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ABSTRACT: The monitoring of civil and geotechnical structures requires a variety of different 

measurement tasks that necessitate different types of sensing systems. Fiber optic sensors can be 

used in a variety of applications and many sensor types exist. When measuring strain and 

deformations, among the most important structural performance indicators, different approaches 

are possible: point, long-gauge and distributed.  

Point sensor provide strain or deformation (e.g. crack opening) at one specific location of a 

structure. Long-gauge sensors measure the deformation or average strain over a measurement 

basis that is comparable to the size of a structural element, such as a beam or a column. 

Distributed deformation sensors (sensing cables) are sensitive at each point of their length to 

strain and temperature changes and open new possibilities in structural monitoring. Such a 

sensor is therefore able to record one-dimensional strain fields and can be installed over the 

entire length of a large structure. These sensors are ideal to detect and localize unwanted events 

such as cracks, settlements, leaks or seepage. 

This contribution discusses the types of applications that benefit more from each type of sensor 

and provides application examples from real-life projects, including bridge SHM, building 

monitoring and sinkhole identification. 

1 INTRODUCTION TO FIBER OPTIC SENSORS 

There exist a great variety of fiber optic sensors (B. GLISIC AND D. INAUDI 2007) for structural 

monitoring in both the academic and the industrial areas. In this overview we will concentrate 

on technologies that have reached an industrial level and have been used in a large number of 

field applications. 

Figure 1 illustrates the four main types of fiber optic sensors:   

 Point sensors have a single measurement point at the end of the fiber optic connection 

cable, similarly to most electrical sensors. Fabry-Perot sensors are typical examples.   

 Multiplexed sensors allow the measurement at multiple points along a single fiber line. 

Fiber Bragg Gratings are the best known example of multiplexed sensors.  

 Long-base sensors integrate the measurement over a long measurement base. They are 

also known as long-gage sensors. SOFO sensors (D. INAUDI, A. ELEMARI, S. VURPILLOT 

1994) are the main representatives of this category.  

 Distributed sensors (D. INAUDI, B. GLISIC 2007) are able to sense at any point along a 

single fiber line, typically every meter over many kilometers of length. They are mostly 

based on Brillouin and Raman scattering technologies.  



  

 

  

 
Figure 1: Fiber Optic Sensor Types 

We will now describe some of the most widely used fiber optic sensing technologies for civil 

structural health monitoring.  

2 SELECTION OF MONITORING TECHNOLOGY 

Each monitoring project presents its peculiarities and although it is possible to standardize most 

elements of a monitoring system, each application is unique in the way they are combined. 

It is however possible to classify the monitoring aim according to the scale of the monitoring 

questions to be addressed: 

Local scale: the performance is analyzed looking at the local properties of the construction 

materials. Local strain distributions or penetration of chemicals in concrete are example of 

measurements at this scale. When this type of monitoring is required, it is typically useful to get 

the measurement at specific locations and to know that location precisely. For this reason, point 

sensors such as Fabry-Perot or multiplexed sensors such as FBGs are ideal transducers for this 

type of applications.  

Member scale: a number of selected critical members are observed for their global behavior. 

For example the load in a column or beam is measured. Even if the member is built with an 

inhomogeneous material such as (cracked) reinforced concrete, we are interested in its 

performance as a whole. It is therefore advantageous to use sensors that can provide averaged 

data that is representative of the performance of the member as a whole. Long-base sensors, 

such as SOFO deformation sensors, are example of that approach. 

Global scale: the structure is observed from the point of view of the overall performance and 

response. For example, global deformations are observed directly or indirectly. Direct 

measurements include 3D displacements measured with GPS or total station, as well as tilt. 

Global deformations can also be derived from local deformations using integration and 

calibration techniques. To achieve a better accuracy with a reduced number of sensors, long 

gauge sensors should be used at the member scale.  

Defect detection and localization: in this case, the structure presents a risk of developing 

undesired local defects, such as cracks, abnormal joint movements or differential settlements. 

These defects need to be detected and localized. This presents a challenge since the location of 

the defects is not known a-priori, so deciding the ideal location of sensors is challenging at best. 



  

 

  

Using distributed sensors is ideal in this case; since they are able to detect and localize a defect 

at any location along their length.    

The above strategies provide answers to very different questions about potential risks associated 

with structural performance. They can obviously be combined when multiple risks at different 

levels are identified. It is however important to match the right strategy to the right problem. 

E.g. it is not easy to localize defects using local strain sensors or verify strain distribution 

around a support using long-gauge sensors.  

3 SELECTED PROJECTS 

This section will introduce a few projects showing an effective use of fiber optic technology for 

the health monitoring of different types of structures, with different aims and during different 

phases of the structure’s lifetime.  

3.1 Point and Long-gauge sensing: I35W Bridge, Minneapolis 

This application example is a good example of a truly integrated structural health monitoring 

system, combining different sensing technologies to achieve the desired level of monitoring.  

 
Figure 2: New I35W Bridge in Minneapolis 

The collapse of the old I35W Bridge in Minneapolis in 2007 shook the confidence of the public 

in the safety of the infrastructure that we use every day. As a result, the construction of the 

replacement bridge (see Figure 2) had to rebuild this confidence, by demonstrating that a high 

level of safety can not only be attained during construction, but also maintained throughout the 

projected 100-year life-span of the bridge. 

One of the central factors contributing to this is the design and installation of a comprehensive 

structural health monitoring system, which incorporates many different types of sensors 

measuring parameters related to the bridge performance and ageing behavior. This system 

continuously gathers data and allows, through appropriate analysis, to obtain actionable data on 

the bridge performance and health evolution (D. INAUDI, M. BOLSTER, R. DEBLOIS, C. FRENCH, A. 

PHIPPS, J. SEBASKY, K. WESTERN 2009). The data provided is be used for operational functions, as 

well as for the management of ongoing bridge maintenance, complementing and targeting the 

information gathered with routine inspections.  
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Figure 3: Sensing components 

The monitoring system was designed and implemented through a close cooperation between the 

designer, the owner, the instrumentation supplier and University of Minnesota. The main 

objectives of the system were to support the construction process, record the structural behavior 

of the bridge, and contribute to the intelligent transportation system as well as to the bridge 

security. The design of the system was an integral part of the overall bridge design process 

allowing the SHM system to both receive and provide useful information about the bridge 

performance, behavior and expected lifetime evolution. 

Monitoring instruments on the new St Anthony Falls Bridge measure dynamic and static 

parameter points to enable close behavioral monitoring during the bridge’s life span. Hence, this 

bridge can be considered to be one of the first 'smart’ bridges of this scale to be built in the 

United States. Strain gauges measure local static strain, local curvature and concrete creep and 

shrinkage; thermistors measure temperature, temperature gradient and thermal strain, while 

linear potentiometers measure joint movements. At the mid-spans, accelerometers are 

incorporated to measure traffic-induced vibrations and modal frequencies (Eigen frequencies). 

Corrosion sensors are installed to measure the concrete resistivity and corrosion current. 

Meanwhile there are long-gauge SOFO fiber optic sensors which measure a wide range of 

parameters, such as average strains, strain distribution along the main span, average curvature, 

deformed shape, dynamic strains, dynamic deformed shape, vertical mode shapes and dynamic 

damping – they also detect crack formation. Some of the installed sensors are shown in Figure 

3. 

The sensors are located throughout the two bridges, the northbound and southbound lanes, and 

are in all spans. However, a denser instrumentation is installed in the southbound main span 

over the Mississippi river, as depicted in Figure 4. This span will therefore serve as sample to 

observe behaviors that are considered as similar in the other girders and spans.   



  

 

  

 

 

Figure 4: Sensor locations 

This project is one of the first to combine very diverse technologies, including vibrating wire 

sensors, fiber optic sensors, corrosion sensors and concrete humidity sensors into a seamless 

system using a single database and user interface. 

Figure 5 shows the measurements from the fiber optic sensors over a period of one week. The 

daily cycles due to the bridge expansion and contraction due to temperature changes are clearly 

visible. 

A load test was performed on the bridge prior to its opening on September 18, 2008 (see figure 

6). Figure 7 shows an example of the deformations recorded by the fiber optic sensors during 

one of the tests. 

 

 

Figure 5: Example of fiber optic sensor data acquired over a period of 7 days. 
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Figure 6: Load Test 

 

Figure 7: Data acquired on the SOFO strain sensors 

during the test. 

3.2 Long-gauge sensing: Building Health Monitoring program in Singapore 

Singapore is a cosmopolitan city-state often described as the gateway to Asia. The Housing and 

Development Board (HDB), as Singapore's public housing authority, has an impressive record 

of providing a high standard of public housing for Singaporeans through a comprehensive 

building program. As part of quality assurance of new HDB tall buildings, in 2001 it was 

decided to perform long-term structural monitoring of all newly constructed buildings. This 

large-scale monitoring project is considered as a pioneering effort that has no equals in size and 

duration. Since 2001, close to 1'000 buildings have been instrumented. The first application of 

this SHM strategy was at the Punggol EC26 complex in 2001 and its aim was to develop a 

monitoring strategy for column-supported structures such as buildings and to collect data related 

to the behavior and health of the building. The monitoring was performed during the lifespan of 

the building and for the first time the sensors were used for life cycle monitoring on high-rise 

buildings. This particular building has now been monitored for more than 13 years. The 

Punggol EC26 project consists of six blocks founded on piles (see Figure 8). Each block is 

occupied by a nineteen-story tall building, which consists of 6 units supported on more than 50 

columns at ground level. The block called 166A was selected for monitoring. 

The aims of the monitoring were (1) to increase the knowledge of real structural behavior, (2) to 

control the construction process, (3) to improve the safety during the service, (4) to enhance the 

maintenance activities and (5) to evaluate the structural health after risky events such as an 

earthquake, strong winds or terrorist attack. The monitoring is performed at the local, column 

level and at the global, structural level. The ground columns were selected for monitoring 

because they are the most critical elements of the building. A total of ten long-gauge SOFO 

sensors per block were embedded in the columns and for aesthetic reasons, the small connection 

boxes for protecting the sensors were also embedded. During construction the readings were 

taken manually, but after completion all of the sensors were centralized and monitored from a 

control room. 



  

 

  

The use of fiber-optics sensors on such a large scale to monitor high-rise buildings was a first in 

Singapore. This initiative has helped designers to better understand the behavior of tall buildings 

during their life cycle (from construction to service). 

Such pioneering efforts have already yielded results from the insights gained from the real 

column behavior during construction and the unexpected behavior of some columns. This 

additional knowledge helps in the research of accurate modeling for complex structures. The 

detailed analysis of column behavior is performed using the automated data analysis software 

that allows the comparison of the measured deformations with predictions form structural, 

loading and concrete ageing simulations. It is possible to separate different parts of measured 

total strain such as elastic strain, creep and shrinkage. The employed monitoring strategy and 

the selected SOFO monitoring system have successfully responded to the design criteria, which 

showed high performance despite limitations imposed by design criteria (limited number 

equipped columns, lack of temperature measurement, lack of accurate shrinkage and creep 

coefficients, uncertainty concerning the real load during campaigns of measurement, etc.). 

 

Figure 8: Example of Instrumented Building in Singapore 

In Figure 9, measurements preformed over a period of 10 years are shown. It is possible to 

observe several interesting phenomena:  

 One column showing significantly smaller deformations (it was later proven to be 

slightly over-designed) 

 Increase of deformation during construction due to increased dead load, shrinkage and 

creep 

 Stabilization of shrinkage and creep after approximately 4 year 

 Absence of residual deformations after a tremor 

 Small influence of temperature on deformations during 48h continuous monitoring 

sessions. 

 Overall predictability and regular evolution of deformations, indicating normal behavior  



  

 

  

 

Figure 9: 10-year deformations on 10 SOFO sensors (B GLISIC, D INAUDI, J M LAU AND C C FONG  2013) 

3.3 Distributed Sensing: Sinkhole detection and localization 

In the city of Hutchinson is located in Reno County, a railway passes near a former salt mine 

well field, where mining was carried out in the early part of the twentieth century.  This mining 

process resulted in the presence of multiple, large underground voids and caverns, which have 

been reported to be up to 300 feet tall and over 100 feet in diameter.  In places, the shale roof 

rock over some of these old mine voids has collapsed, forming crater-like sinkholes that can be 

over 100 feet in diameter and 50 feet deep at the surface.  The collapse and sinkhole formation 

can occur very rapidly, over a period of hours to days. Figure 10 is a photograph of a sinkhole 

that opened up virtually overnight at this site in 2005.  The potential rapid formation of 

sinkholes by collapse of old mine caverns clearly represents an issue for ground stability and a 

non-negligible safety risk for surface infrastructure, including the railway. A monitoring and 

alerting program was therefore initiated.  

 

  

Figure 10: Sinkhole Formed Rapidly in 2005, at Old 

Brine Well at the Hutchinson Site 

Figure 11: Trench preparation for sensor 

installation 



  

 

  

 

A distributed fiber-optic monitoring system was selected in large part because it provides 

thousands of monitored points using a single fiber-optic sensing cable, all measured at the same 

time, in a single scan.  This is well-suited to defining a monitored perimeter where the exact 

location of where a sinkhole might form is not known precisely.  In addition, this monitoring 

system was selected because of the ease of installation by burial in a shallow trench. The 

sensing cable is directly buried at a depth of approximately 1.4 meters over a potential sinkhole 

area, above and around salt caverns over a path with a total length of over 4 km (see Figure 11). 

The final layout of the FO cable is shown in Figure 12, representing the user interface in the 

DiView data management software. 

  

Figure 12: DiView software for sinkhole project:  

Direct, real-time readout of ground strain along the 

cable 

Figure 13: Example of results of the on-site cable 

pull test 

In order to assess system capabilities in terms of ground deformation detection and alert 

triggering, some site pulling tests were carried out. These tests are aimed to evaluate and 

confirm the performances of the whole final system intended as sensor, reading unit and data 

management software working together. The idea was to apply an external force to segments of 

the cable in portions of the trench that had not yet been backfilled, in order to induce strain and 

simulate the symptoms of ground deformation. The recorded results and graphs showed how the 

different amounts of deformation of the cable can influence the strain distribution along the 

sensing cable.  The data showed a coherent behavior of the system at all of the test locations – 

see Figure 13. 

4 CONCLUSIONS 

Structural health monitoring is not a new technology or trend. Since ancient times, engineers, 

architects and artisans have been keen on observing the behavior of built structures to discover 

any sign of degradation and to extend their knowledge and improve the design of future 

structures. Ancient builders would observe and record crack patterns in stone and masonry 

bridges. Longer spans and more slender arches were constructed and sometimes failed during 

construction or after a short time (M. LEVI, AND M. SALVADORI 1992). Those failures and their 

analysis have led to new insight and improved design of future structures. This continued 

struggle for improving our structures is driven by engineering curiosity, but also by economic 

considerations.  



  

 

  

As for any engineering problem, obtaining reliable data is always the first and fundamental step 

towards finding a solution. Monitoring structures is our way to get quantitative data about our 

structures and help us in taking informed decisions about their health and destiny. This paper 

has presented the choices and decisions that must be addressed to implement a fiber optic 

sensor-based structural health monitoring system, guiding the reader in the process of selecting 

the most appropriate sensing technology for the task. 
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