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Abstract  

Knowing the health condition of structures is imperative to preserve their integrity and 

functionality during their service life. Structural Health Monitoring (SHM) is the 

interdisciplinary engineering field dedicated to monitoring the health of the structure and 

assessing its durability. By incorporating smart materials, remote sensing, and computer based 

knowledge systems, SHM provides engineers with information on how structures are performing 

over time. This is particularly useful for monitoring large infrastructure systems, such as dams, 

bridges, and historical buildings as well as important mechanical systems such as spacecraft, 

aircraft, ships, offshore structures and pipelines where the control of the performance is crucial 

but onsite monitoring could be difficult if not impossible.  

The field of SHM continues to see advancements in research although its application in civil 

infrastructures remains largely done by research organizations and for multi-million dollar 

projects.  The most frequently thought of use for monitoring systems is in bridges, especially 

with the media attention regarding the recent bridge collapse in Minneapolis, Minnesota; testing 

has largely been centered around bridges as well.  Recent growth in the industry of fibre optics, 

combined with ongoing research in the field of health monitoring has enabled more widespread 

use of these sensing systems. However, there are still many challenges in bringing structural 

health monitoring into common practice.  This paper attempts to provide an overview of 

structural health monitoring for use in civil infrastructures, while describing the necessary steps, 

difficulties, and further research that is required to incorporate these monitoring techniques 

specifically into buildings. Similar short reports on SHM applications of other engineering 

disciplines such as mechanical, electrical, bio, etc. are in preparation.    

1. Introduction  

SHM is the process of monitoring the in-situ behaviour of a structure accurately and efficiently, 

assessing its performance under various service loads, detecting damage or deterioration, and 

determining the health or condition of the structure.  The SHM system should be able to provide 

real-time, reliable information pertaining to the safety and integrity of a structure.  The 

immediacy and sensitivity of SHM can allow for short-term verification of innovative designs, 

early detection of problems, avoidance of catastrophic failures, more effective allocation of 

resources, and reduced service disruptions and maintenance costs.   

__________________________  
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SHM systems can be installed during construction by incorporating the sensors into the structure, 

or years afterward.  Within the civil industries, the need for reliable SHM is great.  Structures are 

often required to be operational 24 hours a day in order to recover their start-up and operational 

costs or to provide a critical service to the community.  The capability to perform prognostic and 

preventative maintenance through SHM has been shown to have a significant impact on 

operational availability and life-cycle cost by reducing inspection and maintenance.  Built-in 

SHM systems can supplement, and in time, potentially replace visual inspection.  

The incorporation of an SHM system into civil engineering infrastructure has the following 

benefits:    

1. Minimizing service disruptions.  

2. Non-destructive testing of civil structures.  

3. Obtaining up-to-date information about issues such as serviceability, safety and 

durability.  

4. Optimizing resources for repair, rehabilitation, or replacement of the structures.  

According to the statistics gathered in the US and Canada, the number of structurally deficient 

bridges/buildings is very large. One might argue that there is no need for more complex or costly 

sensing systems since the problem resides in a shortage of repair funding; this type of thinking is 

short-sighted. The installation of sensing systems allows early detection of problems such as 

corrosion, concrete cracking, fatigue, overstress, disbanding of reinforcements, etc.  Then, 

removal of the factors causing the problems can prevent the need for major rehabilitation or 

replacement in the future.   

If actuators are added to the structure to react, adapt and adjust its response to the applied 

solicitations, the structure is then called a smart structure. Figure 1 shows a schematic 

representation of a smart bridge. SHM is the first step of achieving a smart structure.  

2. SHM Applications  

The potential market for the application of SHM can be quite large.  As mentioned previously, 

candidates include bridges, dams, buildings, skyscrapers, etc. although sensing systems have also 

seen use in applications such as pipelines and wind turbines among others.  Monitoring systems 

can provide information regarding damage and deterioration of structures, but it can also be used 

to monitor serviceability limits during construction and/or provide critical information 

throughout the service life of a structure.  

Fatigue cracks and corrosion are a constant concern for both new and aging metallic structures.  

Concrete must deal with similar concerns with its steel reinforcement, in addition to inadequate 

or incomplete concrete curing and cracking and bond failure of reinforcement (internal rebar, 

external wraps, plates, etc.). The evaluation of structural performance during, and damage 

detection immediately after major hazardous events such as earthquakes and floods, can be an 

invaluable resource in understanding future structural behaviour.  Composites are seeing an 

increase in use for windmill blades and structural rehabilitation techniques, introducing 

extraordinary inspection challenges for which SHM techniques offer a promising solution.     
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3. SHM Components  

Until now, the use of SHM systems has been predominately in bridges, but monitoring systems 

have also been shown to provide vital information for a multitude of civil engineering 

applications, including for buildings.    

In order to use sensors to detect damage, a high degree of knowledge of the type of damage that 

is to be expected and where this damage may occur is required.  This can be difficult in 

buildings.  If using SHM to monitor or evaluate an already damaged structure, then the location 

of the damage is easily determined.  In new structures, it can be very difficult to predict what part 

of a structure might be most at risk, since all components should be designed with a particular 

factor of safety.   

Each structural system to be monitored requires specialized and careful preparation.  On the other 

hand, commonalities do exist amongst all monitoring systems.  These include the need to fully 

understand or accurately predict the behaviour of the structural element(s) of concern, an idea of 

what parameters will be monitored and how, as well as how data will be transmitted, managed, 

and dealt with.  Many common factors must be considered before attempting to implement any 

SHM system. They are:   

Type of Structure  

A full and thorough understanding of the structural component under consideration must be 

obtained before any sensing system can be chosen.  Any new construction should already contain 

a complete and accurate structural analysis of all system members. However, the installation of 

monitoring systems on old and potentially damaged structures demand updated analyses which 

estimate strength reductions based on the extent of damage incurred.   

SHM systems are most commonly applied to the structural components of buildings.  Nearly all 

large buildings has structural systems constructed of steel and concrete, although smaller 

buildings commonly use masonry and wood as structural components as well.  Each of these 

materials have differing physical characteristics, and mechanical properties.  The type of material 

will significantly influence the types of sensing methods possible as well as sensor bonding 

procedures.   

Type of Sensors  

It must be noted that no sensor can directly measure damage itself.  A sensor can only measure 

an effect that may be caused by damage.  Commonly monitored parameters include: 

displacements, strain, temperature, acceleration, electromagnetic field intensity, as well as the 

propagation of sound or light.  

Various forms of sensing systems to monitor the parameters just mentioned have been 

investigated and tested worldwide.  These methods include fibre optic sensing, vibration and 

wave-based techniques, electromagnetic field as well as satellite monitoring.  Research into 

countless other methods continues to emerge, expanding the sensing possibilities of civil 

infrastructure.    

http://en.wikipedia.org/wiki/Acceleration
http://en.wikipedia.org/wiki/Acceleration
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Regardless of the type of sensor required, sensor manufacturers will require an estimation of the 

expected change in the monitored parameter.  For example, if measuring strain, the range of 

deformation will determine the type of sensors available.   

  

The Viaduct de Millau, France is a state of the art example of the use of fibre optics for SHM. 

The pylons, masts, decks and cables are all equipped with a multitude type of sensors 

(anemometers, accelerometers, extensometers, inclinometers, vibrometers, etc.) to detect 

movement, temperature changes, vibrations, etc.    

Sensor placement   

In order to maximize the usefulness of SHM sensors, one must ensure they are concentrated on 

particular weak points or specific failure paths in the structure.  Only through the appropriate 

placement of sensors in the structure can the proper benefits of a monitoring system be realized.    

Methods of sensor placement optimization (SPO) have been tested by various researchers.  These 

methods however are designed to analyze a specific component to determine the mostly likely 

areas of concern.  Before SPO can be performed however, it is necessary to determine which 

structural components must be monitored.  Buildings are often composed of load-sharing 

systems, in which there may not necessarily be one exact component which can give a global 

view of the structural health.  Careful examination is then required to establish meaningful sensor 

placement, and feasibility of an SHM system for the particular application.  

Strain Gauges: The traditional foil metal strain gauge technology, a device whose electrical 

resistance varies in proportion to the amount of strain, is a mature technology with standardized 

definitions for the characteristics and with standards for test procedures.  It is well-known and 

accepted worldwide and used in a great variety of applications.  The strain gauge technology 

provides high accuracy at low price levels.    

Over the past several years, research in the field of fibre optics has revealed a new type of 

sensing medium – fibre optic sensors.    

Fibre Optic Sensors (FOS): Due to the recent boom in the telecommunication industry, the cost 

of fibre optics components has dropped. This has enabled engineers to expand the possible 

applications for fibre optic strain measuring devices.  Some of the most promising techniques are 

based on the use of fibre-optics.  

The general principle of FOS is that light from a laser source sent through an optical fibre 

experiences subtle changes of its parameters either in the fibre or in one or several fibre Bragg 

gratings, and then reaches a detector arrangement which measures these changes.  A calibrated 

computer program, connected directly or remotely, can then read the changes and output the 

strain in one or more places along the fibre.  

When promoting the use of FOS, both manufacturers and users list the same benefits almost 

universally:  

• Absolute measurement  

• Immunity to electromagnetic interference (EMI)  

• Excellent resolution and range  
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• Passive operation  

• Water and corrosion resistant  

• Compact and simple  

• Multiplexed in parallel or in series (can examine multiple sensors in a single fibre line with a 

single optical source)  

Vibration and wave-propagation based sensing: Vibrational sensors can be installed on structural 

elements in order to monitor their dynamic response to either ambient or forced vibration sources 

of structural excitation.  Ambient excitation sources include wind, seismic activity, traffic, waves 

or tidal fluctuations and even ground vibration generated by nearby industries.  These ambient 

sources can be valuable when frequencies are appropriate, and the variability in amplitude and 

duration are minimal.  When ambient vibrations aren’t suitable, vibrations can be created by 

shaking machines and impact hammers.  Monitoring can include the global structural behaviour, 

or it can be concentrated on specific structural elements.  

Wave-based sensing has also seen use in SHM.  Tap tests can give a general idea of the presence 

of damage by comparing acoustic signals obtained by tapping various areas of a structural 

element with signals of a known undamaged area.  One of the most commonly used inspection 

techniques for steel structures uses ultrasonic waves.  This method involves inducing a sound 

beam in the material.  Through interpretation of the reflected waves, it is possible to detect cracks 

and determine the location and size of defects.  

Data Acquisition Systems  

Data acquisition typically involves acquisition of signals and waveforms, then processing the 

signals to obtain desired information.  Sensor manufacturers generally sell sensing components 

with fully equipped data acquisition systems having software for complex signal analysis, modal 

analysis and pattern recognition.    

Data Transfer and Storage Mechanisms: Data can be transferred by cables or wirelessly to a 

central server where it can be stored for analysis.  It has been shown that a single server is 

capable of collecting sensor information from not only multiple sensors, but also multiple 

buildings.  Transmitted or uploaded data can be stored in XML files in designated directories, 

and accessed by one or more users for data analysis.  

Data Interpretation and Diagnosis: Damage analysis is often done by statistical models or 

damage detection algorithms.  They can be composed of pattern recognition methods such as 

neural networks, probability density estimators, or negative selection algorithms, or can be made 

of linear algebraic finite element methods.    

Before any damage detection can be made, a set of “baseline” measurements must first be taken 

to provide a normal condition state with which to make any future comparisons.  

The damage state of a system can be described by answering the following four questions:  

1. Is there damage in the system?  

2. Where is the damage in the system?  

3. What kind of damage is present?  

4. How severe is the damage?  
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Answers to these questions in order represent increasing knowledge of the damage state.  If the 

measured system response data exceeds some pre-determined threshold, one can then conclude 

that damage has occurred.  In making this conclusion, one must ensure that the change in data is 

not caused by operational or environmental variability.  The more sensitive a measurement is to 

damage, the more sensitive it is to changing operational and environmental conditions as well.  

These environmental factors include:  

• Temperature Cycling  

• Wind Loading  

• Snow Loading  

• Earthquake Loading  

• Frost Heave  

The ultimate goal of SHM systems is to mitigate future problems or catastrophes through early 

detection.   Any damage analysis should therefore conclude with a prediction of the remaining 

service life, and recommended techniques for rehabilitation.  

4. Changes Required for Widespread Implementation  

The construction sector is generally conservative.  Owners and operators are wary of the 

responsibility of implementing SHM systems of their own due to the lack of code procedures. 

These owners need to ensure that expenses will provide them with some sort of benefit, 

especially because small reductions in structural risk are difficult to quantify in value.  Financial 

incentives or code certification for improved structural monitoring could help propel SHM well 

beyond the realm of research.    

There is no doubt that cost is a significant drawback to most SHM applications.  Instrumentation 

providers need to continue to reduce the cost of their sensor interrogation systems.  

Finally, the transfer of technology from the research laboratory to practice is done on an ongoing 

basis by communicating and cooperating with industry and infrastructure owners in the 

formulation and undertaking of field demonstration research projects.  Such demonstration 

projects are essential to bring about a sharing of knowledge and future changes in code standards.  

5. Recommendations  

A full investigation into each possible sensing system and their associated costs would provide a 

more robust report with which to compare methods and to evaluate the pros and cons of each 

system.  Distributed fibre optic sensing systems may have been overly complex and costly for 

small buildings, but there still may be other available sensing apparatus that could properly fit 

this type of budget.  

An improved method of collaboration between the manufacturers of SHM technologies, 

researchers and industry would greatly increase the possibilities for future use of the sensors. 

These sensing systems require a proper understanding of their capabilities and limitations, and 

should be installed with care and precision to ensure meaningful results.  There currently seems 

to be a large knowledge gap between the designers/manufacturers and the structure 

owners/builders on what various sensing systems are capable of.   Manufacturers tend to push 

their own products, as opposed to helping facilitate the proper solution to one’s problem.  
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Owners and builders often have no background on how sensing technologies work, and have no 

idea where to begin.  Therefore, there needs to be some sort of information gateway for owners 

and builders - not researchers - to learn about the costs and benefits of structural health 

monitoring and whether or not a viable solution could be available for their next project.  

One successful way to show the benefits of SHM is to provide business cases for particular 

applications.  A business case not only shows in detail how the technology is applied but also 

provides the detailed cost of the implementation, exploitation and maintenance of its SHM. 

Owners of buildings and infrastructures greatly appreciate these business cases since they 

provide, on one hand, a framework for deciding whether an SHM project should be initiated, and 

on the other hand, the potential rewards of doing it.    

6. Centre for Smart Materials and Structures (CSMS)  

Recent scientific advances in new emerging materials and information technologies have led to 

the development of smart technologies which include smart materials, structures and systems. 

These technologies possess the capability to respond in a controlled manner to various ambient 

stimuli by sensing and actuation. This is a very fast-evolving field of research.   

Since its inception, CSMS has been working with national & international R & D teams on a 

variety of smart materials, structures and systems. CSMS is very active in the design and 

production of sensors and actuators as well as active, adaptive and smart structures using 

emerging materials in order to produce systems for practical applications. The primary goal is 

delivering innovative research in smart materials, smart structures and smart systems which have 

real impact and provide value to our partners.   

  

NOTES:   

This article incorporates the reporting of research conducted at the Centre for Smart Materials 

and Structures under the direction of Prof. Akhras by several colleagues & students.  For 

additional information on SHM and Smart Materials and Structures, please contact Professor 

Akhras at (613)-541-6000 ext. 6388 or akhras@rmc.ca and visit www.smartmaterials.ca The 

Canadian Smart Materials and Structures (Cansmart) Group organises a yearly international 

workshop on Smart Materials and Structures. For more information, please visit 

www.cansmart.com. 

mailto:akhras@rmc.ca
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Figure 1. Schematic representation of a smart bridge  

 

Figure 2. Viaduct of Millau, France  
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