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ABSTRACT: This paper presents a case study with the overarching goal to identify and validate cost-effective, scalable methods 

to determine threats to bridge structural stability in the uncertain environment of climate change. A space-borne remote sensing 

method has been applied, validated and demonstrated in a case study on the new Samuel de Champlain Bridge in Montreal, 

Canada. High-resolution C-band radar satellite imagery was acquired and analyzed using the PS-InSAR technique to derive bridge 

displacements and compare them against predictions. Selected results from radar satellite imagery are presented, analyzed, 

interpreted in their environmental context, and compared against analytical predictions for validation purposes. Thermal 

deformation measurements compared well with their predictions based on known bridge geometry and ambient temperature data. 

Movement velocity measurements gave no evidence of settlement during the 2-year monitoring period at selected pier locations. 

It is found that satellite monitoring is now ready for bridges and warrants similar validation on other transportation infrastructure. 
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1 INTRODUCTION 

A multi-year partnership led by the National Research Council of 

Canada (NRC) was formed with Transport Canada and 

Infrastructure Canada to improve and validate a satellite-based 

bridge motion monitoring method on several highway bridges by 

comparing its results to analytical predictions and field 

measurements. The measurement of ground movement from 

satellites requires processing several radar images taken at 

different times using advanced techniques, such as the 

interferometric synthetic aperture radar (InSAR) technique [4]. 

Space-borne InSAR monitoring of civil infrastructure is still a 

relatively new application but is rapidly picking up interest with 

case studies on bridges, dams, railways, and roadways, as 

documented in [6].  

Bridge design, construction materials, and their immediate 

environments vary widely, thus making every bridge a unique 

structure with specific structural behaviour to monitor. It is 

important that satellite-based InSAR monitoring be made 

applicable to most bridge types for wide application and impact, 

especially for critical structures of national significance. In this 

partnership, this technology has been validated on a concrete-slab-

on-steel-girder bridge (North Channel Bridge in Cornwall, ON) 

[3], steel truss bridges (Jacques-Cartier and Victoria Bridges in 

Montreal, QC) [2], and on a long-span cantilever bridge 

(Confederation Bridge between NB and PEI) [1]. In this paper, the 

new cable-stayed Samuel de Champlain Bridge was selected for 

further validation of InSAR-based motion monitoring of bridges.  

2 BRIDGE SITE 

The new Samuel de Champlain Bridge (Figure 1) crosses the St. 

Lawrence River linking the Island of Montreal to the South Shore 

suburbs. It carries eight lanes of road traffic, with one lane in each 

direction dedicated to buses and a lane for cyclists and pedestrians. 

It is made of three superstructures: the west approach, the cable-

stayed bridge, and the east approach. It is the world's widest cable-

stayed bridge with two planes of stay cables. The structure has a 

total length of 3.3 km and a 125-year design life. It was opened to 

traffic in July 2019 to replace the old Champlain Bridge.  

 

Figure 1. New Samuel de Champlain Bridge in Montreal, QC. 

Figure 2 illustrates the plan and elevation views of the bridge, 

composed of the west approach (from West Abutment to Pier 

W02), the cable-stayed main span (from Pier W02 to Pier E02), 

and the east approach going over the seaway navigation 

channel (from Pier E02 to the East Abutment), adding to a total 

bridge length of 3335 meters. The figure also indicates the 

locations of the expansion joints (E.J.).  

 

 
Figure 2. Plan view (top) and elevation view (bottom) 

of Samuel de Champlain Bridge [9]  

(Credit: Infrastructure Canada and TY Lin International). 
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3 ACQUIRED SATELLITE IMAGERY 

The RADARSAT-2 SLA12 descending stack was selected to 

perform the InSAR analysis, which provided reduced undesired 

radar effects and high sensitivity to deformations in the 

longitudinal direction of the bridge, which is desired. The same 

stack was previously used to conduct InSAR analyses over the 

nearby Jacques-Cartier and Victoria Bridges. The results were 

found to be satisfactory for this viewing geometry.  

This particular stack of images consists of 30 scenes acquired 

typically every 24 days from June 21, 2019, to July 4, 2021, 

with a typical footprint of 21.5 km in the range direction and 

9.5 km in the azimuth direction. Figure 3 provides a close-up 

view of the area of interest (AOI) for this study, which is 

included in a rectangular area of 7.4 km by 2.6 km. This AOI 

was processed to obtain InSAR displacement results [8]. The 

SLA12-D stack characteristics include an incidence angle of 

39° (from the vertical), a ground-range resolution of 2.5 m, and 

an azimuth resolution of 0.8 m (i.e. along the satellite track 

direction from north to south).  

 

 
Figure 3. Area of interest for InSAR analysis of  

Champlain Bridge and its surroundings [8]. 

 

Ambient temperature measurements at times of satellite passes 

were obtained from Environment and Climate Change Canada, 

which consisted of hourly temperature estimates from the 

Montreal/St-Hubert weather station (ECCC 2021). 

Temperature measurements were extracted at 6:00 AM local 

time (SAR images acquired at 11:00 UTC). These ambient 

temperature values were used to estimate thermal sensitivity 

coefficients for each InSAR target in this study's AOI.  

4 SAR ANALYSIS METHODOLOGY 

This section briefly outlines the SAR analysis methodology 

performed for the Samuel de Champlain Bridge validation 

study in Montreal, QC. 

Radar backscatter returns from bridges can be complicated due 

to the combination of layover effects (e.g., two or more 

spatially-separated scatterers occurring at the same radar 

range), shadowing (e.g., incident radar signals blocked by other 

parts of the structure), multi-bounce (e.g., specular reflection) 

off the water surface and/or the bridge structure itself, as well 

as construction activity and seasonal effects (e.g., snow/ice 

accumulation in winter), which can reduce the density of valid 

measurement points for the InSAR analysis. A backscatter 

analysis, combined with a review of the bridge construction 

drawings, is typically done to identify the bridge components 

from which the various radar signals originate.  

InSAR is a remote sensing technique in which the amplitude 

and phase of two complex radar images acquired at two 

different times are combined to measure deformation over large 

geographic areas at pixel resolutions down to the meter scale. 

Multiple processing techniques exist to exploit mature SAR 

image stacks to detect surface changes at a millimetre scale [7].  

For this case study, the Persistent Scatterer InSAR (PSI or 

PS-InSAR) technique was used to analyze target phase quality 

using a spatially differential method, i.e., comparing the phase 

history of each target to that of its neighbours in order to 

identify the subset of spatial targets with high-quality phase. 

PSI is expected to produce its best results over highly-coherent 

urban areas with a high density of manmade structures and little 

to no vegetation. These areas must retain high coherence values 

throughout the entire observation period. With a sufficient 

amount of persistent scatterers (PS), a dense geodetic network 

is formed, allowing deformation observations at small scales 

and with fine accuracy (mm-level). PSI has two main steps: (i) 

Identify coherent targets (i.e. those with sufficient phase 

quality); and (ii) Estimate the deformation time history for each 

coherent target, with more details in [4].  

5 SELECTED INSAR RESULTS 

Radar targets were geo-localized using both the WGS84 

reference system and a local bridge-centric system. After a 

series of target filtering, artifact removal, atmospheric error 

correction, and model optimization, refined sets of InSAR-

derived data were obtained over the area of interest. Figure 4 

illustrates the line-of-sight (LOS) linear velocity (or linear rate) 

averaged over the period of June 2019 to July 2021, covering 

the Samuel de Champlain Bridge and its surroundings.  

Estimated velocity data do not reveal any significant 

deformation of concern over the bridge in general. Some small 

variations along the bridge railings/barriers seem to be 

associated with un-modelled thermal variations.  

 

 
Figure 4. LOS linear velocity for SLA12 descending stack 

from June 2019 to July 2021 over Champlain Bridge [8]. 

 

Figure 5 presents displacement time series for two specific 

locations on the bridge (Points A and B indicated in Figure 4), 

with and without thermal correction for the SLA12-D stack 

covering the bridge. The rendered measurements correspond to 

unfiltered displacement estimates (relative to the time of first 

acquisition), while the continuous curves correspond to 

temporally low-pass filtered estimates. These results show a 

clear reduction of the thermal effects after removing the 

modelled thermal component, confirming adequate modelling 

of thermal displacement sensitivity. Small inconsistencies may 

arise due to time differences between image acquisition and 

measurement of ambient temperature, and/or temperature 

differences between the bridge site and the location of the 

weather station. For example, with the non-thermal 

displacement measurements being close to zero at any given 

time, it may be safe to say there is no evidence of significant 

settlement at these two specific locations (Points A and B).  
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Figure 5. LOS displacement data (m) over Pt A (top) and Pt B 

(bottom), with each panel showing the total displacement (in 

blue) and the non-thermal displacement (in red) [8]. 

 

Figure 6 illustrates the time-averaged thermal displacement 

sensitivity along the bridge from the west end to the east end. 

Data for the exterior barriers and railings were extracted and 

compared, displaying similar LOS measurements of thermal 

displacement sensitivity with variations of approximately -2 to 

+2 mm/°C. A repetitive pattern is observed to coincide with 

longitudinal thermal expansion of the deck. Noisy 

measurements are observed between the 2500 m and 3000 m 

marks. This bridge section is the main span with the high 

towers and stay cables. It is possible that thermal sensitivity 

measurements over there represent targets from multiple bridge 

elements. One way to discriminate targets and ensure they are 

coming from the bridge towers would be to install artificial 

corner reflectors at the base and/or the top of towers [1].  

 

 
Figure 6. LOS Thermal displacement sensitivity data along 

the bridge over exterior barrier/railing (modified from [8]). 

6 PREDICTION OF SAR DISPLACEMENT 

Radar satellites take readings along the sensor's line-of-sight 

(LOS) as the true vector of displacement is projected onto the 

LOS. In LOS analysis, by convention, negative values (red) 

indicate movement away from the satellite, while positive 

values (blue) indicate movement towards the satellite (Fig. 7).  

 

 
Figure 7. Projection of real movement onto the Line of 

Sight (LOS) for descending passes (Credit: TRE Altamira).  

 General Displacement  

The total displacement pattern that can be derived with the PSI 

technique is modelled by Equation 1 [5]: 

d(t) = v × t + k × T(t) + n(t) (1) 

where d is the measured displacement in mm, t is the 

acquisition time in year, v is the deformation mean velocity in 

mm/year, k is a thermal coefficient in mm/°C, T is the ambient 

temperature in °C, and n is a function representing non-linear 

motion in mm. For comparison purposes, converting 

predictions of vertical and horizontal components into the line 

of sight is straightforward, as shown below in Equation 2 [2], 

assuming that a positive LOS displacement is interpreted as 

moving towards the satellite. Equations 3 and 4 are derived 

from Equation 2 only if DV or DL can be assumed to be small 

compared to the overall movement.  

 
DLOS = DV cos α – DL sin α sin β (2) 

 DL = – DLOS / (sin α sin β)     (if DV ⁓ 0) (3) 

 DV = DLOS / (cos α)     (if DL ⁓ 0) (4) 

where DLOS is the line-of-sight displacement, DV is the 

predicted vertical component, DL is the predicted longitudinal 

component, α is the incidence angle of the satellite line-of-sight 

(e.g., 39° from the vertical for the SLA12-D stack), and β is the 

angle measured clockwise from the satellite track heading to 

the bridge longitudinal axis (e.g., 267° for Champlain Bridge).  

 Thermal Displacement  

Thermal displacement sensitivity is a type of measurement 

from InSAR analysis that is of interest for monitoring bridges 

since they respond well to changes in ambient temperature. 

Thermal behaviour can easily be calculated from basic details, 

including the geometric bridge configuration (e.g., span 

lengths, expansion joint locations, connection details allowing 

or restricting thermal movement) and ambient temperature data 

that can be easily acquired from in-situ sensors or local weather 

stations. By comparing satellite measurements of thermal 

movement to actual predictions, one can confirm that the bridge 

is moving according to design, while observed deviations from 

expected behaviour could flag a problem (e.g., restrained 

thermal expansion due to damaged expansion joint or the effect 

of unexpected non-thermal movement, etc.).  

LOS 
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In simple cases, the axial thermal movement of a 1D element 

in the longitudinal direction is calculated as:  

 DL = L × CTE × ΔT (5) 

where L is the length of the bridge element under thermal 

movement, CTE is the coefficient of thermal expansion of the 

bridge element's main material, and ΔT is the change in 

ambient temperature from the first image acquisition. Detailed 

calculation procedures for complex bridges are given in [2].  

7 COMPARISON BETWEEN SAR SATELLITE 

MEASUREMENTS AND PREDICTIONS 

Equations 3 and 5 were used to validate the satellite-measured 

thermal displacement data presented earlier in Figure 6. With one 

stack of InSAR images (in our case SLA12-D), we need to assume 

that the significant component of movement is longitudinal for this 

long span, east/west oriented bridge.  

Since the radar signals were mostly coming from the steel 

railings on each side of the bridge deck, one additional assumption 

needs to be made: the movement of the railings is similar to that of 

the bridge deck, given their strong connection. A coefficient of 

thermal expansion of 0.000012 was selected to match that of the 

steel railings. In Equation 2, DV was assumed to be small compared 

to DL, and the latter was calculated with Eq. 3, assuming (i) 

continuous sections of bridge spans between expansion joints (Fig. 

2) and (ii) eastward thermal expansion.  

Figure 8 presents the comparison of the satellite-measured 

thermal displacement sensitivity (expressed in mm/K) and their 

predictions in the longitudinal direction, where the vertical red 

lines indicate the position of piers. In general, the main thermal 

movement along the bridge length is well captured by the satellite 

data in terms of progression along each continuous section and 

maximum (negative and positive) displacements at the free section 

end. However, a set of displacement values ranging from ± 0.5 

mm/K seems to be coming from a secondary structure, which does 

not appear to be in sync with the thermal movement of the seven 

continuous span sections. This cannot be confirmed now, and an 

investigation is underway to get clarifications. Moreover, there are 

some outlying InSAR measurement points between the 2000 and 

2500 m marks and between 1.0 and 1.5 mm/K levels that cannot 

be readily explained. It is hypothesized that they could be due to 

layover effects from the high towers at the centre of the main span.  

 
Figure 8. Comparison between InSAR measurements and 

analytical predictions of thermal displacements in longitudinal 

direction along the bridge (from west to east abutments). 

8 CONCLUDING REMARKS 

An overarching goal of the National Research Council 

Canada's research efforts is to identify and validate cost-

effective, scalable methods to determine threats to bridge 

structural stability in the uncertain environment of climate 

change. Space-borne remote sensing has been applied and 

demonstrated in a case study on the new Samuel de Champlain 

Bridge in Montreal, Canada.  

High-resolution C-band radar satellite imagery was acquired 

and analyzed using the InSAR technique to derive bridge 

displacements and compare them against predictions. Thermal 

deformation measurements (re-calculated in the bridge 

longitudinal direction) compared well with their predictions 

based on known bridge geometry (span lengths and expansion 

joint locations) and ambient temperature data. Movement 

velocity measurements gave no evidence of settlement during 

the 2-year monitoring period at selected pier locations. Taking 

these measurements as a baseline, future updates of these 

measurements will enable the bridge authority to identify early 

signs of unexpected movement at the bridge.  

Finally, it is found that satellite sensing is ready for bridges 

and warrants similar validation on other transportation 

infrastructure, such as airports, sea ports, and railways.  
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