards the construction of the Canada Line, an LRT system connecting Vancouver’s International 
Airport to the downtown core comprising underground, at-grade and elevated sections and built prior to the 2010 Winter 
Olympics. InSAR was used to detect surface deformation along the entire alignment prior to and during construction. A 
clear signature was identified in the deformation data which corresponded well with the timing of tunnel excavation. 
A second case study regards monitoring of surface deformation associated with the excavation of two tunnels connecting 
the Capilano Reservoir to the Seymour filtration plant in North Vancouver. The multi-temporal SqueeSAR data 
processing algorithm was used to characterize the extent and timing of the surface deformation. The results indicate that 
a large urban area was affected by up to ~ 40 mm of deformation and that approximately 78% of the measurement 
points recorded an initial acceleration in 2006, corresponding to the start of excavation. Ground movement continued 
towards the west in step with tunnel excavation. 
 
 
 
1 INTRODUCTION 
Tunnel excavation in urban areas can produce costly 
damage to buildings and infrastructure from ground 
deformation. In these contexts, monitoring systems are 
required to quantify the displacements and identify the 
area affected by movement. Advanced multi-temporal 
satellite-based InSAR approaches are uniquely suited for 
this purpose as they measure movement with millimeter 
precision, provide an overview of the entire affected area 
and do not require fieldwork or installation of equipment 
on the ground. These advanced approaches typically 
automatically identify targets on the ground known as 
Permanent or Persistent Scatterers (PS), which usually 
correspond to buildings, lampposts, fences, crash 
barriers, roads, etc. The output of the data processing is a 
high-density point cloud in which each measurement point 
has an associated time series of deformation. The time 
series can identify linear and nonlinear movement, which 
is particularly useful for detecting deformation associated 
with the onset of tunnel excavation and to otherwise 
characterize the surface effects of tunneling, such as the 
extension of the area affected and any rapid changes in 
deformation rates related to excavation progress. 
 
2 METHODOLOGY 
We used SqueeSAR™, a proprietary algorithm that in 
urban settings typically provides a high density of 
measurement points, reaching into the thousands per 
square kilometre, to process a stack of radar images  
acquired from the Radarsat-1 satellite (Ferretti et al., 
2011). The processing of large stacks of satellite radar 
images makes it possible to separate orbital and 
atmospheric contributions from the deformation signal, 
therefore allowing a precise isolation of the deformation 
signature associated with the excavation. The precision of 
the measurements depends on the number of satellite 
images available and the length of time covered by the 

data set but it is typically in the millimetre or sub-millimetre 
range. 

A further characteristics of InSAR approaches is the 
possibility to measure historical deformation. Data 
archives exist over many areas, particularly over major 
cities, allowing the application of modern data processing 
algorithms to older data that can reach back to the early 
1990’s. For the present case studies the image archive 
available over the city of Vancouver comprised 58 images 
covering the period 3 March 2001 - 18 June 2008, with a 
nominal revisiting time of 24 days. 

The revisit time corresponds to the frequency of image 
acquisitions, which varies according to the satellite. The 
possibility to estimate the exact date at which ground 
deformation occurs in response to excavation is therefore 
dependant on the acquisition frequency. More recent 
satellite systems have revisiting frequencies of a few 
days, allowing an accurate pinpointing of deformation 
timing. High acquisition frequencies allow to precisely 
characterize deformation timing and to determine if it can 
be correlated to the tunnel excavation. The analysis of 
time series of deformation typically makes it possible to 
correctly identify the start of deformation, rates of 
movement, the presence of any non-linear displacement, 
rates of movement acceleration or deceleration and the 
return to stable conditions or the presence of residual 
movement following excavation completion. 

Radar satellites view the ground at an off-nadir angle 
that can vary between 20 - 50 degrees. Any ground 
deformation is therefore represented as 1-D movement 
either away from the satellite or towards it. As the viewing 
angle for the present case studies was approximately 40°, 
any horizontal component would also contribute to the 
deformation measured by the satellite. This is evident in 
the Canada Line study and contributes to the 
understanding of the deformation dynamics. 
 



3 STUDY AREAS 
The two study sites, the Canada Line LRT and the 
Capilano-Seymour twin tunnels, are both located in the 
Greater Vancouver metropolitan area, in British Columbia, 
Canada. The Canada Line extends from Richmond to 
downtown Vancouver and crosses at least two distinct 
types of terrain. The downtown core and most of the line 
north of the Fraser river lies on relatively competent 
glacial till while the southern sections of the line are sited 
on soft deltaic deposits of the Fraser river, mainly 
comprising silt and clay (Armstrong, 1990). The downtown 
section of the line was excavated with a TBM while 
between False Creek and the Fraser River a cut-and-
cover method of excavation was used. 
The Capilano-Seymour twin tunnels connect the Seymour 
Filtration Plant, the largest water filtration facility in 
Canada, to the Capilano reservoir, in North Vancouver. 
The tunnels will be used to convey water from the 
Capilano and Seymour reservoirs to the filtration plant, 
which will provide 70% of Metro Vancouver’s drinking 
water. The 7.2 km TBM bored tunnels are 3.7 m in 
diameter and comprise the 180 m deep Seymour Shaft as 
the main launch and two 4 m diameter, 268 m deep 
raisebore exit shafts at Capilano (Brox et al, 2005). They 
reach a maximum depth of 604 m. 

 

 
Figure 1. Location of the study areas within the Greater 
Vancouver area. Site1) Canada Line and, Site 2) 
Seymour-Capilano Twin Tunnels. 
 

4 RESULTS 
4.1 The Canada Line 

Construction of the Canada Line started in 2005. An 
extensive radar image archive covering the period 2001-
2008 made it possible to observe the average annual 
deformation rate associated with construction of the 
tunnel (Error! Reference source not found.). Several 
areas of settlement in the soft sediments of the Fraser 
River along the southern portion of the Canada Line are 
visible but no large-scale deformation along the section of 
the Line north of the Fraser River is observable. The 
colour-coding of measurement points allows quick 
identification of large-scale trends from a cursory visual 
inspection. The identification of more localized movement 
requires larger scale analyses that identify both small 
clusters of like-coloured points as well as delving into the 
time series. Each point, in fact, also contains a time 
dimension, in the form of a time series of deformation, 
which makes the investigation of localized deformation 
trends possible. In the case of the Canada Line the 
analysis of points located along the cut-and-cover section 
of the Cambie street corridor highlights non-linear motion 
associated with excavation. To further characterize points 
associated with excavation activities annual deformation 
was separated into pre- and post-excavation (Figure 3). It 
is now possible to identify several points that appear to 
have been affected by tunneling operations. This type of 
analysis is particularly useful in urban areas, where the 
high density of points even allows the study of 
deformation affecting individual buildings. 



Figure 2. 2001-08 deformation rate along Canada Line. 

 
Figure 3. Close-up of the Cambie St. corridor. a) Annual 
deformation prior to excavation and; b) annual 
deformation following the onset of excavation. 

Figure 4 shows the deformation time series measured 
over a building on Cambie St., between the Broadway-
City Hall and King Edward stations. One notes that no 
deformation was present prior to mid-2007. However, 
sometime in July 2007, rapid deformation of 
approximately 2 cm occurs in a few months, after which 
the ground appears to stabilize again. The deformation, 
however, is permanent as there is no return to pre-
excavation ground elevation. Points located on opposite 
sides of the corridor have a different deformation 
signature as the movement of the buildings changes. 
Those on the west side of the alignment appear blue, 
indicating movement towards the satellite, which can be 
reasonably interpreted as a horizontal eastward 
movement towards the excavation. To the east, however, 
points appear orange or red, indicating movement away 
from the satellite, which again can be reasonably  
interpreted as horizontal westward movement towards the 
tunnel. Tools exist to automatically identify all 
measurement points that have this typical signature of 
deformation. These analyze time series for sudden 
changes in deformation rates and highlight when such 
changes occur. In the case of the Canada Line it 
highlights that along the Cambie corridor the majority of 
points have breaks in deformation rates in 2006 and 2007, 
which corresponds to the dates of excavation in this area.  

 
Figure 4. a) Measurement point showing a deformation 
away from the satellite after 2006, which can be 
interpreted as horizontal westward movement; b) 
Measurement point showing deformation towards the 
satellite after 2006, which can be interpreted as horizontal 
eastward movement. 
 
 
4.2 The Seymour-Capilano Twin Tunnels 

In 2004, the contract for the Seymour-Capilano 
Filtration Plan construction was awarded. The same radar 
data archive covering the period 2001-2008 was used to 
identify any ground deformation occurring in response to 
the tunnel excavation. An area of about 10 km

2
 (red 

rectangle in Figure 5a) was analyzed with the SqueeSAR 
algorithm for this purpose. The tunnel alignment passes 



under a residential area of North Vancouver, thereby 
ensuring a good density of measurement points. The 
ground movement that occurs in response to the tunnel 
boring is sufficiently strong to produce an effect on the 
annual deformation rate estimated for the entire 7-year 
period covered by the imagery; this can be seen in the 
slight yellow discoloration in the central portion of the red 
rectangle as opposed to the green of the surrounding 
areas (Figure 5). 
A closer analysis of the time series in the area provides 
interesting results (Figure 6). The earliest signs of 
deformation appear in the measurement points located 
close to the filtration plant, located at the eastern edge of 
the red rectangle in Figure 5, which is precisely where 
tunnel excavation began. This can be seen in Figure 6a). 
Progressing further west, point A08EU (Figure 5b) 
indicates that deformation had more pronounced onset 
than for the previous point, starting in mid-2006. Although 
it starts later, deformation is more rapid (Figure 6b). The 
time series of the point located farthest west of the three 
(A08OM) shows deformation starting in mid-2007. In this 
case the deformation rate is clearly the highest of the 
three (Figure 6c). It is interesting to note that at the time 
the last image of the data set there was not a substantial 
difference in the total amount of deformation measured by 
all 3 points. Figure 5 b) and c) provide a clear visual view 
of the different rate of ground deformation starting from 
the southeast (mild rates) and proceeding northwest, 
where rates are significantly higher (Figure 5c). The cause 
of the differences in deformation rates is not clearly 
understood and is a topic for further investigation. 
The same automated tools applied to the Canada Line 
were used here to categorize time series based on the the 
timing of changes in deformation rates. The associated 
statistics reveal that about 78% of the measurement 
points within the red rectangle were affected by tunnel 
excavation starting from 2006. By 2008, a cumulative 
displacement of up to 40 mm was measured in the area.  

 
 

 
Figure 5. a) Average annual deformation over North 
Vancouver between 2001-08. b) Average annual ground 
deformation prior to the start of tunnel boring and c) 
Average annual deformation during tunnel excavation. 
 
 

 
 
 
 
Figure 6. Time series of the measurement points identified 
in Figure 5. A0 Time series of point A1BM3; b) time series 
of point A08EU and; c) time series of point A08OM. 



 
 
 
 
5 CONCLUSIONS 
 
A radar data set covering the Greater Vancouver area and 
spanning the period 2001-2008 was processed with an 
advanced InSAR algorithm to measure ground 
deformation associated with two tunnels excavated in the 
area in that period. Analysis of the data over the Canada 
Line alignment highlighted deformation associated with 
the excavation of the cut-and-cover portion of the Line 
along the Cambie Street corridor. Measurement points on 
opposite sides of the excavation showed distinctive 
signatures that highlighted the likely presence of 
horizontal movement of buildings towards the excavation. 
In the case of the Seymour-Capilano twin tunnels, the 
results indicate that ground deformation progresses from 
the southeast towards the northwest, which agrees with 
the direction of tunnelling, and highlights an interesting 
trend in which deformation rates increase significantly as 
the tunneling operations progress towards the Capilano 
Reservoir. The reason for this increase in deformation 
rates is not currently understood. 
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