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Abstract: A new space-borne bridge monitoring approach has been validated on the North Channel Bridge in Cornwall (Ontario). The main objectives of the demonstration were to deploy a remote bridge displacement monitoring technology based on interferometric synthetic aperture radar (InSAR) analysis of specific satellite imagery, and to validate it against numerical predictions of thermal displacement based on measured ambient temperature at the bridge. The major findings include: (i) Regression analysis of InSAR data from the satellite imagery produced the best coherence when fitted against three independent variables that are height, temperature, and time; and (ii) InSAR displacement thermal sensitivity data were found to compare very well to their numerical predictions. Results support the potential for applying satellite-based technology for the remote monitoring of highway bridges in order to optimize preventive maintenance, extend structural lifespan, minimize traffic disruptions due to late repairs, and ensure structural integrity after extreme weather events in the context of climate change. 

1 INTRODUCTION

Climate change is one of the biggest challenges facing the Earth, with global changes in temperature, precipitation and wind patterns, and increased frequency and severity of extreme weather events, such as heat waves, storms, and floods. These changes threaten the integrity and the sustainability of transportation infrastructures, for which they were not designed originally. In recent extreme weather events, bridges have been severely damaged by flooding events, for example (IISD 2013): the southern Alberta floods in 2005 with an estimated total cost of over $400 million, or the Saguenay flood in 1996 with a total estimated cost of $1.7 billion. As an alternative to the replacement of existing infrastructure, the Transportation Research Board (TRB 2008) has recommended developing and implementing structural health monitoring (SHM) technologies for major transportation facilities to provide advance warnings of pending failures due to severe weather events and climate extremes. Furthermore, SHM can provide useful data on the performance and reliability of untested climate change adaptation measures. Data-driven decision-support tools are also required to assist transportation engineers in planning for maintenance and rehabilitation, or for taking urgent decisions such as closure, emergency repair, or replacement, as bridge owners in North America have been struggling for decades with how to cost-effectively rehabilitate their large portfolios of bridges (U.S. D.O.T. et al. 2007). Earlier work (Marinkovic 2007) has shown that radar satellites can provide ground motion measurements with millimetre-level accuracy, and are capable of monitoring large structures by measuring movements on hundreds (if not thousands) of point targets (PTs) on a single structure, while many of these structures can be monitored and analysed in a single scene when acquired over major urban centres (Cusson et al. 2012 2017). 
1.1 Previous work on space-borne InSAR sensing
RADARSAT-2 satellite has several advanced sensor beam modes that are suitable for displacement monitoring of specific targets on bridges. InSAR-based monitoring is a mature technology that is capable of measuring displacement on the ground during day or night and through clouds. Its temporal resolution, however, is limited by the repeat pass period, which is 24 days for RADARSAT-2, which would be limited to measuring long-term movement. On the other hand, RADARSAT-2’s Spotlight beam mode, for example, has very high spatial nominal resolution (1.6 m x 0.8 m) and relatively large nominal coverage (18 km x 8 km). 

The creation of interferograms from pairs of finely co-registered synthetic aperture radar (SAR) images acquired using nearly identical viewing geometry spawned a host of applications that can characterize the earth’s surface and its atmosphere. SAR is fundamentally a ranging measurement that generates radar images by bouncing microwaves from the Earth’s surface. Each pixel in an interferogram comprises a phase difference (0° to 360°) between two distinct SAR snapshots of a given resolution cell. The interferogram phase is cumulatively sensitive to all geometric and physical variables that affect the return path length of the microwaves from the satellite sensor to the earth’s surface. Hence, the phase is proportional to surface topography, ground displacement along the satellite line-of-sight, atmospheric pressure and water vapour, and soil moisture. 

Interferometric SAR (InSAR) to measure ground motion was first demonstrated in 1989 (Gabriel et al. 1989), and since then, InSAR has been applied to generate elevation maps and measure motion from landslides (Fruneau et al. 1996), earthquakes (Massonnet et al. 1993), volcanoes (Briole et al. 1997), glaciers (Goldstein et al. 1993), metal mining (Rabus et al. 2009), oil/gas fields (Fielding et al. 1998), groundwater extraction (McCardle et al. 2009), and urban infrastructure (Cusson et al. 2012 2017). 
In the U.S., the University of Virginia has demonstrated the practical use and benefits of InSAR remote sensing for performance monitoring of transportation infrastructure at the network level, including subsidence detection, bridge motion, and pavement smoothness and motion (Acton 2013 2016). This work, which was recognised and supported by the U.S. Department of Transportation, included the development of computer tools to address the above issues and a decision support system for transportation engineers and decision makers. Despite the growing effort in applying InSAR remote sensing to the monitoring of transportation infrastructure, little has been done to compare and validate the displacement results obtained from InSAR remote sensing to known ground-based displacement measurement methods for highway bridges. 
1.2 Project Objectives and Scope of Work

The main objectives of the work described in this paper were (i) to deploy a satellite-based displacement monitoring technology on a highway bridge, and (ii) to validate the approach against numerical predictions of thermal deformations from a bridge finite-element model (FEM) previously calibrated with sensor measurements on the monitored bridge. To achieve the above objectives, the work described herein was conducted in four steps, including: 

· InSAR displacement analysis of RADARSAT-2 satellite imagery

· Sensor-based bridge monitoring of displacement and temperature
· Numerical modelling of thermal displacement of monitored bridge
· Validation of InSAR results by comparing them to numerical predictions
2 Acquisition Plan and InSAR Analysis of Satellite Imagery

Figure 1 presents the new 335-m long, 4-span, North Channel Bridge (being the subject of this study), which is crossing the north channel of St-Lawrence river between the City of Cornwall (North) and Cornwall Island (South), located in Ontario, Canada. The new bridge was completed and opened to traffic in January 2014. On the east side of the bridge, one can observe the remaining concrete piers of the old North Channel Bridge, for which the demolition of its superstructure was completed by November 2015. 

[image: image3.emf]
Figure 1:  View of new low-level North Channel Bridge in Cornwall, ON
Among the different available beam modes on the RADARSAT-2 satellite, the Spotlight mode is best-suited for bridge monitoring applications, which provides the highest accuracy. Anticipating possible image viewing geometry issues, four stacks of images have been requested from the Canadian Space Agency, each with a repeat cycle of 24 days, from ascending and descending satellite passes, each with incidence angles of 26° and 47°. In a preliminary analysis, challenges related to the satellite viewing geometry were assessed to optimize the number and stability of point targets for bridge movement detection. These challenges included shadow and layover effects, target stability over time, multi-bounce effects from the river, height fit affected by the quality of the available terrain digital elevation model, and the number of undisturbed scenes acquired (16 interferograms between Dec. 21, 2014 and Dec. 16, 2015). 

SAR data from the most suitable stack of images, identified as SLA74-a, were then fully processed and analysed using a multi-model linear regression analysis to extract different sets of data for several thousands of valid point targets registered on the bridge deck. The key extracted parameters included: 

· Height (m) – fitted against perpendicular baseline (stereo sensitivity) data (Ferretti et al. 2007);  

· Displacement thermal sensitivity (cm/°C) – fitted against measured ambient temperature data;

· Displacement time rate (cm/year) – fitted against time from the first image acquisition; 

· Coherence (ranging from 0 to 1) – confirming the quality of fit and the reliability of processed data. 
Figure 2 (left) presents the resulting displacement time rate data superposed onto a Google Earth optical image. With all points being either yellow or green (close to zero), one can conclude that very small movements have occurred over the one-year monitoring period. Similarly, Figure 2 (right) illustrates the coherence of the measured displacement data, confirming the high quality and reliability of the processed data, with most points being well above 0.8. Figure 3 presents a 3D plot of the InSAR displacement thermal sensitivity data, where it can be seen that the two steel railings returned a large amount of clear signals to the satellite. The sharp angles of the steel railings appear to be excellent natural corner reflectors for this type of analysis. Another advantage of bridge railings for InSAR sensing is that snow and ice do not accumulate easily on them due to their direct exposure to wind and sun, and will help increase the density of valid point targets on the deck. For decks with smooth surfaces (e.g. concrete barriers with no sharp edges), much fewer high-coherence point targets would be expected. In this case, a different type of InSAR analysis technique may be used, e.g. the coherent distributed scatterer approach (Eppler and Rabus 2011), which can better deal with smooth surfaces compared to the persistent-scatterer InSAR approach used here. Alternatively, artificial corner reflectors may be added to the bridge to improve the strength and quality of signals at appropriately-selected locations (Marinkovic et al. 2007). 
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Figure 2:  InSAR displacement time rate data (left) and corresponding coherence data (right)
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Figure 3: 3D plot (m) of InSAR displacement thermal sensitivity data (cm/°C)
3 Bridge Numerical Modelling

Ambient temperature plays a crucial role in this study, since our adopted approach is to fit time-synchronized satellite displacement data with ambient temperature data to extract and separate the thermal movement from the mechanical movement of the bridge that could be due to long-term movements (e.g. settlement, problematic joints or bearing, etc.). To validate the satellite-based monitoring technology on the North Channel Bridge, the satellite measurements need to be compared to measurements from other known ground-based technologies, including (i) temperature and displacement sensors installed on the bridge, and (ii) a finite-element numerical model of the bridge, calibrated on in-situ sensor measurements (Cusson et al. 2017). For validation purposes, a refined 3D model is not required and a 1D beam model would do just fine, as long as it can adequately reproduce the bridge vertical and longitudinal thermal deformations and the restraints from the piers and abutments. For satellite monitoring purposes; however, numerical validation is not required except when dealing with some complex cases. 
CSiBridge 2017 finite element software package (CSI 2017) was used to build a detailed 3D numerical model of the North Channel Bridge (steel-reinforced concrete deck on twin steel box girders). The construction drawings and specifications were used to obtain detailed information on bridge geometry, boundary conditions, and structural material properties. For a bridge under service loads, a structural linear static analysis and isotropic linear material models were deemed to be more than adequate for the determination of bridge displacements as a function of service loads and ambient temperature. 

Figure 4 illustrates the bridge model of the superstructure and the three sets of in-river piers, which were modelled from their connection to the superstructure (fixed in translation) down to their connection to the river bed rock (assumed to be fixed in both translation and rotation). The load-bearing portion of the abutment walls was modelled assuming uniaxial bearing connection, i.e. free movement in the longitudinal direction, and blocked in the transverse and vertical directions, as specified in the construction drawings. 
Figure 5 presents a contour plot of the thermal deformations of the bridge computed for a temperature increase of 30°C. The assumed thermal expansion coefficients for the materials were 0.000009/°C for concrete and 0.000012/°C for steel, and the assumed elastic moduli were 25,000 MPa for the reinforced concrete of the piers, 30,000 MPa for the reinforced concrete of the deck, and 200,000 MPa for the structural steel of the box girders. These values were estimated from the bridge material specifications. 
One can observe the elongation of the bridge deck away from the middle pier, producing an outward bending of the two other piers, and the related bending of the concrete deck. Such thermal simulations were repeated for different temperatures and the results analysed to calculate the displacement thermal sensitivity at different locations along the longitudinal axis of the bridge, which is the specific set of data that will be used in the next section for the validation of the proposed InSAR measurement approach. 
[image: image6.emf]
Figure 4:  Overall view of complete 3D finite element model (FEM) of bridge 
(SA & NA = south and north abutments; P1 to P3 = Piers 1 to 3) 
[image: image7.emf]
Figure 5:  FEM predicted contour plot of thermal displacement for a 30°C increase in temperature 
(numeric scale indicates values of vertical displacement in mm)
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Figure 6: FEM vertical (ΔV) & longitudinal (ΔH) components of displacement thermal sensitivity along the bridge
In preparation for the comparison between the FEM and InSAR data, the displacement thermal sensitivity was calculated from data similar to those presented in Figure 5 for the vertical (Fig. 6, left) and the longitudinal (Fig. 6, right) directions. It can be observed that the calculated displacement thermal sensitivity in the vertical direction fluctuates up and down between the supports with a minimum of -0.1 mm/°C and a maximum of 0.4 mm/°C, while the displacement thermal sensitivity in the longitudinal direction varies linearly along the bridge from -1.5 mm/°C to 2 mm/°C. These two curves and their linear combination will become useful for the comparison between the FEM and InSAR data in the next section. 
4 Validation CASE STUDY of Satellite-Based Monitoring Technology

Movement obtained from InSAR analysis of satellite data represents the line-of-sight (LoS) movement, which is the change in the distance between the satellite and the point target being monitored on the ground (herein on a bridge). Since the satellite incidence angle is 26.5° for the sla74-a stack, the detected movement includes horizontal and vertical components of unknown proportion to each other. For example, a positive LoS displacement for a given point on the bridge may be the result of a downward vertical displacement, a horizontal displacement away from the satellite, or a combination of both. As illustrated in Figure 7, a given vertical downward movement may be interpreted differently depending on the size of the associated horizontal movement. Given the above, to allow comparison between the satellite data and the numerical prediction data, the V and H data from FEM had to be converted into LoS displacement using Equation 1. 
[1]   ΔLoS = – ΔV (cos α cos γ – sin α sin β sin γ) – ΔH (sin α sin β cos γ – cos α sin γ)
where ΔLoS is the line-of-sight displacement; ΔV is the vertical displacement; ΔH is the horizontal (longitudinal) displacement; α is the incidence angle of the satellite line-of-sight direction (26.5° for SLA74-a); β is the angle between the azimuth of the satellite track on Earth and the azimuth of the bridge (26° between the SLA74-a satellite track and North Channel Bridge); and γ is the inclination angle of the bridge deck from North to South (1.2° for North Channel Bridge). Note that the reverse conversion (i.e. from ΔLoS to ΔV & ΔH) is not possible since the vertical and horizontal components of displacement can only be found by FE analysis. Equation 1 is only required for validation purposes, not for monitoring purposes. 
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Figure 7: Two examples illustrating interpretation challenges of InSAR line-of-sight measurements
For the ambient temperatures measured during given satellite passes, the vertical (ΔV) and the horizontal (ΔH) components of thermal displacement were first obtained from the FEM analysis and then converted into values of line-of-sight thermal displacement (ΔLoS) using Eq. 1 above. These data are presented in Figure 8 for nine different positions chosen along the longitudinal axis of the bridge deck, which correspond to the vertical supports and the mid-span locations. Two key observations can be made: (i) A linear correlation exists between FEM LoS displacement and measured ambient temperature at any given locations on the bridge; and (ii) The slope of each curve determined by linear regression analysis is a parameter that can be directly compared to the InSAR LoS thermal sensitivity expressed in mm/°C. 

The slopes of the linear regressions (i.e. the displacement thermal sensitivity values) presented in Fig. 8 were then expressed as a function of the distance from the north end to the south end of the bridge in Figure 9. The figure also presents the same type of data from the InSAR analysis (calculated as the running average from Fig. 3), where a very good correlation can be observed between the FEM predictions and the InSAR data from the satellite. It can be seen that the shape of the curve is a linear combination of the vertical and horizontal components of the thermal sensitivity illustrated in Fig. 6, taking into account the negative signs in Equation 1 due to the different coordinate systems used (e.g. positive vertical displacement = negative LoS displacement for =0°). 
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Figure 8:  FEM line-of-sight displacement as a function of measured ambient temperature
 for nine locations along the bridge deck (for period covering 16 satellite passes in 2015)
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Figure 9: Comparison of FEM & InSAR line-of-sight displacement thermal sensitivity data (SLA74-a)
5 DISCUSSION – Foreseen Benefits of InSAR Remote Monitoring
InSAR is a method that has the capability to provide timely remote sensing data in the early response stages following a natural disaster (NCHRP 2017) since it is one of the only remote sensing tools that is independent of weather conditions and sun illumination. As shown above, InSAR technology is capable of monitoring hundreds (if not thousands) of valid point targets on a given highway bridge for the detection and measurement of long-term movement that could eventually be due to thermal effects, defective bearings, ground settlement, etc. The monitoring of shorter-term movement will soon be available with the planned 2018 launch of the RADARSAT Constellation Mission (RCM) composed of three radar satellites which will allow a repeat pass period of 4 days (as opposed to 24 days for RADARSAT-2). 
Satellite-based SHM at the network level can therefore cost-effectively screen many bridges at once for stability issues and flag them for in-situ inspection (Acton 2013 2016). A cost-benefit analysis conducted by University of Virginia (Acton 2013 2016) clearly demonstrated that the annual worth savings to the transportation agency can easily exceed the annual worth costs of implementing and using InSAR remote sensing for infrastructure performance monitoring in most situations, depending on several key factors (coverage area, satellite image resolution, acquisition rate and cost, incident detection rate, etc.). 
The expected outcomes of satellite-based InSAR monitoring are:

· Determination of long-term bridge deformation profiles and foundation mapping at different times, resulting from temperature changes, soil settlement, change in support conditions, etc.;

· Provision of monthly sets of data to complement biannual visual inspection results;

· Rapid identification of bridges with abnormal deformations within a network of bridges;
· Post disaster surveys (especially when the new RCM mission with a 4-day revisit will be operational);
· Cost-effective prioritization and optimization of bridge inspection and maintenance.

It is foreseen that satellite-based InSAR monitoring will improve the condition assessment of major transportation infrastructure assets including new and aging transportation infrastructure to permit alert notification on asset condition change due to incidents or deterioration, and for better asset management of maintenance, repair and rehabilitation. Such interventions will extend the life-span of important transportation infrastructure without any compromise to operational safety for the movement of goods and passengers. 

6 Conclusions 

As described above, our proposed monitoring approach uses InSAR satellite data and a multi-model regression analysis to fit acquired data against height, ambient temperature, and time to properly position point targets on the bridge, identify valid data points, and extract the thermal and mechanical components of movement that can be used to measure long-term movements on the bridge. The key findings of this study are as follows: 

· The bridge railings appeared to be excellent natural corner reflectors with their sharp edges and regular spacing along the bridge, returning several thousands of clear signals to the satellite; 

· The InSAR displacement thermal sensitivity data was found to compare very well to corresponding FEM predictions when computed for different locations along the longitudinal axis of the bridge. 
· Results show promise and value in applying satellite-based technology for the remote monitoring of highway bridges to optimize preventive maintenance management, extend structural lifespan, minimize traffic disruptions due to late repairs, and ensure structural integrity after extreme events such as major earthquakes and flooding. 
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