
International best practices on sensors for bridge and viaduct 

monitoring 

 

 

- United States 

The research carried out and implemented by the American universities Michigan State University (MSU) 

and Washington University in St. Louis, is aimed at testing sensors capable of self-powering and operating 

without batteries, placed on the Mackinac Bridge in Michigan. The Mackinac Bridge is an 8 km (4.995 

mi) long suspension bridge that connects the Upper and Lower Peninsulas of the State of Michigan, 

along the Straits of Mackinac. The age of the bridge (more than 60 years old) and the continuous stresses 

due to the action of the wind are important aspects that require major investments in maintenance. The 

bridge has been equipped with infrastructure monitoring systems powered by traffic vibrations that can 

detect bridge failures before they occur. The first 20 smart sensors were installed in 2016 as part of a 

project sponsored by the Federal Highway Administration and overseen by the University of Southern 

California. Following the results of this initial test, a second phase of installation of 2000 micro smart 

sensors was undertaken.  

The sensor project will make the Mackinac Bridge (the 5th longest suspension bridge in the world) the 

first fully instrumented bridge in the country using advanced self-powered monitoring technologies. 

Prof. Nizar Lajnef, associate professor of Civil and Environmental Engineering at MSU, said that 

"effective large-scale deployment of inexpensive measurement technologies can dramatically transform 

the economics of bridge maintenance and management as well as improve bridge functionality and 

safety." 

In early 2016, Lajnef and Shantanu Chakrabartty, professors at Washington University in St. Louis, began 

developing prototype sensors placed under the Mackinac Bridge. As a result of the testing that occurred 

on the prototypes, new and improved versions of the self-powered sensors were developed as part of the 

National Science Foundation's Cyber-Physical Systems Program. As part of the project, other sensors 

were also installed in bridges in the Washington, D.C., and Virginia area. The Washington University 

researchers added that these sensors are connected to the cloud, allowing them to interface to a wireless 

network so that information can be accessed quickly and efficiently in the event of an emergency such as 

an earthquake, flood, or terrorist attack. 

 

- United States 

The study (conducted using images from the Cosmo-SkyMed satellite radar) of researchers at NASA's 

Jet Propulsion Laboratory compared synthetic-aperture radar (SAR) measurements from several satellites 

dating back to 2003 to measure the structural displacement of the Genoa bridge over time. This analysis 

allows researchers to measure millimeter-sized changes on the bridge. In other words, Nasa studied the 

Morandi Bridge by processing satellite information with an innovative methodology capable of capturing 

even the smallest displacements of any structure. Scientists then developed a technique to analyze satellite 

data that can reveal subtle structural changes in bridges and other infrastructure. 



A team of scientists from NASA, the University of Bath in England and the Italian Space Agency used 

synthetic-aperture radar (SAR) measurements from several satellites and landmarks to map the relative 

displacement - or structural alterations of the bridge - from 2003 to the day of the collapse. 

It was possible to detect millimeter-sized changes at the bridge over time that would not be detected by 

standard processing approaches applied to synthetic-aperture radar observations of space. 

It was found that the bridge was showing subtle signs of change as early as 2015, and several parts of the 

bridge showed a more significant increase in structural changes between March 2017 and August 2018. 

The technique is limited to areas that have satellite coverage equipped with coherent synthetic-aperture 

radar. In early 2022, NASA and the Indian Space Research Organisation (ISRO) plan to launch the 

NASA-ISRO Synthetic-Aperture Radar (NISAR), which will greatly expand that coverage. Designed to 

enable scientists to observe and measure global environmental changes and hazards, NISAR will collect 

images that will allow engineers and scientists to investigate the stability of structures such as bridges 

almost anywhere in the world on a weekly basis. Most of the SAR data for this study were acquired from 

the COSMO-SkyMed constellation of the Italian Space Agency and from the Sentinel-1a and -1b satellites 

of the European Space Agency (ESA). The research team also used historical data sets from ESA's 

Envisat satellite. The study was recently published in the journal Remote Sensing. 

 

- United States: the study of the Federal Highway Administration (FHWA) 

Among the nondestructive evaluation (NDE) technologies, magnetic-based methods have evolved into 

promising techniques for identifying corrosion of metallic elements embedded in concrete structures. 

An 18-month laboratory study conducted at the Federal Highway Administration's (FHWA) NDE 

Laboratory developed and evaluated a proof-of-concept prototype based on the return flow method. 

Post-tensioned cables are protected from corrosion by a passive film formed in the cement mortar, which 

also serves as a physical barrier to water, oxygen, and carbon dioxide. However, it has been found that 

post-tensioned cables often contain mortar deficiencies, such as separated mortar and mortar voids that 

may indicate areas of high corrosion risk. In other words, the susceptibility of highly stressed post-

tensioned strands to corrosion in mortared cables increases as the quality of the mortar surrounding the 

strands decreases.  

Post-tensioned bridges in the United States have experienced cable damage or severe corrosion problems 

since 1999. On November 13, 2009, the Indiana Department of Transportation (INDOT) closed the 

bridge on Cline Avenue (SR-912) over the Indiana Harbor Ship Canal after a routine inspection revealed 

significant corrosion of the steel tension cables and rebar within the box girders due to water seeping 

through cracks in the bridge deck. After determining that the level of corrosion had compromised the 

structural integrity of the bridge beyond repair, the INDOT decided to permanently close and eventually 

demolish the entire bridge to build a new one. 

Most recently, in June 2020, detailed inspections of the temporarily closed Roosevelt Bridge in Stuart, 

Florida, revealed severe corrosion and broken steel cables in the southernmost portion of the bridge's 

23-year-old south span. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Development of an NDE technique for internal post-tensioned cables 

While cable corrosion can occur in both external and internal post-tensioned cables, even careful 

monitoring of internal cables embedded in concrete may not reveal corrosion problems until it is too 

late.  

"As in-service post-tensioned bridges containing internal cables age, the need for reliable methods to 

evaluate this type of structure grows. Effective NDE methods can help," says Joseph Hartmann, director 

of FHWA's Office of Bridges and Structures. "In addition, repairing or replacing corroded internal post-

tensioned cables is complicated or, in many cases, nearly impossible compared to a similar work for 

external cables."  

To overcome these problems and difficulties in the field, many agencies have employed NDE 

technologies such as georadar (or GPR, ground penetrating radar), impact-echo, surface ultrasonic waves, 

and ultrasonic tomography to inspect internal post-tensioned cables. However, current techniques may 

be able to detect some types of mortar deficiencies but not corrosion of the metal components of the 

cable itself, and thus detecting metal corrosion is difficult and inconclusive. 

Return flow technology can detect corrosion of steel strands in post-tensioned internal cables. FHWA's 

NDE lab, in collaboration with a contract manufacturing company, developed the concept of the return 

flow system based on the fundamental principle of magnetic main flux: when a ferromagnetic material, 

such as steel strands, is magnetized near a saturation level, the magnitude of magnetic flux entering the 

material is proportional to its cross-sectional area. If corrosion damage reduces the cross-sectional area, 

the magnetic flux decreases accordingly. With this technology, the internal cables embedded in the 

concrete are magnetized using a specially designed yoke magnetizer and the system measures the return 

flow through multiple Hall effect sensors and search coils. 

In June 2020, an inspection of the temporarily closed Roosevelt Bridge in Florida revealed corrosion and broken steel cables.  An exterior 

view of the damaged point is shown here.  
© Julian Leek / Alamy Live News, Alamy.com. 

 



The main magnetic flux is measured after wrapping a magnetizer around an external post-tensioned cable. 

In contrast, the return flux method uses a two-yoke magnetizer that is placed on the concrete surface 

directly above an internal post-tensioned cable.  

After magnetizing the underground cable from one yoke to the opposite yoke, researchers can measure 

the magnetic flux on the return yoke. 

Since concrete is essentially a non-magnetic material with a relative magnetic permeability of unity, it 

exerts negligible influence on magnetic measurements through the space that may be a concrete cover 

(clear concrete cover) in the actual post-tensioned structures plus an air gap between the bottom of the yoke 

and the concrete surface. 

 The research team 

conducted extensive 

numerical simulation to 

maximize the 

effectiveness of the 

system in terms of 

magnetic field strength. 

The final prototype 

consists of a pair of 

solenoid coils in series, 

placed between two 

yokes. The solenoid 

magnetizer was able to 

exert a strong magnetic 

field through the air gaps 

and different depths of 

the concrete cover. 

There is an inherent gap between the pair of yokes and the concrete above the internal cables, which 

affects measurement accuracy by releasing flux through the air. To solve this problem, the researchers 

lengthened the length of the coils to minimize the loss of magnetic flux into the air by increasing the 

resistance in the air between the yokes. The team found that the optimal diameter and length of the 

solenoid coils are 4.7 inches (11.9 centimeters) and 20.6 inches (52.3 centimeters), respectively.  

"Evaluating the condition of embedded prestressed strands and post-tensioned cables in prestressed 

concrete bridges is one of the bridge performance issues identified as a high priority by FHWA's Long-

Term Bridge Performance Program and its investors, primarily state departments of transportation", says Dr. 

Jean Nehme, who heads FHWA's Long-Term Infrastructure Performance Team. "The performance of 

embedded prestressed strands and post-tensioned cables will be evaluated in detail as part of the program. 

Therefore, this technology will be useful in capturing the data needed to evaluate these components." 

The design of the model became critical to the development of the system. The research team considered 

the key characteristics of a typical network of segmented box girders containing internal cables. They 

included a sufficient concrete cover between an internal cable model and the magnetizer, two types of 

conduit material (metal and plastic), and horizontal and vertical reinforcing bars. The team fabricated two 

cable models. Each could accommodate up to 19 seven-wire strands with different simulated transverse 

losses and a real anchor zone consisting of a wedge plate, carrier plate, transition tube, and a spiral 

confinement rebar in a realistic configuration. 

 

The return flow 

magnetizer in the FHWA's 

NDE lab. 

Source: FHWA. 



Search results 

The team evaluated various test parameters, such as return flow and leaked magnetic flux, using 

strategically placed search coils and axial and radial Hall effect sensors. Test results showed that the proof-

of-concept prototype successfully detected 15.3 percent or more section loss, introduced in models of 

internal cables surrounded by vertical rebar at 6 inches (15 centimeters) or wider spacing and concrete 

cover (clear concrete cover) less than 7.4 inches (18.8 centimeters) for metal conduits, and 6.4 inches (16.3 

centimeters) for plastic conduits. 

"These initial results are promising", says Cheryl Richter, director of FHWA's Office of Infrastructure 

Research and Development, "and suggest that the return flow method is viable as the basis for field-

deployable NDE systems to detect section loss in post-tensioned strands." 

 

- Europe (Italy, Denmark, Germany, France and Belgium) 

Drones4Safety is the new European program created to ensure greater safety of the European road 

network. It is a project that will allow to monitor the bridges with drones, which will allow to know every 

part of the road structures. The members who have immediately embraced the program are: Italy, 

Denmark, Germany, France and Belgium. This conclusion came as a result of the growing discomfort 

due to the aging of infrastructure in the territory of the Union, with critical cases in Italy and Germany. 

It will be financed with European funds as part of the Horizon 2020 project, which aims at digitalization 

and innovation. The study program to monitor the bridges with drones includes 9 European actors 

between universities and companies. Among these, 3 are Italian: Deep Blue, EUCENTRE and NEAT. 

The goal of the Horizon 2020 Drones4Safety (D4S) project is to develop a system of autonomous, self-

recharging drones capable of inspecting a large portion of transportation infrastructure. This goal will be 

achieved through: 

- energy harvesting: the proposed solution harvests energy from overhead power lines or railways 

in the vicinity of the infrastructure to be inspected to operate its drones for a longer period of 

time; 

- inspection efficiency: improved AI algorithms to recognize infrastructure components and 

automatically detect asset failures; 

- collaborative drone operating system: which validates a collaborative, centralized drone 

system to inspect different sides of the desired infrastructure; 

- error-proof inspection: to produce a safe operating system that withstands critical 

electromagnetic environments and evades the effects of high voltage/high current signals; 

- autonomous navigation: to provide a system to remotely monitor and control the status and 

location of the drone. 

 

- Europe 

GeoGuard is an innovative end-to-end GNSS service for continuous monitoring of structures and 

ground deformations. GeoGuard Service includes hardware and assets specifically designed to monitor 

displacements and deformations of structures and soil on selected points, customized for different 

application scenarios, by accurate GNSS positioning with near real-time centimeter accuracy, or 

millimeter accuracy for daily/sub-daily solutions. 

GeoGuard is designed to address and respond to social and industrial challenges through: 



Accurate and timely measurements to predict hazards and mitigate or eliminate risks. 

Specifically for: 

- failure 

- uplift due to natural phenomena or oil and gas production/storage 

- landslides 

- river flooding 

- extreme weather events 

 

Accurate and timely measurements of infrastructure movements and deformations. Specifically 

for: 

- transportation (bridges, airports, ports, railways...)  

- water distribution (water tanks, pipelines...) 

- energy (hydroelectric dams, penstocks, high voltage towers, wind farms...) 

- security for military purposes (radar, radio systems...) 

- telecommunication infrastructures (data, cellular and transmission network towers) 

- transport and storage of oil and gas 

- conservation of cultural heritage 

 
The GeoGuard system architecture consists of two main components: 

 

GeoGuard Monitoring Unit (GMU) 

It is based on Global Navigation Satellite System (GNSS) receivers. The detection infrastructure consists 

of one or more GMUs, integrated with additional detection equipment, permanently installed on the 

object to be monitored. 

GeoGuard Cloud 

It is the system that collects and organizes data from GMU, verifies the integrity 

of the data stream, and performs processing of positioning data to obtain and 

analyze deformations. 

A GMU is a remote terminal unit specifically designed to operate in harsh 

environments. It can be powered at any location that supports AC, DC or solar 

power. GeoGuard Cloud can remotely manage the units via two-way 

communication. The GMU unit contains: 

- processing module, which includes microprocessor unit and local storage unit; 

- communication module, which includes communication capabilities with Ethernet, GSM / 3G 

LTE and M2M radio connections; 

- positioning module, which has a GNSS L1 receiver (GPS, GLONASS, GALILEO, BeiDou 

constellations) and a 3-axis MEMS accelerometer; 

http://www.geoguard.eu/wp-content/uploads/2015/09/Geoguard-Architecture_1200.png


- detection module, which features digital and analog I/Os and an industry standard 

communication system to connect and monitor any sensor required by the specific application; 

- power module, which provides alternating current (AC) and direct current (DC) power from a 

variety of sources, including photovoltaic panels. 

GMU can create an autonomous local network connected to the GeoGuard Cloud via a single external 

connection point (GW). 

 

 

 

 

 

 

 

 

The GeoGuard service receives and processes data from the detection infrastructure and provides time 

series on point location, information regarding displacement and deformation. The main functions are 

as follows: 

 detection infrastructure interface, which receives raw GNSS positioning/sensor data and unit 

metadata from the detection infrastructure; 

 remote GMU management, which provides all the information needed to manage the service, 

including administrative and service contract data; 

 data processing, which is designed to make the best use of GNSS receiver measurements and 

is aimed at performing statistical and quality analysis of input observations and output results 

(detection of trends and sudden changes in position and time series of sensors), in order to issue 

timely alerts to the customer. It leverages the goGPS and Bernese GPS Software 5.2 processing 

engines; 

 end-user service interface, which exposes the information provided by the GeoGuard service 

in two different ways: 

 a WEB application that allows users to exploit the GeoGuard service features according 

to end-user practices; 

 a REST API that enables quick and easy integration of GeoGuard services into external 

management information systems. 

 

- Canada 

SHM Canada is a leader in Structural Health Monitoring (SHM) for asset management and critical 

infrastructure risk management.  



Structural Health Monitoring (SHM) is an active asset management strategy that enables continuous, real-

time monitoring of a structure's performance. Sensors are strategically placed on various structural 

elements to record responses such as stress, temperature, and acceleration. This data is continuously 

uploaded to a central server where it can be accessed by technicians and customers. Because this process 

records the exact responses of the most critical elements of a structure, it provides a clear and accurate 

understanding of the behavior of the structure as a whole. 

 

Real-time monitoring 

- data is immediately accessible to engineers and customers; 

- condition changes are reported immediately, allowing for timely analysis or evaluation in the field. 

Continuous monitoring  

- it provides a high degree of reliability in evaluating structure conditions; 

- it records structural responses under a variety of conditions (varying temperature, load demands, 

etc.). 

Targeted monitoring 

- it records the exact structural responses of key components of the structure; 

- it provides a more accurate understanding of the behavior of the structure as a whole than 

traditional methods of analysis and evaluation. 

Overall  

- costly repairs may be postponed or suspended unless warranted by the actual condition of the 

facility; 

- necessary rehabilitation or repair is expedited. 

This precise understanding of the structure's behavior provides a higher level of reliability in assessing 

conditions or highlighting existing problems. As a result, SHM can suggest decisions to suspend or 

postpone unnecessary repairs and/or accelerate repair efforts. The real-time availability of SHM data also 

enables continuous monitoring of a facility. An abrupt discontinuity in the data can signal a change in 

conditions that can then be further analyzed or evaluated in the field. 

 

- Japan 

The Wind and Structural Health Monitoring System is a sophisticated bridge monitoring system used by 

the Hong Kong Highways Department to ensure the comfort of road users and the safety of the Tsing 

Ma, Ting Kau, Kap Shui Mun and Stonecutters bridges. In order to monitor the integrity, durability, and 

reliability of the bridges, the monitoring system has four different levels of operation: sensor systems, 

data acquisition systems, local centralized computer systems, and a global central computer system. The 

sensor system consists of approximately 900 sensors and their associated interfacing units. With more 

than 350 sensors on the Tsing Ma Bridge, 350 on Ting Kau and 200 on Kap Shui Mun, the structural 

behavior of the bridges is measured 24 hours a day, seven days a week. The sensors include 

accelerometers, strain gauges, displacement transducers, level detection stations, anemometers, 

temperature sensors and dynamic moving weight sensors. Asphalt temperature, stresses in structural 

elements, wind speed, deflection and rotation of miles of cables, and any movement of bridge decks and 

towers are measured. These sensors are the early warning system for bridges, providing essential 



information that helps the Department of Highways accurately monitor the overall health condition of 

bridges. 

Information from these hundreds of different sensors is transmitted to the external data acquisition units. 

There are three external data acquisition units on the Tsing Ma bridge, three on Ting Kau, and two on 

Kap Shui Mun. 

The central computing facility for these systems is located in the administrative building used by the 

Tsing Yi Highways Department. The local central computer system provides control of data collection, 

post-processing, transmission, and storage. The global system is used for data acquisition and analysis, 

evaluation of physical conditions and structural functions of bridges, and integration and manipulation 

of data acquisition, analysis, and evaluation processes. 


