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While interest in structural health monitoring (SHM) has increased as related 
to both research and implementation, its basis and motivation can be traced 
to the very earliest endeavors of mankind to conceptualize, construct, worry 
about deterioration, and then attempt to repair (or otherwise prolong the life) of 
a structure. This is largely in response to the fact that over time all structures 
deteriorate and it is essential that the owner/operator has a good idea as to 
the extent of deterioration, its effect of remaining service-life and capacity, 
and has sufficient information to make a well-informed decision regarding 
optimality of repair. Thus it represents an attempt at deriving knowledge 
about the actual condition of a structure, or system, with the aim of not just 
knowing that its performance may have deteriorated, but rather to be able 
to assess remaining performance levels and life. This ability will, at some 
point in the near future, enable those associated with the operation of civil 
infrastructure systems to handle both the growing inventory of deteriorating 
and deficient systems and the need for the development of design methods that 
inherently prescribe risk to a system based on usage and hence differentiate 
between systems based on frequency of use and type of operating environment. 
Further such a system would enable decisions related to resource allocation 
to be made on a real time basis rather than years ahead thereby allowing 
for maintenance plans to be based on actual state of a structure and need 
rather than a time-based schedule. This would allow for real-time resource 
allocation thereby enabling a more optimal approach to maintenance and 
replacement of structural inventory.
 In its various forms, over the years, SHM has been represented as the 
process of conventional inspection, inspection through a combination of data 
acquisition and damage assessment, and more recently as the embodiment of 
an approach enabling a combination of non-destructive testing and structural 
characterization to detect changes in structural response. It has also often 
been considered as a complementary technology to systems identification 
and non-destructive damage detection methods. A decade ago Housner et al. 
(1997) defined it as “the use of in-situ, non-destructive sensing and analysis 
of structural characteristics, including the structural response, for detecting 
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changes that may indicate damage or degradation.” While this definition 
provides a basis for the development of a good data management system 
in that it enables the collection of incremental indicators of change, it falls 
short of the goal of considering the effect of deterioration on performance 
and thence on the estimation of remaining service life. These management 
systems thus focus on processing collected data, but are unable to measure 
or evaluate the rate of structural deterioration, and more importantly from 
an owner’s perspective, are unable to predict remaining service life and 
level of available functionality (e.g. the load levels that the structure can 
be subjected to within the pre-determined level of reliability and safety). In 
essence a true system should be capable of determining and evaluating the 
serviceability of the structure, the reliability of the structure, and the remaining 
functionality of the structure in terms of durability. This functionality has 
an analogy to the health management system used for humans wherein the 
patient undergoes a sequence of periodic physical examination, preventive 
intervention, surgery, and recovery (Aktan et al., 2000). Thus one would 
expect that a health monitoring system not only provides an indication of 
“illness” but also enables an assessment of its cause and extent, as well as 
the effect of that illness.
 Intrinsically owners and operators of modern civil engineering systems 
need the knowledge of the integrity and reliability of the network, structural 
system, and/or components in real time such that they cannot only evaluate 
the state of the structure but also assess when preventive actions are needed 
to be taken. This would allow them to take timely decisions on whether 
functionality has been impaired to a point as a result of an event (or series 
of events) where the structure had to be shut down to prevent accidents, 
or whether it could remain open with a pre-specified level of reliability. 
Thus, what is needed is an efficient method to collect data from a structure 
in-service and process the data to evaluate key performance measures such 
as serviceability, reliability and durability. In the context of civil structures, 
the definition by Housner et al. (1997) is modified and structural health 
monitoring is defined as “the use of in-situ, nondestructive sensing and 
analysis of structural characteristics, including the structural response, for 
the purpose of estimating the severity of damage/deterioration and evaluating 
the consequences thereof on the structure in terms of response, capacity, 
and service-life” (Karbhari, 2005). Essentially, a SHM system then must 
have the ability to collect, validate, and make accessible, operational data 
on the basis of which decisions related to service-life management can 
be made. While this task may not have been possible a decade ago, the 
recent progress in sensor technology, methods of damage identification and 
characterization, computationally efficient methods of analysis, and data 
communication, analysis and interrogation, have made it possible for one to 
consider SHM as a tool not just for operation and maintenance but also for 
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the eventual development of a true reliability and risk based methodology 
for design. The advancements in forms of energy harvesting and storage, 
in addition to the integration of types of distributed sensor networks have 
also enabled rapid progress in this area, moving the concept from research 
to field implementation.
 SHM intrinsically includes the four operations of acquisition, validation, 
analysis, prognosis, and management and thus a SHM system inherently 
consists of the five aspects of: 

1. sensors and sensing technology, 
2. diagnostic signal generation, 
3. signal transmission and processing,
4. event identification and interpretation, and
5. integration into an operative system for systems life management.

 It must be emphasized that although a number of non-destructive evaluation 
(NDE) techniques are incorporated in the overall methodology of SHM of 
structures there is a distinct difference between NDE and SHM. NDE is 
dependent on the measurement of specific characteristics and provides an 
assessment of state at a single point in time without necessarily enabling the 
assessment of the effect or extent of deterioration, whereas SHM requires the 
diagnosis and prognosis (interpretation) of events and sequences of events 
with respect to parameters such as capacity and remaining service-life. It is 
this aspect that also differentiates SHM from mere monitoring of use (usage 
monitoring). Usage monitoring is now fairly common and consists of the 
acquisition of data from a system related to response to external and internal 
excitations. SHM, in contrast, also includes the interrogation of this data to 
quantify the change in state of the system and thence the prognosis of aspects 
such as capacity and remaining service-life. The former is hence a necessary, 
but not sufficient, part of the latter. Also, the concept of monitoring prescribes 
that it be an ongoing, preferably autonomous, process rather than one that is 
used at preset intervals of time through human intervention. Thus SHM is 
essentially the basis for condition-based, rather than time-based, monitoring 
and the system should be integrated into the use of real time data on ageing 
and degradation into the assessment of structural integrity and reliability. 
 Unfortunately, typical systems do not use an integrated approach to the 
design, implementation, and operation, of the SHM system, resulting in the 
benefits of the system often not being realized. Too often, a disproportionate 
emphasis is placed on the collection of data rather than on the management 
of this data and the use of decision-making tools that would support the 
ultimate aim of using the collected data to effect better management of the 
infrastructure system. Typically, systems collect data on a continuous or 
periodic basis and transmit the data to a common point. The data is then 
compared with results from a numerical model that simulates the original 
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structure. The weakness is that most systems do not attempt to update the 
model to reflect ageing and deterioration, or changes made through routine 
maintenance or even rehabilitation. Thus while it is easy to note that a change 
has taken place and even that a predetermined performance threshold has 
been reached, the approach does not enable prediction of future response, 
nor the identification of “hot spots” that may need to be further monitored. 
While some systems incorporate a systems identification or non-destructive 
damage evaluation algorithm to rapidly process the data, these are the 
exception, not the rule. Even here, there is a gap between the management 
of this data, and its use towards the ultimate goals of estimating capacity 
and service life (Sikorsky and Karbhari, 2003).
 A review of a large number of SHM projects has enabled the identification 
of the following primary aspects as concerns and challenges:

∑ lack of clearly defined goals for the system,
∑ problems with instrument selection and operation,
∑ lack of high rates of useable (i.e. valid) data,
∑ lack of real-time analysis of the validated data,
∑ lack of tools for appropriate data interpretation, and result 

implementation,
∑ lack of a systematic basis for a state-awareness risk-based approach to 

operational planning and maintenance.

It is important to emphasize here that in most cases it is not the lack of 
solutions that is the challenge, but rather the selection and integration of 
the tools appropriate to the system under consideration. A brief discussion 
of each of these aspects is given below.
 In the recent past SHM systems have often been used to showcase a 
specific sensor technology or to provide a means for collecting data for 
ongoing research into the effect of factors such as seismic excitation or 
wind loading on structural response, rather than as a means of diagnosis and 
prognosis of the structural system under consideration. While the enhancement 
of systems safety (through use of the SHM as a mechanism of warning of 
failure) is desirable, SHM systems by themselves cannot ensure a higher 
level of safety, or even a better method of maintenance. SHM systems by 
themselves also cannot ensure a decrease in the level of maintenance, or even 
an increase in the periods between maintenance. If appropriately designed, 
however, they can reduce the amount of unnecessary inspections and ensure 
that deterioration/degradation is tracked such that the owner/operator has 
consistent and updated estimates of deterioration (quantity and general 
location), capacity, and remaining service life. One method of doing that is 
through the appropriate establishment of performance thresholds with each of 
these being compared to current response through use of data gathered from 
the sensor network and integrated into an appropriately designed structural 
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response simulation. Periods of inspection are then set based on the rate 
with which performance degrades between these thresholds. Obviously the 
models have to be updated each time to ensure that the simulations mimic 
the field response. This also enables the prediction of potential “hot spots” in 
the structure providing a means of identifying where, and when, maintenance 
is needed. The integration of analysis tools that account for variability due 
to variation in materials, and the time- and environment-based deterioration 
thereof, would also be essential if a true assessment is to be made.
 Historically sensors have played a critical role in measuring structural 
response over a range of characteristics. Although the basic aspect, that of 
conversion of a measurable effect to response into a quantifiable signal, 
remains the same, sensors have evolved significantly over the past decade 
with advances through high speed and low-cost electronic circuits, advances in 
fabrication and manufacturing methodologies, use of novel ‘smart’ materials, 
and development of highly efficient signal validation and processing methods. 
While a large number of sensors are now available ranging in size, sensitivity, 
method of measurement, and ability to work in a hard-wired and/or wireless 
mode, the intrinsic challenge still remains the same – appropriate selection 
(based on actual need, operational environment, and expected service life) 
and placement, and appropriate design of the system. A variety of sensors are 
available today ranging from fiber optic systems to dielectric and piezoelectric 
sensors, to strain gauges, MEMS (micro-electro-mechanical systems) sensors, 
MOTES and even lasers. The choice of the sensor will depend not only 
on the variable being measured but also its operational environment and 
the required sensitivity of the measurement. All too often the small size, 
relative cost, or just the inability of the users to design a system, results in 
the overuse of sensors. The mere capability of placing a million sensors on 
a structure does not automatically ensure a better SHM system. Rather, it 
almost always ensures failure since attention has not been paid to design, nor 
how to access and interpret data – diagnosis and prognosis. Just as materials 
deteriorate under environmental exposure and through use, sensors can also 
degrade, and this fact is often completely forgotten, resulting in expensive 
and highly complicated systems either delivering invalid, or no data, in very 
short periods of time. When used in a civil engineering environment special 
care has to be taken to ensure compatibility with the changing environment 
and the vagaries of nature. This is of special importance when sensors are 
bonded or otherwise placed on surfaces, which may be subject to extremes 
of temperatures, large temperature variations (both daily and over seasons), 
moisture (ranging from humidity and precipitation to actual immersion 
such as when flash floods cause overtopping of bridges), and UV radiation. 
Compensation for temperature variation is well established for bonded 
resistance strain gauges and accelerometers. Yet false alarms are often 
seen due to fast transient temperature changes especially in low frequency 
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accelerometers and this must be kept in mind during sensor selection and 
deployment. In cases where the sensors are bonded onto the concrete or 
steel substrates, care needs to be taken to ensure that the bond itself does 
not deteriorate with exposure and time, and further that deterioration and/
or changes at the level of the substrate do not cause recording of erroneous 
measurements. While these aspects may appear to be trivial, they are of 
extreme importance in ensuring the long-term reliability of data.
 It is critical that sensor and system selection is based not just on 
considerations of sensitivity and durability, but also on robustness and 
reliability, especially if the SHM system is expected to be in operation over 
an extended period of time. While a number of the new sensor systems 
have demonstrated good short-term durability with the ability to ensure a 
high level of self-monitoring and self-calibration, their long-term durability 
under severely changing environments with the low levels of conventional 
maintenance/inspection seen in civil infrastructure, is yet unknown. In this 
vein it should be noted that although fiber optic systems have good sensitivity 
and fairly good short-term durability, the drift can be significant if intended 
to be used continuously over long periods of time at very high levels of 
sensitivity. In addition, even though these systems have been seen to show 
very good performance in extremely harsh environments (such as when 
mounted in automotive cylinders subject to instantaneous gas temperatures 
as high as 1500 °C and continuous temperatures up to 300 °C with pressures 
up to 300 bar), their reliability to date has not been shown to conslusively 
exceed 15 years. It must be emphasized that this is only a fraction of the 
expected service-life of a civil infrastructure system, such as a bridge, thus 
pointing out the need for monitoring of the SHM system itself to ensure that 
parts are replaced prior to the end of their service lives.
 It must be emphasized that even in times when sensor costs can be 
reasonably expected to decrease substantially there is a fallacy in the argument 
that “more is better.” In fact it can easily be shown that the opposite is 
true – the increase of data channels not only complicates the issue of data 
transmission and synchronization, but also increases the complexity of data 
validation. Further, just having data by itself of points in the structure that 
are unimportant and do not provide any characterization of response, is in 
itself a waste. It is critical that a SHM system be designed through a thorough 
understanding of not just the critical locations on the structural system 
(where changes are likely to occur) but also of the excitation, or forcing 
function, which could cause those changes and the consequent variation in 
characteristics quantities that would be measured by the SHM system. It is 
emphasized that sensing systems can be passive or active. In passive systems 
the sensors directly measure the response to external excitation, such as load. 
Thus the infrastructure system being studied must be externally excited (by 
traffic, wind, etc.) for a response to be measured. Often, this is not enough 
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for true real-time monitoring of the system and can preclude the deterioration 
(or change) in important structural components such as joints from being 
identified in time. Active sensing systems, in contrast, do not need external 
excitation. Rather the sensing system itself provides the excitation through 
signal generators (usually small actuators) which excite measurement. This 
necessitates that the signal itself must be repeatable, reliable and sensitive 
to changes.
 Similar to the challenge of selection of the sensor and its placement, is 
the challenge of assessing the validity of data. While large data streams may 
seem impressive to the routine observer (and unfortunately all too often 
even seem to be the ultimate goal of experienced engineers and scientists, 
without concern regarding the usefulness of the data), what is important 
is the ability to validate the data in real time, and thereby separate signals 
due to non-responsive sensors from those providing actual measurement 
of response. All too often a structure or system has been declared severely 
damaged, or conversely totally undamaged, after an extreme event, because the 
validity of data streams was not checked. There are two generic approaches 
to validation – analytical redundancy and hardware redundancy. In the 
first approach a mathematical model has to be implemented that allows 
for comparison of static and dynamic responses of the sensor to determine 
the anticipated value. Unfortunately this requires addition of sensors, 
and increases time and complexity. In the case of hardware redundancy, 
validation is done through selection of data that is common to a majority 
of sensors. Again, for reliability the number of sensors has to be increased, 
but depending on the structure, even this may not ensure validation of the 
data stream. Further, this results in overall loss in sensitivity since the result 
is necessarily a statistical approximation. The obvious solution, albeit with 
significant implementation challenges, is the development of a knowledge-
based system that applies reason through genetic algorithms, fuzzy logic, 
or other such tools to infer the right solution. This would enable validation 
in real-time (unlike the two previously described approaches) through use 
of reasoning under uncertainty. 
 While it is useful to be able to both see data streams in real-time and to 
archive them for future use, the real purpose of the data in SHM is to allow 
interpretation and analysis. If the system is setup such that there are large 
streams of data, but none of it can be processed in real-time, the system must 
be considered a failure. Obviously data pertaining to damage induced by 
an event such as seismic excitation is largely useless if it is only accessible 
after visual inspection shows that the bridge has collapsed! If one assumes 
that a large percentage of available data is valid, then the benefits are still 
substantially curtailed if a preliminary assessment and characterization of 
response cannot be completed almost in real-time.
 Unfortunately, the greatest challenge is that without significant planning 
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and thought most SHM systems resort to being intricate measures of 
collecting data, rather than to provide a means for its efficient management 
and interpretation. It is critical that the system provides a means not just 
of recording (and displaying) response, but also (and more importantly) of 
characterizing the response and comparing it to an appropriately updated 
model to enable assessment of the critical aspects of capacity and service-
life. 
 At the level of data management, beyond the challenges of cost-efficient 
band width, due thought must be given to the development of robust and 
effective tools for real-time data interpretation and use in developing 
measures of performance (such as capacity) and remaining service life. The 
integration of damage identification and finite-element based tools could 
conceivably further provide assistance to the engineer/owner in assessing 
“health” immediately rather than having to resort to expensive closures while 
assessments are made off-line.
 Despite these challenges, tremendous advances have been made in the actual 
development and implementation of SHM systems for civil infrastructure, 
capable of serving as true tools for health monitoring – i.e. not just being 
able to state that the “patient” is sick, but rather being able to pinpoint 
the location and reason, as well as the effect of the incapacity. These are 
essentially based on the ability to acquire data, transmit it, interrogate it, and 
then make decisions based on the cumulative sets of data stored in the data-
base. Thus, in effect, the SHM system is essentially a decision system that 
is fronted by sensors and backed by a knowledge base, the critical elements 
of which are represented in Fig. I.1. The transition from maintenance that is 
largely unscheduled (i.e. as a result of an event that causes a visible change) 
to a condition-based mechanism to one that is predicted based on the use 
of a SHM system also has tremendous efficiencies in terms of cost. Current 
maintenance measures often result in significant downtime for the structural 

I.1 Critical elements of a SHM System

 People Information

∑ Designers and engineers ∑ Design details
∑ Materials specialist ∑ Expected response and service-life
∑ Damage analyst/mechanist ∑ Field response
∑ IT specialist ∑ Local and environmental conditions
∑ Sensors specialist ∑ Thresholds
∑ Modelers ∑ Sensor details

 Science and technology Deployment

∑ Sensors ∑ Networks
∑ Network connectivity ∑ Collaboration
∑ Data acquisition and archival ∑ Updating and validation
∑ Damage algorithms ∑ Data selection and storage
∑ Capacity and service-life determinators ∑ Assessment
∑ Reliabity and serviceability prognosis ∑ New design methodologies
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system which leads to losses such as through delays in traffic and in delivery 
of goods and services, which would also be dramatically reduced through 
migration to a SHM system based maintenance philosophy.
 In considering SHM it is important that one not only considers its effect 
in terms of gains from the monitoring, diagnosis and prognosis of state, but 
that one also considers the future potential for use of the data and prognosis 
for the development of new methods of design that would not only be 
more structurally efficient, but which could intrinsically benefit from a 
more comprehensive understanding of reliability and risk associated with 
individual systems. Classically, structures are designed by considering the 
relationship between the capacities of the components of the structure, and 
of the assembled system, and the demand anticipated for that structure. Since 
times immemorial engineers have designed structures using a fairly simple 
method of requiring that the maximum stress due to anticipated loads on 
the structure are a fraction of the maximum stresses that the structure can 
withstand. The ratio of the stress at “failure” to the actual level determined 
for the structure under conditions of service is the factor of safety, which 
is generically a sufficiently large number, both due to the need for safety at 
the component level, and due to the amassing of component level factors 
of safety at the systems level. This methodology has been used in various 
forms to develop codes and specifications based on the working stress, or 
allowable stress, design method. While the methodology has served fairly 
well for centuries it does have some major disadvantages. First, the method 
is built on an approximation of deterministic values for load events, material 
characteristics, and a linearly equivalent model of structural response which 
intrinsically removes all considerations of a statistical and probabilistic nature. 
Second, it leads to structures of the same class, but different configurations, 
being designed with non-uniform factors of safety.
 It is conceivable that, in the near future, the use of an appropriately 
designed SHM system would enable further understanding of response 
through data analysis and interrogation which would lead to better and more 
refined methods of structural design. In addition, the use of real-time data 
enables immediate updating of risk and resource allocation thereby linking 
design, construction and service-life maintenance together and enabling the 
development of a new paradigm for future development of design codes and 
specifications – one not based on use of inordinately high factors of safety 
due to uncertainty, but one based on a continuous assessment and monitoring 
of risk and health. Design would thus be predicated on optimizing structural 
efficiency with the integration of reliability based on local specifics rather 
than through global use of large factors of safety. This would re-envision 
civil structural design and maintenance developing a modern field of civil 
infrastructure systems.
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1
Structural health monitoring: applications  

and data analysis

F N CATBAS, University of Central Florida, USA

Abstract: This chapter first provides an overview of structural health 
monitoring (SHM) along with components of a complete monitoring design. 
These components are associated with fundamental knowledge needs, 
technology needs and also socio-organizational challenges for applications 
especially in the area of civil infrastructure systems. A successful SHM 
design requires addressing each of these considerations with an integrated 
approach offering various types of application scenarios for decision 
making. In this chapter, particular emphasis is given to data analysis and 
interpretation as a very critical aspect of SHM implementation. Some of the 
data analysis methods are presented with the goal of illustrating particular 
engineering applications and needs. Critical considerations for SHM data 
analysis and interpretations are discussed in terms of system characterization, 
sensing, data quality, presentation and decision making.

Key words: monitoring, sensing, computer vision, analysis, interpretations, 
prediction, decision making, bridges.

1.1 Structural health monitoring (SHM) approach 

SHM has matured as a routine practice in aerospace structures for many 
years. The approach is still being considered for routine applications for 
civil infrastructure systems. In developing an SHM design, the first step 
is to define the objectives of monitoring. At this point, it is important to 
discuss health and performance as these have major impact on successful 
SHM system development. While it is somewhat difficult to find commonly 
accepted terminology for health and performance in the literature, one 
recommended reference is an article that summarizes the activities of the 
ASCE SEI Technical Committee on Performance-Based Design and Evaluation 
of Civil Engineering Facilities by Aktan et al. (2007). 
 It would be proper to define the health of a structure as deviation from ‘a 
sound condition’ as a result of damage and deterioration that would warrant 
repair, retrofit or strengthening of the structure. For large civil structures, 
it may be difficult to set thresholds for health and health indices which can 
be monitored using a number of different methods and technologies. In 
bridge engineering practice in the US, the condition index (Federal Highway 
Administration (FHWA) 2005) is the most fundamental index related to 
health. There are other indices or metrics that are based on SHM data such 
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2 Structural health monitoring of civil infrastructure systems

as frequency change, flexibility, curvature, and displacement-based indices. 
The health can be continuously monitored by means of various tests and 
using various experimental measurements (Aktan et al. 2002a). 
 In order to discuss performance, formulation of objective and quantitative 
criteria for a limit-event (or a limit-state) need to be defined first. The desired 
performance is achieved by not exceeding in the limit states during the life-
cycle of a structure. The most common limit-states that can be considered are 
safety, serviceability and durability of a structure or a structural component. 
Component or system reliability index can be considered as a performance 
index and has been utilized by engineers especially for the design of new 
structures or the evaluation of existing structures. The health monitoring 
data can be used along with various simulations and probabilistic methods 
to determine the performance indices (Catbas et al. 2008).
 SHM is therefore typically employed to track health and evaluate 
performance, symptoms of operational incidents, anomalies due to 
deterioration and damage during regular operation and/or after an extreme 
event. A complete and successful SHM system can be achieved by means 
of the continuous measurement of the loading environment and the critical 
responses of a system or its components to provide necessary data for health 
and performance about the structural system (Aktan et al. 2000). 

1.2 Components for a complete SHM

Although SHM is a maturing concept in the manufacturing, automotive and 
aerospace industries, there are a number of challenges for effective applications 
on civil infrastructure systems. There are many real-life SHM studies in the 
USA, Japan, Hong Kong and Europe, especially applications on highway and 
long span bridges. New advances in sensor and information technologies and 
the wide use of the Internet make SHM a promising technology for better 
management of such civil infrastructure. Large-scale, real-life studies have 
been presented at a number of specialty conferences and workshops. In spite of 
the recent advances in sensing, communication and information technologies, 
there are still challenges facing structural engineers for successful health 
monitoring applications. Fundamental knowledge needs, technology needs 
and socio-organizational challenges for routine applications are interrelated 
and have to be carefully addressed (Catbas et al. 2004). These challenges 
linked with the main components of a complete structural health monitor 
system are summarized in Fig. 1.1. 
 A successful health monitor design requires the recognition and integration 
of these different components. Identification of health and performance 
metric is the first component which is a fundamental knowledge need and 
should dictate the technology needs and requirements. Current status and 
future trends to determine health and performance in the context of damage 
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prognosis are reported by Farrar et al. (2003), Catbas et al. (2004) and Aktan 
et al. (2002b).
 New advances in wireless communications, data acquisition systems and 
sensor technologies offer possibilities for SHM design and implementations 
(Lynch et al. 2001; Spencer 2003). Development, evaluation and use of the 
new technologies are important but they have to be considered along with our 
‘health’ and ‘performance’ expectations of the structure. Socio-organizational 
challenges are important and often overlooked. Routine applications on real-
life structures can be achieved if the value of the SHM can successfully be 
demonstrated to industry, government engineers and infrastructure owners 
when SHM can be utilized for better decision making. The ‘end-users’ would 
like to take advantage of SHM for efficient operation, timely maintenance, 
reduced costs, and improved safety. In that respect, the success metrics for 
the stakeholders (researchers, practicing engineers, infrastructure owners, 
decision makers, etc.) need to intersect to have broader acceptance and 
utilization of SHM especially for civil infrastructure applications.

1.3 Application scenarios for decision making

While the fundamental concepts and components of a complete SHM should 
be considered for applications, the needs and requirements may be different 
and may dictate the final design, application and data interpretation strategies. 
In this section, the application scenarios are discussed in relation to bridges, 
which are key civil infrastructure components. SHM may include the geometry 
for deformations, material properties for deterioration, mechanical properties 
such as flexibility, frequency and damping coefficients, intrinsic forces and 
stresses at the critical locations and regions of structures. By measuring and 
tracking the critical loads and responses of the structures together with any 

1.1 Main components of a complete health monitoring design and 
challenges.

Fundamental knowledge 
needs

Socio-organizational 
challenges

Technology needs

1. Identification of performance 
and health metrics

2. Sensors and data acquisition 
networks

3. Data fusiojn, analysis and 
information management

4. Real time data interfaces for 
manual, semi and/or fully 
automated data evaluation

5. Decision making

6. Metrics for success
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4 Structural health monitoring of civil infrastructure systems

structural modifications and maintenance, the complete history throughout 
the life-cycle can be generated, and the data can be used to predict the future 
performance as well. The SHM application scenarios can be considered for 
bridges and buildings as well as systems such as stadia, auto or aerospace 
structures. The following discussion will provide examples for the generalized 
SHM application scenarios with special emphasis to bridges. 

1.3.1 SHM application to new structures

The main objective for applying SHM to new structures is to provide data 
about the significant intrinsic forces and distortions typically related to 
fabrication, erection and manufacturing or construction stresses. Many of 
the major structures advance the frontiers of past practice and incorporate 
novel and pioneering designs and unusual requirements and specifications 
for materials, erection and construction processes. Especially for bridge-type 
structures, feedback during erection and construction may be necessary, as 
demonstrated during the construction in the case of extremely demanding 
structural geometry and/or construction environments. Monitoring may help 
to manage safety risks during construction, as incomplete structural systems 
are typically vulnerable and exposed to accidents and hazards. There are 
cases when major bridges experienced hurricanes or earthquakes during 
construction, and monitoring provided information for quickly responding 
to changes in condition and geometry of the incomplete structural systems. 
Monitoring of various major landmark bridges in the Far East in 1990s and 
early 2000s has been justified mainly for managing the risk of seismic events, 
typhoons or hurricanes that have a sufficiently high likelihood of occurring 
at least once during anticipated life-cycles. Design of instrumentation and 
data acquisition for monitoring the fabrication and construction process is 
best accomplished before the construction drawings and specifications are 
finalized. In fact, it is highly desirable to integrate monitoring directly into 
the design specifications. In this manner, the validity of the assumptions made 
during design calculations regarding the forces, reactions, displacements and 
drifts that a structure is expected to experience during its construction can be 
checked and confirmed. If the measurements indicate a need to modify the 
erection and construction, appropriate steps may be taken in a timely manner. 
Monitoring may therefore help to mitigate the uncertainty and unforeseen 
circumstances affecting contract delivery. The risk of constructing a structure 
with undesirably high forces, deformations and any other initial defects may be 
controlled. In addition, the design of fabrication and construction monitoring 
before the start of construction may serve as an excellent measure for checking 
and mitigating any inconsistency, omission or errors in the fabrication and 
construction drawings, as these may cause significant delays if they happen 
to be discovered after the start of construction. Figure 1.2 illustrates a major 
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structure which is under construction and therefore can be an ideal candidate 
for SHM as a new structure as discussed in this section.

1.3.2 SHM Application to existing structures

As structural systems age and show signs of deterioration and damage, 
SHM can be implemented to understand root causes of problems to make 
decisions for continued use, maintenance/repair/retrofit or decommissioning. 
For example, SHM application may be made in the case of existing major 
structures that exhibit premature aging, distresses and performance problems. 
Secondary to this would be implementations to structures that have aged beyond 
their anticipated design life-cycles. In the case of large civil infrastructures 
such as bridges, one of the most critical SHM applications is for solving 
performance problems such as objectionable movements and geometry 
changes, displacements, vibrations and visible signs of aging, deterioration, 
distress and damage/deterioration to materials, elements and connections. After 
clearly identifying any root causes by means of SHM, it would be possible 
to determine the most effective and compatible renewal technology based 
on mitigating the root cause. In most cases, monitoring over an extended 

1.2 Construction of Incheon Bridge, Incheon, Korea. SHM can 
be applied during construction to monitoring of such a unique 
structure’s response during this stage.
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6 Structural health monitoring of civil infrastructure systems

time may be a necessity for definitively identifying the root cause(s) and 
mechanisms leading to symptoms of deterioration or damage. 
 Some structures may be lacking sufficient system reliability due to 
undesirable construction details or techniques. In this case, the challenge would 
be to design a retrofit that would indeed provide a significant enhancement 
of the system reliability while not adversely impacting any of the existing 
elements, and one that can be safely and feasibly constructed. In general, 
major bridges that have been classified as fracture-critical as well as those 
that are considered to have reached the end of their fatigue life may be good 
candidates for retrofit. Bridges located in seismic zones and that have been 
subject to increases in the level of seismic demands due to code changes 
are also candidates for retrofit. In case retrofit cannot be implemented for 
some reason, SHM of the fracture critical elements and the conditions such 
as vehicular load, that can lead to over-stressing these elements need to be 
tracked for safety reasons. The analysis and interpretation of such data would 
provide critical information about the current load and responses as well as 
remaining fatigue life. Figure 1.3 shows a major landmark structure as an 
example for monitoring existing structures.

1.3.3 Type-specific SHM of a population

Application of inspection, maintenance and repair techniques to large 
populations of similar type of structures is seen in the aerospace industry. 
Such an implementation has the advantage of the heuristics accumulated 
from past efforts on similar types of structures. This type of approach offers 

1.3 Brooklyn Bridge, New York City, NY. Brooklyn Bridge as an old 
landmark structure is an ideal candidate for monitoring for continued 
use, maintenance, repair and retrofit. 
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great promise for the implementation for bridges by fully and systematically 
capitalizing on the common threads in the performance and behavior of bridge 
types such as the steel-stringer, pre-stressed concrete, steel-truss. The science 
of statistical sampling, applied in conjunction with structural identification 
and structural health monitoring, would permit bridges to be grouped into 
populations whose critical loading and behaviors, i.e. the mechanisms that 
control their serviceability, load capacity and failure modes, may be expressed 
in terms of only a small number of statistically independent parameters. In 
this manner, a large population of bridges, such as several thousand reinforced 
concrete-deck-on steel girder bridges that were designed and constructed 
within a decade, may be represented in terms of a statistical sample of a 
much smaller number from their population. For example, the reinforced 
concrete deck-on-steel girder bridges may be classified into a number of 
groups that have comparable system-reliability and load capacity rating, 
governed by only a very limited number of design, construction, location 
and maintenance-related parameters. Typical and common types of bridges 
are shown in Fig. 1.4.
 The key in developing a type-specific SHM strategy to evaluate bridge 
populations is to determine the parameters that should govern statistical 
sampling. For example, if a statistical sample for re-qualifying the load 

Steel 
stringer 
bridges

Movable 
bridges

T-beam 
bridges

1.4 Steel stringer, truss, movable, concrete T-beam bridge as 
common bridge types that can be monitored as part of sample 
population monitoring strategy.
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8 Structural health monitoring of civil infrastructure systems

capacity rating of a family of bridges is desired, the parameters that govern 
the actual load carrying capacity of the bridge family should be established. 
These parameters can then be monitored to evaluate the performance and 
health. Any findings such as root causes for damage and deterioration obtained 
from the SHM applications can be considered for the entire population when 
decisions are to be made. 

1.4 Emerging Role of structural health  

monitoring for management

SHM can be effectively used to provide objective data for management and 
decision making for the application scenarios given in the previous section. 
SHM can be designed to obtain data related to global structural properties 
such as natural frequencies; to component level data such as strain and 
corrosion. Local monitoring can be designed and implemented to determine 
performance in terms of reliability of each monitored structural component, and 
deterioration over time. Structural components to be instrumented should be 
carefully selected along with the parameters to be monitored. Completing this 
stage effectively leads to analysis and interpretation of data for management 
purposes. Such an approach would greatly improve the current management 
of infrastructure systems.
 SHM can be designed to collect real time continuous data, or intermittent 
data collection can be more feasible for some cases. The monitoring data 
can be analyzed using various models to determine the current health and 
performance as well as to predict the future performance of the structure, 
which leads to optimized inspection and maintenance interventions. For 
bridge management systems, the data can be used to evaluate the life-cycle 
cost (LCC) of the bridge with alternative maintenance types and plans, in 
order to minimize the LCC. Figure 1.5 illustrates the implementation of 
SHM for management concept to a bridge network. This is the network-level 
management, where budget allocation and optimization can be done at the 
network level. 

1.5 Critical considerations for structural health 

monitoring interpretations

For a particular SHM application, it is imperative to properly-define the 
needs, requirements, expectations and constraints of the project. The 
justification for and the expected outcome of the monitoring program should 
be clearly identified and analyzed, whether they be providing answers to 
specific questions such as load rating, or addressing uncertainties related 
to construction processes, structural behavior or performance. In addition, 
the following also can be considered as expected outcomes: evaluating the 
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1.5 Structural health monitoring for life-cycle management of bridge populations.
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10 Structural health monitoring of civil infrastructure systems

effectiveness of maintenance or modification activities; providing an objective 
assessment of present or future condition; detecting damage or deterioration 
for optimal maintenance planning; evaluating the effects of hazardous events 
or accidents; tracking operational parameters and providing statistics; or 
addressing security concerns. Once the overall objectives and expectations 
are established, the following critical issues need to be considered.

1.5.1 Structural system characterization

Characterization leads to a thorough conceptualization and understanding 
of the structure and the objectives of the monitoring application. First, a 
thorough review is to be conducted using any relevant design information 
and drawings for a new structure or the relevant legacy documentation 
for an existing structure to conceptualize the loading environment and the 
proposed or existing structural systems. The legacy information reviewed 
for existing structures may include the results of past inspections, details 
regarding any significant maintenance activities or modifications to the 
structure, and the findings of any intermediate studies or investigations that 
may have been conducted. In cases where there is incomplete documentation, 
technologies such as photogrammetry and reverse CAD may serve to fill 
the gaps. Preliminary and small-scales tests may also be conducted on 
existing structures or using physical models of proposed structures or critical 
components to gain additional practical insight. Development of analytical 
or finite element models for simulation of loading effects or responses is to 
be considered for structural characterization. These models, as exemplified 
in Fig. 1.6, also assist in the design of the instrumentation. Such models may 
be further refined and calibrated using SHM data to reflect actual conditions 
and mechanisms, and can serve as a baseline for evaluating future changes 
in the condition, performance and health of the structure.
 Characterization of the monitoring application involves establishing 
the type, level, and duration of monitoring that is necessary to meet the 
identified objectives. These characteristics will depend on the particular 
application scenario and in turn will have a major influence on the types 
of equipment used and the strategies needed to manage the information 
generated. The monitoring level required might involve a very simple and 
short-term controlled test, long-term monitoring with many sensors, or 
long-term monitoring with many sensors with controlled tests conducted 
at periodic intervals over the duration of the project. It is also important 
to establish if the testing or monitoring will involve only localized regions 
of a structure or if it will be spatially distributed over the entire structure. 
This is a particularly important consideration for most major bridges, since 
large distances will typically impose additional requirements on the various 
components of the monitoring system.
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1.5.2 Identify the measurements 

Based on the SHM objectives and characterization of the system, measurement 
needs are to be identified. These include the loading effects and the 
associated responses, serviceability criteria, fabrication/construction activities, 
environmental parameters and operational characteristics that need to be 
monitored to meet the project objectives. The individual mechanical, chemical, 
electrical, and optical parameters that will characterize the phenomena of 
interest are to be evaluated. These parameters can include forces, stresses, 
displacements, rotations, vibrations, distortions and strains, environmental 

Beam hanger plates
Steel crosshead
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1.6 3-D CAD (a) and FE model (b) of a continuity condition with 
concrete beam, steel connectors and post-tension bars.
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parameters such as temperature, humidity, precipitation, wind speed and 
direction, traffic quantities, images, etc. Some parameters may be static in 
nature; while others may be dynamic. For these measurements, the estimated 
ranges and required accuracy for each measurement parameter are determined. 
The analytical models created during the characterization stage may be used 
to obtain the estimated ranges for many of the measurement parameters. 
Others may be derived from research or applications conducted for similar 
structures. If realistic estimates for the required measurement ranges cannot 
be determined from analytical studies or research, small-scale tests may be 
needed to perform to obtain them. It is also important to consider possible 
interactions between the various measurement parameters and the ambient 
environment when establishing the estimated ranges. The degree of accuracy 
required may be different for various measurement parameters, and will 
depend on the purpose of the data. In addition, the physical locations where 
these parameters will be measured need to be carefully established.

1.5.3 Sensing and data acquisition system selection 

While new sensing and sensor networks are constantly being developed, the 
individual sensor and data acquisition components for many applications can 
be selected from a pool of commercially available and proven sensors, signal 
conditioning and data acquisition systems based on their physical, electrical 
and thermodynamic characteristics. The requirement of sensor durability in 
harsh and data transmission environments and power needs become critical 
considerations especially for civil infrastructure applications. A detailed set 
of installation specifications should also be prepared for each type of sensor 
and data acquisition component that will be used. These specifications should 
detail the methods and techniques to be used for installing and configuring 
the sensors and data acquisition components, and a methodology for verifying 
that they are working correctly. The traditional and novel sensors and data 
acquisition systems commonly used for SHM applications are described in 
more detail in other chapters.

1.5.4 Data quality assurance, processing  
and archival 

Developing appropriate methods for data quality assurance, processing 
and archival purposes represents the major information technology related 
challenges for SHM applications. If the measurement data are unreliable, they 
essentially have very little value. There are many possible sources of error 
and uncertainty in the field that can affect the reliability of measurements, 
even when a significant effort has been made to identify and select the most 
reliable sensors and data acquisition components. Therefore, it is often 
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desirable to have the methods developed and implemented at multiple levels 
of the signal path for quality assurance. Data quality assurance methods that 
can be implemented at the level of the sensors and data acquisition hardware 
might include a thorough initial calibration of the sensors and data acquisition 
hardware followed by periodic re-calibration of these components, verifying 
and ensuring the quality of the initial installations, and designing redundant 
systems and components. Elementary data checks can also be programmed in 
the data acquisition software to automatically validate time and measurement 
ranges, to detect and tag repeated or spurious readings, and to evaluate 
the smoothness and continuity of the signals. Quality checks that can be 
implemented for real-time display of the data may include visually verifying 
that a sensor is functioning, that the sensor signals are consistent and logical, 
and real-time correlation of the inputs and outputs. Once the sensor signals 
are in the computer, a digital signal processing regime may be applied to 
the measurement data to remove unwanted or redundant information. The 
processed data can then be archived in a database to facilitate the use of 
multivariate correlation methods, and various advanced algorithms to multiple 
data sets. These methods described above represent a few examples that 
can be used to facilitate quality assurance, processing, and archival of the 
measurement data. The methods required for a given monitoring application 
will depend on the amount and complexity of the measurement data that are 
collected, and on the actual reliability of the sensors and data acquisition 
hardware components. 

1.5.5 Data presentation and decision making 

The final step in the design process is to develop criteria for interpreting and 
presenting the monitor data and for making subsequent decisions. A monitoring 
system should generally only display data that have been synthesized to a 
form that is meaningful and can be easily understood. In addition to displaying 
the results of the measurements, the health monitoring system should also 
be able to provide some indication of its own condition. Status lights or 
audible signals can be used in most cases to enable the user to quickly assess 
the operational status of the system. Additional diagnostic capabilities will 
increase the value of the system. The criteria that are used to determine which 
data are displayed should be developed with significant input from the end 
users, and may require several iterations before an optimum presentation 
scheme is finalized. Criteria for decisions should also be developed so that the 
measurement data will serve a meaningful purpose. In a long-term structural 
health monitoring application, the system should be able to interpret the 
measurement data, compare the result with some predetermined set of criteria, 
and execute a decision in an automated manner. The simplest example is to 
program a health monitoring system to issue an alert when the measurement 
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data indicate that some behavior has exceeded a particular threshold value. 
The decision criteria should be thoroughly tested before it is implemented 
and must be rigorous enough to prevent the occurrence of false positives.

1.6 Data analysis, interpretation and  

some methods

There are a number of algorithms and methods that are available for data 
analysis and interpretation, and these methods have been presented in many 
specialty conferences and journal articles. Comprehensive reviews of early 
studies of the integration of the modeling and structural health monitoring 
data exist in the literature for data analysis and interpretation. From a very 
fundamental point of view, there are two main types of data interpretation 
approaches and they are distinguished by the use or absence of a physics-
based behavior model. These two types should be considered complementary 
since they are most appropriate in different contexts. Smith (2008) proposed a 
summary of examples of strengths and weaknesses of each type as illustrated 
in Table 1.1. The significance of each point in this table depends on the 
specific application. 
 The critical issue is to successfully integrate and use one or more of these 
methods depending on the needs and requirements from the SHM system. 
A redundant approach is to analyze data at ‘different levels’ to generate 
information about the health and performance of structures. Different metrics 
(features) at each level of analysis may be considered. With the level of 
the analysis, the complexity of analysis methods and algorithms increases 
accordingly. Here four levels are considered. For example, Level 1 refers to 
the raw data indicators and it represents the information obtained from the 
raw data without detailed analysis.  
 Then Level 2, which can be referred to as ‘identification stage’, will be 
carried out by using different analysis methods and different metrics to detect 
any damage, deterioration or ‘considerable change’ in measurements over the 
monitoring period. Afterwards, more rigorous analysis will be conducted for 
Level 3 to localize and quantify these ‘changes’, damage or deterioration. 
Finally, Level 4 will be used to predict the future behavior, as summarized 
in Table 1.2. It should be noted that Table 1.2 is not all-inclusive and many 
other methods, algorithms and metrics can be added to each of the four levels 
given in this table. Additional algorithms and metrics are discussed in more 
detailed in other chapters.
 Based on the instrumentation design and the data collection regime, it is 
possible to collect, store and analyze various types of data sets. The writer’s 
experience is that this process may be iterative, especially at the early 
stages primarily influenced by the preliminary evaluation of data. Figure 1.7 
illustrates a Level 1 monitoring with the raw data indicators.
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Table 1.1 Examples of strengths and weaknesses of model-free and model-based 
data interpretation. Each application has different degrees of these strengths and 
weaknesses

Data interpretation

Model free

Most appropriate when 
– many structures need 

to be monitored
– there is time for 

training
– there are very few 

measurements

Model based

Most appropriate when 
– design model is not 

accurate
– structure has strategic 

importance
– damage is suspected
– root causes of 

problems are explored
– there are structural 

management 
challenges

Strengths

∑ No modeling costs
∑ No need for change 

in behavior (damage?) 
scenarios

∑ Many options for signal 
analysis 

∑ Incremental training 
can track damage 
accumulation

∑ Good for long-term use 
on structures for early 
detection of situations 
requiring model-based 
interpretation

∑ Interpretation is easy 
when links between 
measurements and 
potential causes are 
explicit

∑ The effects of changes 
in loading and use can 
be predicted

∑ Guidance for further 
inspection and 
measurement

∑ Future performance 
and reliability can be 
estimated

∑ Support for planning 
rehabilitation and repair

∑ May help justify 
replacement avoidance

Weaknesses

∑ Physical interpretation 
of the signal may be 
difficult

∑ Weak support 
for decisions on 
rehabilitation and repair

∑ Indirect guidance for 
structural management 
activities such as 
inspection and further 
measurement

∑ Cannot be used to 
justify replacement 
avoidance

∑ Modeling is expensive 
and time consuming

∑ Errors in models and in 
measurements can lead 
to identification of the 
wrong model

∑ Large numbers of 
candidate models are 
hard to manage

∑ Identification of the 
right model could 
require several 
interpretation–
measurement cycles

∑ Complex structures 
with many elements 
have combinatorial 
challenges

Table 1.2 Monitoring of the structure in different levels (some of the proposed 
metrics and methodologies)

Level 1 Level 2 Level 3 Level 4  

Displacement,  Natural frequency, Flexibility,  Bayesian updating, 
Acceleration, Strain,  MAC, Statistical Curvature, and other Level 4 
Rotation, Corrosion, patterns such as Reliability methodologies
and other Level 1  from Mah. Dis. of index, and 
measurements the AR coefficients, other Level 3 
 and other Level 2  methodologies 
 methodologies
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16 Structural health monitoring of civil infrastructure systems

 In this chapter, some of the data analysis methods for different levels are 
discussed with simple examples. One of the examples is a movable bridge 
(see Fig. 1.8), which is being currently researched by the author and his 
team as part of an SHM study. In such a case, maximum readings for each 
high speed gage (high sampling) such as strain gage and accelerometer can 
be saved on hourly basis. To ensure that the entire time history is captured, 
short duration windows of strain and acceleration can be scanned for the 
peak absolute values in each gage. All sensor readings as well as temperature 
and wind speed, and also a jpeg image from the video are recorded when a 
peak is detected. For long-term monitoring, it is important to continuously 
monitor strain and temperature relationship with a slower scan rate. Some 
of the critical components such as structural components subjected to high 
stresses or stress reversals due to traffic or wind induced inputs, can be 
monitored at different intervals or based on triggering. 
 For long-term monitoring, there are various approaches for processing 
the data effectively. A main concern for long-term strain monitoring is the 
peak values, since the maximum effects govern the structural capacity, block 
maxima and threshold approaches can be used as two approaches to analyze 
the extremes (Susoy et al. 2008).
 For the Block Maxima Approach, the maximum observed values over 
certain time spans are considered. These values are modeled through the 
Extreme Value Theory. Extreme value distributions are used to model the 
maximum values of data sets. It is worth noting that this approach was also 
used previously in Worden et al. (2002) and Messervey and Frangopol (2007) 
for similar applications. The generalized extreme value function combines 
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Lower flange strain 
near trunnion

Rotation at the 
support

Green Yellow Red
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g

μ
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1.7 Some of the proposed metrics for Level 1 monitoring (raw data 
indicators).
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three simpler distributions into a single form, allowing a continuous range 
of possible shapes that include all three of the simpler distributions. Three 
types of extreme value distributions, Type I (Gumbel), Type II (Frechet) and 
Type III (Gumbel), are combined in the generalized extreme value distribution 
with shape parameter, , location parameter, m and scale parameter, . The 
probability distribution function for the generalized extreme value distribution 
is given as:
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From the strain data, the maximum strain values may be picked for each 
data block of certain time duration (e.g., 1-minute duration here in Fig. 
1.9). The procedure is presented with a bridge example (Susoy et al. 2008). 
From the simulated strain values, maximum values for one-minute time 
lengths are obtained, which yields 1440 data values for each day. One 

1.8 A typical movable bridge is a perfect candidate for structural 
health monitoring (clockwise from top: bridge aerial view, open 
position, girder SHM instrumentation, SHM installation by 
researchers).
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underlying assumption is that the strain measurements used as data points 
are independently and identically distributed. Since, a vehicle traveling at a 
common speed of 40 mph will take less than 2 seconds to cross an average 
bridge with a span of 100 ft, this assumption can be accepted as valid. For 
long-span bridges where crossing can take more than a minute, longer time 
blocks should be taken to satisfy the assumption.
 For the Threshold Modeling, the measurements exceeding certain thresholds 
are investigated such as the strain values above yield or some other preset 
value. Other uncertainty effects such as signal noise may create some 
signal (strain values) even when there is no structural response. To avoid 
collecting noise data or insignificant data, only the data exceeding a certain 
threshold can be considered. For the simulation, this threshold is set to be 
50 microstrain, which is a reasonable value to observe on an actual bridge 
during operational loading. The peak strain values exceeding this threshold 
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1.9 Histogram for daily maximum strain values and distribution fit.
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were determined and collected. Therefore, the random variable space can 
be described as in Eq. (1.2), where Y is the random variable and u is the 
threshold value.

  Pr(Y – u | Y > u) 1.2

This probability converges to the Pareto distribution as u approaches infi nity. 
Therefore, the generalized Pareto distribution is used to fi t the data. The 
probability distribution function of a generalized Pareto distribution is given 
as follows:

  
y f x

y u
(f x | , )u =
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where  is the shape parameter,  is the scale parameter, and u is the threshold 
parameter. For this distribution, the strain values from the simulation are 
fi ltered through the threshold value and maximum strains are retrieved with 
a peak-detecting algorithm. The resulting histogram of maximum strain 
values are plotted and fi tted to a generalized Pareto distribution as shown 
in Fig. 1.10.
 Using block-maxima or threshold approaches, the probability distribution 
of daily maximum strains may be obtained and then used to calculate the 
annual probability of exceedance. For calculating the annual distribution, 
daily values in these examples are used with a binomial distribution, over 
365 days for the values of the random variable (see Fig. 1.11). Such analysis 
reduces the size of the data sets and provides valuable Level 1 information 
such as daily, monthly, yearly maximum stresses with a distribution given 
in Fig. 1.11.
 After Level 1 monitoring, different types of analyses can be conducted to 
identify, locate and quantify changes in structural behavior as well as to predict 
future behavior. Several novel approaches and methodologies can be adapted, 
developed and implemented to obtain the necessary useful information from 
SHM data. Some of these methodologies can be listed as statistical pattern 
recognition approaches, parameter estimation by using model updating and 
optimization, reliability based monitoring and the use of computer vision for 
structural health monitoring. While many different methods and approaches 
may be employed, some novel methodologies studied by the author and his 
colleagues are summarized in the following sections.

1.6.1 Statistical pattern recognition

Statistical pattern recognition has great promise for handling large amounts 
of data while detecting changes and deviations over the monitoring duration. 
The process of pattern recognition starts with a sensor that collects the data 
to be classifi ed. Then, a feature extraction mechanism computes numeric or 
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symbolic information from the data, which are referred to as the features. 
Finally, the classifier is fed with the extracted features and the decision is made 
by classifying these features. This process is summarized in Fig. 1.12.
 Pattern recognition is the classification (or recognition) of different 
data vectors (also referred to as patterns) (Schalkoff 1992; Webb 1999). In 
statistical pattern recognition, statistical methods are used to define decision 
boundaries between patterns (Jain et al. 2000). Statistical pattern recognition 
has found many application areas in the fields of electrical engineering, 
computer science, medical sciences and many others (sample studies can 
be found in the proceedings of different conferences such as S+SSPR’08 
Workshop held in Orlando, FL). Recently, pattern recognition concepts have 
been also applied to civil engineering applications in the context of SHM 
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(such studies can be found in the proceedings of different conferences, e.g. 
the 6th IWSHM’07 held in Stanford University, CA).
 Statistical pattern recognition has many components. They include linear 
discriminant functions, non-linear discriminant functions (neural networks), 
feature extraction and selection, supervised learning, unsupervised learning 
(clustering), decision trees, and outlier detection. In this text, a very brief 
overview about some of the components, which are presented in more detail 
in subsequent chapters, will be given.

Feature selection and extraction

Feature selection and extraction seek to compress the data set into a lower 
dimensional data vector so that classification can be achieved. Obviously, 
the features should be selected very carefully so that maximum separation 
can be achieved with the minimum number of features because the high 
dimensional features often cause problems, which is also referred as ‘curse 
of dimensionality’. Some of the features used for SHM are mentioned 
throughout this text.

Supervised learning vs. unsupervised learning

The terms supervised and unsupervised learning refer to the learning process 
when there is training data available or not available respectively (see 
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Fig. 1.13). Regression analysis (continuous data) and group classification 
(discrete data) are types of supervised learning, whereas clustering and 
outlier analysis are often referred as unsupervised learning types. In SHM, 
the term unsupervised learning implies that there is no available data from 
the damaged systems.
 Sohn et al. (2001) provided a definition for SHM in the context of statistical 
pattern recognition, stating that SHM is a statistical pattern recognition 
process and it is composed of the following four portions:

ß Operational evaluation (how is damage defined, what are the conditions 
in the operational environment, what are the limitations on acquiring 
data?).

ß Data acquisition (selecting the types, number and places of the sensors 
and defining the other hardware, data normalization), data fusion (the 
integration of different sets of data from different types of sensors) and 
cleansing (choosing the data to accept or reject). 

ß Feature extraction (identification of the metrics, which help to differentiate 
the damaged and undamaged structure) and data compression.

ß Statistical model development (models that will give the information about 
the damage state of the structure by analyzing the identified features).

 Statistical pattern recognition can be used for Level 2 monitoring through 
the use of many metrics as exemplified in Fig. 1.14. There may be a number 
of metrics observed for monitoring of the structure at this level and some 
examples are shown in Fig. 1.14 as natural frequency, Modal Assurance 
Criterion (MAC) and Mahalanobis distance of the Auto-Regressive (AR) 
model coefficients.
 Sohn and Farrar (2001) used an Auto-Regressive (AR) model for 
estimating the time history measurements from an undamaged structure. 
The AR coefficients of the models fit to subsequent new data are monitored 
relative to the control limits. In another study, Sohn et al. (2001) applied 
two pattern recognition techniques to fiber optic strain gage data obtained 
from a surface-effect fast patrol boat. Recently, similar methodologies 
were applied to identify different structural configurations of a laboratory 

If data is available
from both damaged

and undamaged state

If data is available only
from undamaged state

Supervised learning Unsupervised learning

1.13 Supervised and unsupervised learning for SHM.
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structure and details about this study are given by Gul and Catbas (2007; 
2009). In these studies, the authors implemented different algorithms and 
approaches to construct a SHM methodology for real-life damage scenarios 
by using statistical pattern recognition. Figure 1.15 shows an example of the 
representative results of the statistical pattern recognition applications on a 
steel grid structure where damaged structure state is determined.
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 Worden (1997) used an auto-associative network (AAN) for first level 
damage detection. The feature for the network is selected as the transmissibility 
function between two masses. More discussion about the applications of 
neural networks (NN) for damage detection can be found in (Chen et al. 
1995; Masri et al. 1996; Kao and Hung 2003). Worden et al. (2000) used 
outlier detection methods for damage identification and applied it to four 
different cases. They also used Mahalanobis squared distance measure for 
outlier detection.
 Elimination of environmental effects from the data is another very important 
issue and principal component analysis (PCA) can be used for this purpose. 
PCA is a multi-variate statistical method, also known as proper orthogonal 
decomposition. A very attractive feature of the methodology, as presented in 
some studies, is that environmental conditions may not be measured for the 
analysis. Giraldo and Dyke (2004) applied the method to the ASCE benchmark 
problem to identify damage under different environmental conditions by 
using computer simulations. Yan et al. (2005) verified the methodology by 
using experimental data and applied it to real-life data coming from Z24 
Bridge in Switzerland. These methodologies can be implemented at Level 
2 monitoring to have more reliable information about the changes in the 
data.

1.6.2 Parameter estimation with sensor fusion and 
model updating

For Level 3 monitoring, a more detailed and comprehensive analysis 
level can be defined by using different approaches to SHM such as model 
updating using sensor fusion, detailed modal analysis, computer vision 
and reliability analysis. Examples by the authors for condition assessment 
of civil infrastructure can be found in literature (Catbas and Aktan 2002; 
Catbas et al. 2006). Figure 1.16 shows some of the proposed metrics for 
Level 3 monitoring.
 Here, parameter estimation is defined as the procedure through which 
the unknown variables of an analytical structure, whether stiffness, cross 
section area, elastic modulus or moment of inertia or boundary condition 
stiffness, are estimated using measured experimental measurements and 
minimizing error between measurements and model results with estimated 
parameters. In real-world scenarios, structural member properties may differ 
from their expected or ‘published’ values due to variances from fabrication, 
construction or destructive events such as damage or fatigue problems that 
occur over the service life of the structure. Using optimization methods and 
experimental data sets, one can minimize the error between the analytical 
and measured responses, updating the unknown parameters. The updated 
model can then serve as a starting point, or baseline model for future analysis 
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and critical decision making (Francoforte et al. 2007). Parameter estimation 
implementations on a number of structures have been presented by various 
researchers (Sanayei et al. 2006; Bell et al. 2007).
 There is a large body of research in the area of parameter estimation 
using SHM data and models for practical applications. These applications 
have involved the use of a single model. It is common practice to assume 
that the service behavior of a structure can be modeled using the same 
model that was used in design. If this approach is taken without preliminary 
conceptualization and field evaluation of existing structures, no verification 
of characteristics such as support conditions, geometry, and damage on 
the as-built structure is carried out. The predictions of this model are then 
compared with measurements. When agreement between measurement data 
and model predictions do not meet the correlation criteria, SHM data are used 
to ‘calibrate’ the model. This involves selecting a small number of model 
parameters that may have values that are different from those used in design. 
Once these parameters are selected, various procedures are used to find 
their values for which the measurements best match the model predictions. 
This approach is commonly used, for example, to interpret measurement 
data from load tests on concrete bridges where values for flexural rigidity 
(i.e., the product of Young’s modulus and the moment of inertia, EI) are 
determined, for example (Burdet 1993). This strategy has also been used 
to find coefficients of stiffness matrices for vibration model calibration, as 
described, for example, in Friswell and Motterhead (1995), Doebling et al. 
(1998) Santini-Bell et al. (2007) and Brownjohn et al. (2003). 
 Approaches that are more sophisticated include the determination of more 
than parameter values within one general design model. Most work to date 
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1.16 Some of the proposed metrics for Level 3 monitoring 
(quantification and localization).
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involves manual selection of a few likely behavior models using engineering 
experience. Factors such as values of member stiffness, support (boundary) 
conditions, and in-span hinges are varied to obtain several models. Again 
model predictions are compared with measurements to update parameters. The 
model that best fits all types of measurements at all locations is identified to 
be the most likely model. An example of this approach is given in Robert-
Nicoud et al. (2005a). It is also stated that most methods, irrespective of 
the type of approach, do not explicitly consider the combined effects of 
modeling and measurement error. Robert-Nicoud et al. (2005b) proposed a 
multiple-model identification methodology based on compositional modeling 
and stochastic global search. Stochastic search was used to generate a set of 
candidate models. The objective function for the search was defined to be 
the root-mean-square of the difference between measured values and model 
predictions (RMSE). When the RMSE value was less than a certain threshold 
value, the model was classified as a candidate model. The threshold level 
was determined by adding upper bounds of measurement and modeling error. 
Depending on the nature of the problem; type, length and resolution of data, 
one of these parameter estimation approaches can be considered for model 
based, in-depth interpretation of the SHM data.

1.6.3 Estimation of reliability using SHM data

Supplementing the reliability models with sensor data or Non-destructive 
evaluation (NDE) results has been suggested; however reliability approaches 
using SHM methods have not been fully accomplished as part of operations, 
maintenance and management of large scale civil structures such as bridges. 
Similarly, most SHM studies and applications focus on deterministic 
parameter and condition assessment with a number of approaches applying 
statistical analysis to SHM data to estimate structural parameters and detect 
damage (Farrar et al. 2003). However, SHM would serve much better it were 
employed for determining structural reliability. As a result, integrating SHM 
and reliability analysis of system and component reliability is an important 
and much needed research subject for data interpretation and decision 
making. In this context, it is also important to consider the uncertainties in 
data analysis, inclusion of system reliability analysis and prediction of future 
performance. With accurate predictions, it would be possible to estimate the 
time to failure, providing a better cost/benefit evaluation and life-cycle analysis 
for management. In order to achieve this, integration of novel techniques 
offered by SHM and analytical and numerical methods is required.
 Deterioration or loss of capacity in critical components of a structure 
can be modeled using SHM data and these can be tracked over time. These 
models are supported by analytical derivations and past data and can be 
updated with new data. Finite element or other models can produce the 
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component reliability indices using the data continuously fed by the sensors. 
The reliability of a component is determined in terms of the probability of 
exceeding a pre-defi ned limit-state. Limit-states defi ne the failure criteria 
according to a selected failure mode. All realizations of a structure can be 
put into one of the two categories: Safe (load effect ≤ resistance) or Failure 
(load effect > resistance). The state of the structure can be described using 
parameters, X1, …, Xn where Xi’s are load and resistance parameters. A 
limit-state function is a function g(X1, …, Xn) of these parameters, such 
that g(X1, …, Xn) ≥ 0 for a safe realization or g(X1, …, Xn) < 0 for failure. 
Limit-state functions are expressions defi ning the failure limit and generally 
in the form of (R, Q) = R – Q, where R and Q defi ne the random variables 
for resistance and load effects, respectively. If the limit-state function is 
positive, resistance is greater than the load effects, so the structure is safe. 
If the limit-state function is less than zero, this case defi nes a failure, since 
the load effect has exceeded the capacity. The curve or surface defi ned by 
g = 0 is the failure surface dividing failure and survival spaces. Engineers’ 
aim is always making g greater than zero, but how close to zero it may 
approach is related with the balance between risk and cost (Ditlevsen and 
Madsen 1996; Melchers 1999; Nowak and Collins 2000). Reliability index 
is a unit of failure probability, which is the area under the limit state surface. 
A linear limit-state function can be considered as given in the following;

  g(X1, X2, …, Xn) = a0 + a1X1 + a2X2 + … + anXn

where Xi’s are uncorrelated random variables, with unknown types of 
distribution, but with known mean values and standard deviations. Then, 
the reliability index, , can be calculated as follows, 
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 Figure 1.17 illustrates the reliability index for a linear limit-state as the 
shortest distance from the origin to the failure surface.
 Component reliabilities can be generated with the sensor-based degradation 
models for time-dependent functions of reliability. System reliability and 
component reliabilities can be monitored real-time, and different alert levels 
can be triggered when a value below a critical reliability index is calculated 
(Catbas et al., 2008). As briefl y discussed above, proper treatment of 
reliability with SHM data is expected to provide excellent results for Level 
3 monitoring.
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1.6.4 Prediction and Bayesian updating

For a Level 4 monitoring, Bayesian updating can be employed for predicting 
future performance, which can also be termed as ‘prognosis stage’. Bayesian 
updating technique is a very powerful tool to make use of new data to refi ne 
the statistical parameters of an assumed or calculated distribution (Fig. 1.18). 
This technique also offers great promise to predict the future performance 
by constantly updating predictions using various SHM data. The general 
formula for Bayesian updating method is shown below:

  

g x
f x g

f x g d
( | ) =

x | ) (g )

x | )g
q q q) (g

q qg)g qÚ
where 
f(  | x) : conditional PDF of X given  (sampling distribution)
g( ) : PDF of  (prior distribution)
g(  | x) : posterior PDF of  given x (posterior distribution)
 : continuous parameter vector

x : sample data

1.17 Limit-state functions (Nowak and Collins 2000).
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 This technique is previously used successfully to update condition state 
of bridges when new visual inspection data is available. With time, the 
uncertainty of the estimated parameters increases rapidly due to epistemic 
uncertainty, however, using Bayesian updating, new data can be incorporated 
into the models to reduce epistemic uncertainty to better describe the most 
recent structural performance and health.
 Having the initial information, i.e. the a-priori condition, it is desired to 
integrate the new data provided by sensor measurements. When new data 
is available, the previous knowledge should not be discarded, but updated 
through Bayesian updating (Fig. 1.19). 

New informatoin

– expert op.
– inspections
– monitoring
– etc.

Updated 
distribution

Prior 
distribution

1.18 Concept of Bayesian updating.

Prior data

New data
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1.19 Prior and new data for the test beam.
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 The updating procedure generates the updated distribution, which involves 
less uncertainty than both distributions, and its mean value is closer to the 
distribution with a higher confidence. Figure 1.20 illustrates the steps of 
updating the distributions with the prior and recent data. The distributions on 
the left indicate the displacements obtained from continuous monitoring of a 
laboratory test set-up. The initial estimate is based on analytical model-based 
results for a particular boundary condition. As the structure is monitored, 
the displacements from a number of tests are considered as the new data, 
which are then used to obtain an updated (posterior) distribution. Based on 
a deflection-based limit-state, the initially estimated, updated and predicted 
reliability indices,  corresponding to the structure are also obtained. During 
the laboratory monitoring study, a boundary condition deterioration/damage 
is simulated. The new data shown in the second PDF plot indicates increased 
deflection measurements. The updated information in the first PDF plot 
is shown as prior data in the second PDF plot. The reliability indices and 
updated prediction for reliability of the structure are also illustrated for the 
deflection based limit state. As new data are incorporated into the previous 
data a new distribution is obtained. The right-hand side of Fig. 1.20 shows 
the difference in the prediction curves for the reliability index, based on curve 
fitting. The updated data also changes the curve fit, hence the prediction of 
future performance. In summary, with each new data set, Bayesian updating 
is repeated, increasing the confidence of the data. Reliability indices are 
calculated based on the defined limit-state. 
 Making good predictions (prognostic evaluation) is very important for 
decision making. Bayesian updating method is perfectly suitable for updating 
the condition with sensor measurements as illustrated before and also in Fig. 
1.21. An automated system can be coded, which would continuously update 
and adjust the parameter SHM data. The procedure is applicable to monitoring 
structural parameters, deterioration, geometry changes over time. Updated 
component reliability indices can also be employed to determine the updated 
system reliability automatically by means of parallel/series modeling.
 Ultimately, it is possible to expand the framework to employ life-cycle cost 
estimation, and add maintenance scheduling and optimization functions using 
the sensor-based, continuously updated system reliability monitoring data. 
The realization of such a framework would provide an invaluable tool for 
infrastructure management such as bridges, buildings and other constructed 
facilities (Susoy et al. 2006; Susoy et al. 2007).

1.6.5 Possible use of computer vision data for SHM

The writer believes that computer vision will be a key technology that will 
significantly improve SHM applications in the future. Consequently, there 
is a need to further develop this technology as part of SHM applications. 
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Computer-vision is the processing of acquired images in order to detect and 
track certain features. Recently, computer vision applications have gained 
attention for SHM applications. Basic methodology of the framework and 
preliminary results are described in the following with special application 
to bridge structures.
 Video streams are used in conjunction with computer vision analysis 
techniques to determine the class, speed, and location of vehicles travelling 
over the bridge. A database can be constructed using information from 
the vehicles (loads) training sets, the experimental results from the sensor 
network and a finite element model. Then, this system, by interpreting the 
images and correlating those with the information contained in the database, 
can evaluate the operational condition of the bridge. All of this can be done 
in real time, without the necessity of processing large amounts of data after 
its acquisition. Additionally, SHM with video data can be used for other 
purposes such as detecting suspicious activities, i.e. the presence of persons, 
vehicles and/or objects in critical or prohibited, predetermined locations.
 This system can provide real-time continuous assessment with video cameras 
detecting, tracking, and classifying vehicles permanently. Other sensors in 
the monitor system can be synchronized with the video input to detect the 
structural behavior along with the loads on the bridge. This feature can help 
notification of any abnormal behavior, generation of image and numerical 
records, remote visual monitoring, tracking of structural behavior and help 
scheduling condition-based maintenance. The integration of computer vision 
into a SHM system is illustrated in Fig. 1.22.
 Identifying moving objects from a video sequence is a critical task for 
all vision systems. Some kind of mechanism is required to detect what is 
happening in the field of view of the camera. Any moving or new object 
is to be noted and has to be somehow detected. Once objects are detected, 
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Repair and 
retrofit

Time

Time

1. 21 Reliability based on SHM data.
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further processing is needed to indicate in which direction they are moving 
(tracking) and/or what kind of object they are (classification). A common 
approach for identifying the moving objects is background subtraction, where 
each video frame is compared against a reference or background model. 
Pixels in the current frame that deviate significantly from the background 
are considered to be moving objects and belonging to the foreground. This 
pixel-based information is then clustered to identify regions in order to label 
and classify objects. 
 Detection previously obtained will include false positives for a variety of 
reasons. For example, background moving objects in an open environment 
(leaves and branches, debris, shadows, occlusions, etc.) can be considered 
foreground objects, leading to false results. To eliminate this identity, 
error data must be validated. The most common approach is to combine 
morphological filtering and connected component grouping to eliminate these 
regions. Connected component grouping is used to identify all regions that are 
connected and eliminate those that are too small to correspond to real interest 
moving points. In this way, the remaining noise is eliminated. A bounding 
box is drawn around the object and its size (number of pixels) and centroid 
(location within the image) are calculated. Once each vehicle/object is detected 
and located in the image, its image coordinates have to be converted and 
mapped into the real world coordinates system. This is achieved by finding 
the intrinsic and extrinsic camera parameters that establish the relationship 
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between image (I) and world (W) coordinates. These parameters were found 
by knowing a set of points in the image and real world, establishing a system 
of equations and using singular value decomposition to get the final solution. 
This procedure is explained schematically in Fig. 1.23.
 When applied to bridge structures, it is important to determine the speed 
and location of vehicles. Moving objects in two consecutive frames are 
matched allowing the calculation of its speed while moving along the bridge. 
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1.23 SHM and computer vision integrated operation.

www.EngineeringBooksPDF.com



35Structural health monitoring: applications and data analysis

v = d/t where v represents the speed, d is the distance between centroids of 
the same object for the two images, and t is the elapsed time between images 
(1/30 s. for two consecutive frames is the standard frame capture ratio for 
the type of camera used). To actually track a vehicle through the video, 
constraints like maximum speed, common motion, and minimum velocity 
are used. Additional information provided by color and size allows building 
of an index-weighted matrix, which provides the most probable matching 
objects between the two frames. Estimation of the next position of the vehicle 
(centroid) is also needed, since this value is fundamental when correlating 
sensor readings vs. load positions. 
 Finally, once an input is received from the vision module, it can be possible 
to infer the structure health by comparing the expected results for those 
loads (from the database) with the actual readings (from the sensor arrays). 
The proposed framework can also be capable of maintaining surveillance 
for security monitoring. Video surveillance and monitoring are rapidly 
growing areas of video computing, particularly for suspicious activities, 
accidents and threats. In summary, the objectives of video using video and 
computer vision within an SHM system are to: (1) detect moving objects 
in the video, (2) track objects throughout the sequence, (3) classify them 
into people, vehicles, animals, etc., and (4) recognize their activities. In 
very recent studies, synchronized implementation of computer vision with 
damage identification using unit influence lines are demonstrated by Zaurin 
and Catbas (2007; 2008). It is expected the use of computer vision for SHM 
will gain even more attention in years to come.

1.7 Conclusions

Some basic definitions about SHM, application scenarios, critical considerations 
in integrating and leveraging experimental, analytical and information 
technologies for SHM data analysis and interpretation are discussed in 
this chapter. It is possible to see more and routine SHM applications in 
the manufacturing, automotive and aerospace industries; however, it is 
relatively new for civil infrastructure due to a number of challenges for 
effective applications. This chapter presents scenarios where SHM can 
be employed for civil infrastructure systems with examples of bridges for 
condition assessment, load capacity evaluation and maintenance management, 
in conjunction with operational and emergency management. Recently, 
there have been successful demonstrations described in various specialty 
conferences, workshops and symposia. 
 It is seen that sensing and data acquisition technologies have advanced 
and are advancing significantly such that the limits of sensing are fast 
disappearing. A critical issue is to effectively use Internet architectural 
standards and associated networking protocols and technologies that offer 
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data integration, communication, synchronization, real-time visualization and 
archival over large distances and very long time durations such as decades. 
The principal challenges that remain mainly related to data analysis, timely 
and effectively interpretation, and information management. A review of some 
of the relevant concepts, techniques, methods and approaches are presented 
as a prelude to following chapters.
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Abstract: In the past decade, the electromechanical impedance (EMI) 
technique employing lead zirconate titanate (PZT) impedance transducers 
has been successfully applied for structural health monitoring (SHM) of 
various engineering structures. In this technique, the PZT transducers 
act as collocated actuators and sensors and employ ultrasonic vibrations 
(typically in tens to hundreds of kHz range) to glean out a characteristic 
admittance signature of the structure. The admittance signature encompasses 
vital information governing the phenomenological nature of the structure, 
and can be analyzed to assess the structural damage. Owing to its cost-
effectiveness and high sensitivity to damage, the EMI technique has attracted 
intensive research attention in recent years. This chapter presents the recent 
theoretical and technological developments in the field of EMI technique. 
The EMI models based on PZT-structure interaction are first described, 
including analytical and numerical ones, followed by their applications for 
qualitative and quantitative structural damage assessment. Subsequently, 
the sensing region of PZT transducers is theoretically investigated and 
experimentally verified. Finally, practical issues related to field application 
such as repeatability of the PZT signature, adhesive layer between PZT and 
structure, and temperature effect are elaborated.

Key words: lead zirconate titanate (PZT), transducers, sensors, 
electromechanical impedance (EMI), structural health monitoring (SHM), 
damage identification.

2.1 Introduction

Structural health monitoring (SHM) is essential for aerospace, mechanical and 
civil structures to detect damage and to monitor development of the damage 
so as to minimize the maintenance processes and inspection cycles. In recent 
years, increasing interest has been paid to the electromechanical impedance 
(EMI) based SHM technique (Park et al. 2003). This technique uses small-size 
piezoceramic lead zirconate titanate (PZT) transducers bonded to an existing 
structure, or embedded in a new composite construction. Any physical change 
in the structure will cause changes in the structural mechanical impedance. 
Owing to the electromechanical coupling between the PZT material and the 
structure, any change in structural mechanical impedance will induce changes 
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in the electrical impedance of the PZT transducer. Hence, by monitoring the 
measured electrical impedance of the PZT transducer and comparing it with 
the baseline measurement, we can determine whether any structural damage 
has occurred or is imminent.
 Sun et al. (1995a) first used this technique to detect the integrity of a 
lab-sized truss. The damage in the truss was simulated by tightening or 
loosening the connector thread of the members. Since then, various issues 
such as EMI modeling (Liang et al. 1996; Zhou et al. 1996; Bhalla and Soh 
2004; Yang et al. 2005; Annamdas et al. 2007), PZT sensing region (Hu and 
Yang 2007), and applications (Chaudhry et al. 1995; Ayres et al. 1996, 1998; 
Soh et al. 2000; Park et al. 2000, 2001; Ghoshal et al. 2001; Xu et al. 2004, 
Giurgiutiu et al. 2004a, Yang et al. 2007) related to the EMI technique have 
been extensively studied. 
 The EMI technique possesses distinct advantages such as the high sensitivity 
in damage detection, use of non-intrusive transducers and potentially low-
cost applications. However, this technique is essentially a local damage 
detection method. It is unable to capture the influence of damage on the 
global behavior of the structure due to the utilization of high frequency 
admittance (inverse of impedance) signature and the limited sensing region 
of the PZT transducers. 
 This chapter reports the recent developments in the field of EMI technique. 
Section 2.2 describes various analytical and numerical EMI models based on 
PZT-structure interaction. The applications of EMI technique for qualitative 
and quantitative structural damage assessment are presented in Section 2.3, 
followed by the theoretical and experimental investigations on the sensing 
region of PZT transducers in Section 2.4. Section 2.5 addresses the practical 
issues related to field applications such as repeatability of the PZT signatures, 
adhesive layer between PZT and structure, and temperature effect. Finally, 
a summary and conclusions are presented in Section 2.6.

2.2 Electromechanical impedance modeling

2.2.1 Analytical methods 

The pioneering work of modeling the structure-PZT interacting system 
was done by Liang et al. (1993). They developed a one-degree-of-freedom 
(1-DOF) impedance-based analytical model for a spring-mass-damper 
system, as shown in Fig. 2.1. In Liang’s model, the PZT patch is assumed 
to be fixed on one end and connected to the host structure on the other end. 
Experiments have shown that Liang’s model can predict a favorably good 
velocity response of a circular ring (Rossi et al. 1993). Zhou et al. (1994, 
1996), then extended Liang’s model to a two-dimensional case. Similarly, 
two edges of the PZT patch are assumed to be fixed, and the other edges are 
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attached to the host structure. The velocity response of a plate actuated by a 
pair of PZT patches was well predicted by Zhou’s model (Zhou et al. 1996). 
However, neither Liang’s model nor Zhou’s model has been used to predict 
the EMI of a PZT-structure interacting system for direct comparison with the 
recording of impedance analyzer. Giurgiutiu and Zagrai (2000) analyzed the 
vibration of PZT patch with free, fi xed and elastically constrained boundary 
conditions. Although direct comparison of the predicted and measured EMI 
has been made, it was observed that the measured results were more than 
ten times larger than the predicted results.
 Yang et al. (2005) derived a one-dimensional (1D) generic EMI model 
based on the PZT-structure interacting system illustrated in Fig. 2.2. The 
length, width, and thickness of the PZT patch are denoted as ap, bp, and hp, 
respectively. The subscript p denotes the parameters of the PZT patch. The 
effect of the host structure on the PZT patch is represented by its mechanical 
impedances Zstr and Z¢str at the points where the PZT patch and the host 
structure are bonded, i.e., the PZT drive points. The mechanical impedance is 
defi ned as the ratio of force to velocity at the PZT drive point. The electrical 
admittance of the PZT patch is formulated as

Y j b h d Y k a M k ap ph d YY E
p pa p pa j bp ) { [(sin +k apa  (M o1bb % )))) ] + }31 33e] +a – 31d31 ap

T
p%

 
2.1

where j symbolizes the imaginary part;  is the driving frequency of the 
electric fi eld; d31 is the coupling piezoelectric constant between directions 
3 and 1 at zero stress; Y

~
p
E = Y p

E(1 + i ) is the complex Young’s modulus at 
zero elastic fi eld; Y p

E is the real Young’s modulus; %e d33e 33 (e33 1 – )T T%e %e j  is the 
complex dielectric constant at zero stress; T

33 is the real dielectric constant; 
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2.2 Generic one-dimensional PZT-structure interacting system.
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 and  denote the mechanical loss factor and the dielectric loss factor of 
the PZT material, respectively; k Yp p pYY E/ %  is the wave number; p is 
the mass density of the PZT patch; 

a =
( )

31
–1

d
k Z+ j Yw ( b h Mp sZ+ tr p

E
p p¢ %  

2.2

and M
Z j b h k a k k ar pj E

p p p pa p pk p=
( )Y b hpYY p ph (1 – cos1w % ))

( ) ( /1Z j b h Z) ((–1 Z k// + cos a k) –r p(j E
p p str po k+ cos tt p p) k)w % ¢strtt sin k ap pa  2.3

The electrical impedance Z is the inverse of the electrical admittance Y, 
i.e., Z = 1/Y.
 Liang et al. (1993) assumed that the PZT patch is fi xed at one end and 
bonded to the host structure at the other end, which corresponds to the 
case of Z¢str = ∞ in the above generic model. The PZT active sensor with 
free, clamped and elastically constrained boundary conditions, analyzed by 
Giurgiutiu and Zagrai (2000), corresponds to the cases of Z¢str = Zstr = 0, ∞ 
and a value varied with frequency, respectively. 
 In the 1D generic model, the host structure has different mechanical 
impedances at the two ends of the PZT patch. However, in most cases, 
the scale of the host structure is much larger than the PZT patch, thus the 
dimensions of the PZT patch can be neglected. The two ends of the PZT 
patch can be viewed as to be close enough such that Zstr = Z¢str. With this 
assumption, the coeffi cients a and M in Eqs. (2.2) and (2.3) can be simplifi ed 
and the EM admittance can be modifi ed as

  Y j b h d Y k a d ap p
E

p pa p j bp ) { [2  tan ( /2) – ]1
31ah d Yph d YY Ebbp ) { [2% + }33%e T

pa  2.4

A generic model of a two-dimensional (2D) PZT-structure interacting system is 
illustrated in Fig. 2.3. Again, the effect of the host structure is represented by 
its mechanical impedances at the PZT drive points, i.e., the direct impedances 
Z11 and Z22, and the cross impedances Z12 and Z21. The assumption that Zpq 
= Z¢pq, p, q = 1, 2 is similarly adopted as for the 1D model so as to avoid 
complicated calculation. The EM admittance is expressed as

Y j h Y d d A bp p
E

p p p(j 1 ) [(dd )dp (2AA1 2 –) 1
32n1 –h Yp pYY E( % (((( ¢ tan (tt /2) – )

       + ( )(2

31

31 32

K a d b

d d+31

p pa p p

pn( ¢¢C a¢¢ K b d a b a bp pK p pd a p
T

p pbtan( /2) – )] }33%e  

2.5

where p is the Poisson’s ratio of the PZT material; d32 is the coupling 
piezoelectric constant between directions 3 and 2, and generally d32 = d31; 
Kp = (1 – )/2w r np p(1 n p

EYp
%  is the wave number; 
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and I is the identity matrix.
 The mechanical impedances of the host structure can be obtained by 
analytical or numerical method for different frequencies. Analytical solutions 
of mechanical impedances are only available for simple structures such as 
beams, plates (Yang et al. 2005) and shells (Yang and Hu 2008) under certain 
boundary conditions. For complex structures, numerical simulation such as 
fi nite element analysis (FEA) is needed. The structural mechanical impedance 
obtained from analytical solutions or FEA can be used to calculate the PZT 
admittance signature using Liang’s model, Zhou’s model, or the 1D and 2D 
generic models in Eqs. (2.4) and (2.5). 

2.2.2 Numerical methods 

FEA-based impedance models
Various fi nite element (FE) models on PZT-structure interaction have been 
proposed since the 1990s. Lalande (1995) provided a review of the FE approaches 
for the simulation of PZT-structure interactions. He broadly classifi ed them into 
three categories, namely direct formulation of elements for specifi c application, 
utilization of a thermoelastic analogy and the use of commercially available 
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2.3 Generic two-dimensional PZT-structure interacting system.
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FEA codes incorporated with piezoelectric element formulation. Fairweather 
(1998) developed an FE analysis-based impedance model for the prediction 
of structural response to induced-strain actuation. The model utilized FEA to 
determine the mechanical impedance of the host structure. The simplicity of 
this model is reflected in the fact that modeling of the PZT transducer is not 
required as it is represented by a force or moment. The drive point mechanical 
impedance could be derived by evaluating the ratio of force to velocity. For 
EMI technique applications, the mechanical impedance obtained could be 
used to calculate the PZT admittance signature through the impedance-based 
electromechanical coupling equation (Liang et al. 1994, Bhalla 2004). 
 Initial applications of the abovementioned models were mainly focusing 
on relatively low frequency of excitation, typically lower than 1 kHz. The 
FEA-based impedance model was later applied to the EMI technique, 
which involved much higher frequency of excitation, in the order of tens 
to hundreds of kHz (Bhalla 2004). Annamdas and Soh (2007) presented a 
three dimensional (3D) PZT-structure interaction model incorporating the 
bonding layer between the PZT and the structure. In their model, the effect of 
the bonding layer was incorporated collectively in the structural mechanical 
impedance by adding additional impedance terms for the bonding layer. The 
structural mechanical impedance was obtained from FEA. 
 In fact, all the above FEA-based impedance models are semi-analytical 
models by incorporating the impedance based analytical models (e.g., 
Liang’s model, Zhou’s model or the generic 1D and 2D models presented in 
Section 2.2.1) into the FE models. These models make use of the robustness 
of FEA in modeling complex structures while retaining the simplicity of 
impedance based analytical models to obtain the admittance signatures from 
the mechanical impedance obtained from FEA.

Coupled field FEA-based impedance model

At low frequency of excitation, simplification of the PZT patch into a force 
or moment in the FEA-based impedance model is normally acceptable. 
However, at high frequency of excitation such as in the application of the 
EMI technique, such simplification could lead to considerable loss in accuracy, 
which will be discussed later. To avoid this problem, coupled field FEA-
based impedance modeling can be used. In the coupled field FEA, the PZT 
patch is modeled together with the structure and the PZT admittance can be 
obtained directly from the coupled field FEA without using any impedance-
based analytical models. 
 In the following sections, complete modeling of PZT-structure interaction 
including the PZT patch, the bonding layer and the host structure using 
commercially available FE software, ANSYS 8.1 (ANSYS 2004) is presented. 
In ANSYS 8.1, the piezoelectric analysis is categorized under coupled field 
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analysis, which caters for the interaction between mechanical and electric 
fi elds. The outcomes are compared with those obtained from the impedance-
based analytical model as well as the experimental tests. 
 With the linear electromechanical constitutive equations (Ikeda 1990) 
incorporated into the general equation of motion for a forced structural system 
using the Galerkin FE discretization (Moveni 2003), the FE discretization 
can be performed. With the application of variational principle, the coupled 
FE formulation can be expressed as (ANSYS 2004)
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where [M], [C] and [K] are the structural mass matrix, damping matrix and 
stiffness matrix, respectively; {u} and {V} are the vectors of nodal displacement 
and electric potential, respectively, with the dot above the variables denoting 
time derivative; {F} is the force vector; {L} is the vector of nodal, surface 
and body charges; [Kz] is the piezoelectric coupling matrix; and [Kd] is the 
dielectric conductivity.
 This formulation is very convenient for evaluating the PZT admittance 
signatures as if it is measured by the impedance analyzer in the EMI technique. 
The complex admittance signature, which is the ratio of electric current to 
voltage, can be expressed as

  
Y I =

V  
2.10

where V is the voltage applied on the PZT and I is the modulated current, 
with the bars above the variables indicating complex terms. The electric 
current can be directly compared with the admittance signature from the 
EMI technique (when V = 1 volt), saving all the hassle of calculating the 
PZT admittance from the structural mechanical impedance through the 
impedance based analytical models as required in the previous FEA-based 
impedance models.
 A simple rectangular aluminium beam of dimensions 231 mm ¥ 21 mm 
¥ 2 mm is used as the test specimen. A 10 mm ¥ 10 mm ¥ 0.2 mm PZT 
patch is bonded at the middle of the beam. The specimen is experimentally 
tested using an HP 4192A impedance analyzer to record the PZT admittance 
signature. The coupled fi eld FEA is then performed. The FE model in the 
ANSYS 8.1 workspace is illustrated in Fig. 2.4. To be more realistic, the 
bonding layer of thickness 0.03 mm as measured in the experiment is also 
simulated. The material properties used in the simulation can be found in Yang 

www.EngineeringBooksPDF.com



50 Structural health monitoring of civil infrastructure systems

et al. (2008c). The solid 45 element was used for both the bonding layer and 
aluminium beam. Element of size 0.5 mm is adopted throughout the entire 
structure. According to recommendation from Makkonen et al. (2001), an 
element of size 0.7 mm is sufficient for the selected frequency range. 
 The numerical outcome is compared against the experimental results in Fig. 
2.5 for two different frequency ranges. From the figure, it can be concluded 
that the simulation is successful, as shown from the close matching of the 
slope of curve, modal frequencies and peaks’ magnitudes, even up to frequency 
as high as 100 kHz. More results can be found in Yang et al. (2008c).
 In comparison with other models in the field of EMI technique, the 
coupled field FEA model exhibited exceptional robustness. For instance, most 
of the previous models, either purely analytical through impedance-based 
modeling or semi-analytical through FEA-based impedance modeling, are 
often unable to model the minor peaks (Zagrai and Giurgiutiu 2001), exhibit 
large variation in magnitudes (Bhalla 2004, Giurgiutiu and Zagrai 2000) 
and show low accuracy when frequency range exceeded 60 kHz (Ong et al. 
2002). These shortcomings are attributed to a number of reasons. Firstly, 
it should be noted that the actual interaction between the PZT patch and 
the host structure through the bonding layer involves the entire finite area 
of a size of the patch. At high frequency of excitation, the mode shapes of 
the excited structure are numerous and very complicated. Simplification of 
the finite area interaction into point forces or moments would render some 
vibrational modes unexcited as well as resulting in inaccurate prediction 
of certain modal frequencies. Modeling the PZT patch as a coupled field 
element, on the other hand, overcomes the abovementioned limitation by 

2.4 Isometric view of one-quarter of aluminum beam (231mm ¥ 
21mm ¥ 2mm) bonded with PZT patch modeled in ANSYS 8.1 
workspace.
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allowing more points of interaction throughout the entire area. The accuracy 
of the results is also expected to increase with finer mesh.
 Secondly, the basic assumption which neglects the effect of bonding 
in most previous models, is not realistic at high frequency due to highly 
localized actuation. The effect of shear lag is usually not negligible unless 
the bonding film is sufficiently thin. Some researchers (Ong et al. 2002, Xu 
and Liu 2003, Bhalla 2004) have introduced modification to the impedance 
based electromechanical coupling equation (Liang et al., 1994, Bhalla 2004) 
by incorporating the effect of bonding. However, simplification of point 
interactions remains.
 Overall outcome of the coupled field FEA impedance modeling showed 
excellent agreement with the experimental tests up to frequency range as 
high as 1000 kHz. The numerical outcome is found to be superior over the 
existing analytical models in terms of ability to simulate minor peaks, ability to 
accurately simulate the bonding layer and ability to model complex structures 
as well as the robustness to incorporate the effect of temperature. 
 In addition, coupled field FEA impedance modeling enables direct 
acquisition of admittance signatures. This considerably reduces the hassle 
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of fi rst obtaining the mechanical impedance and subsequently calculating 
the admittance signatures through electromechanical coupling equation in 
the previous FEA-based impedance models. Undoubtedly, the use of FEA 
to model the PZT-structure interaction for the EMI technique application 
could emerge as a cost effective alternative to experimental tests. 
 However, shortcomings exist in spite of the advantages stated above. 
For instance, the use of FEA reduces the physical insight and fundamental 
understanding of the PZT-structure interactions. The process of simulation could 
be tedious, time consuming and prone to unexpected error for inexperienced 
analysts. Modeling of actual boundary conditions is sometimes diffi cult 
especially at high frequency of excitations. 

2.3 Damage assessment 

2.3.1 Qualitative method

The prominent effects of structural damages on the PZT admittance signatures 
are the lateral and vertical shifts of the baseline signatures. Applications 
of EMI technique for damage assessment mainly focus on high frequency 
(typically higher than 30 kHz) to ensure high sensitivity to incipient damage. 
However, in such a high frequency, system identifi cation techniques are 
diffi cult, if not impossible, to apply because of the necessity of repeated 
structural analysis, which is time consuming. Statistical techniques have 
been employed to associate the damage with the changes in the admittance 
signatures, such as the root mean square deviation (RMSD) (Giurgiutiu and 
Rogers 1998), the relative deviation (Ayres et al. 1998), the difference of 
transfer function between the damaged and undamaged conditions and the 
mean absolute percent deviation (Naidu 2004). Comparison of these statistical 
indices showed that the RMSD is the most robust and representative index 
for assessing damage progression. The RMSD index is defi ned as
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where Gi
0 is the conductance of the PZT measured at the healthy condition 

of the structure, and Gi
1 is the corresponding post-damage value at the ith

measurement point. In the RMSD damage index chart, the larger the difference 
between the baseline reading and the subsequent reading, the greater the 
numerical RMSD value is. 
 On the other hand, Bhalla (2004) used an alternative method for damage 
diagnosis based on the changes in structural mechanical impedance (SMI), 
which was extracted from the PZT admittance signature by means of signature 
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decomposition. Detailed procedure of extracting SMI from the PZT admittance 
can be found in Bhalla (2004). The SMI-based RMSD is more sensitive to 
damage than the admittance-based RMSD because the former excludes the 
contribution of PZT in the admittance signature. 
 Using these two RMSD indices, Yang et al. (2008a) analyzed the results 
obtained from an experimental test carried out on a two-storey reinforced 
concrete (RC) frame, as shown in Fig. 2.6. In this experimental test, five PZT 
patches were surface bonded to one of the columns on the first floor of the RC 
frame (Fig. 2.7(a)). The locations of the PZT patches were determined based 
on structural analysis and engineering experience that cracks most probably 
appear at the joint section between the columns and beams. Therefore, the PZT 
patches were bonded close to a joint and along a column in order to capture 
the information of vital structural damages. The concrete frame structure was 
placed on a shake table which generated base vibrations to simulate earthquake. 
The five PZT patches were individually connected to different channels of 
a switch box, which was used to make multiple connections between the 
impedance analyzer and the PZT patches. The impedance analyzer excited the 
PZT patches and simultaneously recorded the admittance signatures received 
by the PZT patches. A sinusoidal sweep voltage with amplitude of 1 volt was 
applied to the PZT patches over various frequency ranges. The impedance 
analyzer was then connected to a personal computer to store the data. 
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(a) Dimensions of RC frame (Unit: mm)

2.6 Experimental test on an RC frame.
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 The test loads were applied in the form of horizontal base motions with 
different frequencies and intensities. The test was performed in five phases. 
The RC frame was subjected to two main vibration phases, namely phase 2 
and phase 4. The other three random vibration phases were used for structural 
identification. After vibration phase 2 with peak ground acceleration of 0.23 g, 
incipient damage occurred in the structure, and some was visible (referred 
to as damage phase 1 hereafter). After vibration phase 4 with peak ground 
acceleration of 0.46 g, major cracks appeared in the structure, especially at 
the joint section (referred to as damage phase 2 hereafter). The appearance 
of cracks on the column where the PZT patches were installed is shown 
in Fig. 2.7. The five PZT patches were scanned before the base-loading in 
order to record the baseline signatures for the healthy condition. Under the 
conditions of incipient damage as shown in Fig. 2.7(b) and serious damage as 
shown in Fig. 2.7(c), the PZT patches were individually scanned to acquire 
the post-damage signatures. The distances of the five PZT patches from the 
main crack shown in Fig. 2.7(c) are 62 mm, 112 mm, 162 mm, 212 mm and 
412 mm, respectively. 
 Signatures captured by one of the PZT patches (Patch 4) are illustrated in 
Fig. 2.8. According to the measured signatures, the SMIs at the PZT drive 
points are illustrated in Fig. 2.9. Figure 2.10 illustrates the RMSD damage 
indices calculated from the PZT admittance and the SMI, where G and B 
denote the real and imaginary parts of the PZT admittance, respectively; and 
x and y the real and imaginary parts of SMI, respectively. The damage indices 
in Fig. 2.10 are calculated for all the five PZT sensors at two damage phases 
with respect to the baseline signature. It can be observed that the RMSD 
values of both G and x exhibit a decreasing trend as the distance of PZT 
from the main crack increases. However, the damage indices for B and y do 
not show any uniform decreasing trend. This indicates that damage indices 
calculated from the real part of PZT admittance (G) and the real part of SMI 
(x) are more effective for damage assessment than those calculated from the 
imaginary parts (B and y). It is also found that both G and x increase with 
the severity of damage, but x has much larger values than G, indicating that 
x is more sensitive to damage thus a better damage index. 

2.3.2 Quantitative method

Since the statistical index-based damage assessment is qualitative in nature, 
it is useful in detecting the onset and development of damage but not 
quantitatively identifying the damage location and severity. This is because 
severe damage far from the PZT transducer and minor damage close to it 
could have the same damage index.
 For quantitative damage assessment using the EMI technique, system 
identification techniques need to be employed to search for the damage 
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location and assess the damage severity. Low frequency range is preferred due 
to the necessity of repeated analysis of SMI during the system identification 
process. In addition, the analytical solutions of SMI are preferred since 
numerical simulation on SMI generally needs intensive computation. 
 The quantitative damage assessment problem can be stated mathematically 
as:

  Find D Ã S, such that f (D) Æ minimum 2.12

where D is a trial solution of the damage; S is the feasible domain which 
contains all possible damages; and f(D) is the fitness function to assess the 
correctness of the trial solution. From the above formulation, the damage 
identification problem is essentially an optimization problem.
 It is noted that the formulation (2.12) may have a number of local 
minima in the region S, which would cause difficulty for the traditional 
local optimization strategies to find the global optimum. An ideal candidate 
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to overcome this difficulty is evolutionary computation methods, such as 
genetic algorithms (Goldberg 1989) and evolutionary programming (Fogel 
1992), which have been extensively used for various optimization problems 
and their robustness in finding the global optimum has been well proven. 
 Xu et al. (2004) conducted a quantitative damage analysis on beam and plate 
structures using the combination of the EMI technique and hybrid evolutionary 
programming. In their analysis, the peak shifts in the admittance signature 
in a low frequency range of 0–30 kHz, which reflect the changes in natural 
frequencies caused by damage, were used to design the fitness function for 
evolutionary programming. The damage was simulated by drilling a small 
hole in the structure. The results showed that both the location and radius of 
the hole could be identified successfully using evolutionary programming. 
However, the limitations of this method are obvious, i.e. (1) only single 
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2.9 SMI signatures extracted from admittance signatures of PZT 
Patch 4.

www.EngineeringBooksPDF.com



58 Structural health monitoring of civil infrastructure systems

damage in the structure could be identified; and (2) it is only applicable to 
simple structures. 

2.4 Sensing region of lead zirconate  

titanate transducers

Despite various successful applications of EMI technique for SHM, the 
fundamental research work on determining the PZT sensing region has not 
received much attention, partially due to the difficulty in modeling PZT 
generated wave propagation in different materials. 
 The waves generated by PZT actuators carry the information of the host 
structure, and thus can be used to identify the existence of the damage. 
Based on the wave propagation approach, Esteban (1996) made an effort to 
identify various factors that affect the PZT sensing region. After a number 
of experiments on several engineering structures, experiential PZT sensing 
range was concluded (Park et al. 2000; Naidu 2004). However, all these 
conclusions were drawn from the experimental tests. Neither theoretical nor 
numerical models to identify the sensing region of PZT transducers have 
been established. 

G
B
x
y

Damage Phase 1

 1 2 3 4 5
PZT Patch number

R
M

S
D

 (
%

)
18
16
14
12
10

8
6
4
2
0

G
B
x
y

Damage Phase 2

 1 2 3 4 5
PZT Patch number

R
M

S
D

 (
%

)

30

25

20

15

10

5

0

2.10 Damage indices for all five PZT patches.
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 Hu and Yang (2007) presented a theoretical model to effectively determine 
the PZT sensing region. The elasticity solution of PZT generated wave 
propagation was fi rst derived in terms of the wave refl ection and transmission 
matrices. Subsequently, based on the corresponding principle, the viscoelasticity 
solution was obtained directly from the elasticity solution. The output voltage 
of PZT sensor versus the actuation voltage was obtained according to the 
PZT-structure interaction effect as follows 
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Details of derivation and physical meanings of the symbols in the above 
equation can be found in Hu and Yang (2007). It can be observed that Vsensor/
Vactuator is a function of the material properties, the dimensions of the PZT 
patch, the frequency of actuation and the distance between the actuator and 
sensor. It is worth mentioning that the same PZT patch can be used both as 
actuator and as sensor in the EMI technique. However, for the purpose of 
determining PZT sensing region, different PZT patches were used as actuator 
and as sensor in the wave propagation modeling. 
 In order to verify the theoretical model, an experiment was carried out 
on an aluminium beam bonded with a number of PZT patches. The overall 
experimental setup is shown in Fig. 2.11. Two PZT patches were bonded 
to one end of the beam specimen at the same location but on the opposite 
side to function as actuators. A sinusoidal sweep voltage with amplitude of 
1 volt was applied to these actuators to excite the pure bending vibration 
in the beam over various frequency ranges. Another fi ve PZT patches were 
bonded to the beam specimen at distances of 0.2 m, 0.5 m, 1.5 m, 2.1 m 
and 2.9 m away from the actuators. These fi ve PZT patches functioned as 
sensors. The right end of the beam specimen was inserted into a box fi lled 
with sand to achieve negligible wave refl ection at the boundary, simulating 
a semi-infi nite beam condition. 
 According to Eqn. (2.13), the sensing voltage of each sensor along the 
beam specimen can be calculated, which simulates the signal detected by 
the sensor. The theoretical results of sensor output voltage versus excitation 
frequency are illustrated in Fig. 2.12. It can be observed that as the distance 
of the sensor from the actuators increases, the sensor output voltage decreases. 
This indicates that the waves generated by the actuators attenuate while 
propagating through the beam, and this effect is especially obvious at higher 
excitation frequencies. It is also observed that peaks appear when the excitation 
frequencies approach the beam’s natural frequencies due to the resonance at 
these frequencies. However, not all the peak values coincide well with the 
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basic observation that the output voltage decreases as the distance between 
the sensor and the actuator increases. This is attributed to the fact that the 
sensor may be situated at the anti-nodes of certain vibration modes. If this 
happens, the sensor output voltage will be very small.
 For clarity, several peaks are illustrated in Fig. 2.13, where the peak 
values of each sensor at certain frequencies, namely 119 kHz, 155 kHz and 
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beam structure

GPIB interface 
card and cable
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3499B switch control  
system housing N2260A  
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2.11 Experimental setup for determining PZT sensing region.

0.2
0.5
1.5
2.1
2.9

Frequency (kHz)

100 110 120 130 140 150 160 170 180 190 200
0

–10

–20

–30

–40

–50

–60

–70

–80

V
o

lt
ag

e 
(d

B
V

)

2.12 Signatures of theoretical prediction of voltages sensed by PZT 
sensors.
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187 kHz, are marked. It is obvious that the larger the distance, the smaller 
the peak value is; therefore, depicting the phenomenon of wave attenuation 
along the beam length. 
 Figure 2.14 shows the experimental results of output voltages of the five 
PZT sensors. Again, as expected, the phenomenon of wave attenuation is 
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2.13 Signatures of predicted output voltages of sensors at certain 
frequencies.
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apparent. The peak values under certain excitation frequencies illustrated and 
marked in Fig. 2.15 generally match well with those illustrated in Fig. 2.13. 
The differences between them can be attributed to several model assumptions 
as well as experimental errors. For example, in theoretical modeling, the effect 
of the adhesive layer between the PZT and the beam was not considered 
and the dissipation mechanism was assumed only due to damping. In the 
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experiment, it was difficult to paste the two PZT actuators at exactly the 
same location, thus the pure bending excitation is an approximation.
 In order to demonstrate the attenuation tendency of the wave propagating 
along the beam, the relationship between the output voltage and the distance 
of the sensor from the actuator at different excitation frequencies, namely 
119 kHz, 155 kHz and 187 kHz, is derived using the theoretical model. The 
results are compared with the experimental data, as illustrated in Fig. 2.16. 
As the distance increases, the amplitude of waves presents a clear decaying 
tendency, and the decaying tendencies in the theoretical predictions and in 
the experimental results coincide well especially at longer distances. For 
instance, at distance further than 1.2 m, differences between the theoretically 
predicted voltages and the experimentally detected ones are less than 0.005 
volt. 
 Due to the material and structural damping, waves generated by the PZT 
actuator attenuate while propagating through the structure. With the increase 
of distance between the PZT actuator and sensor, the output voltage of sensor 
decreases. If the output voltage is too small to be detected, PZT reaches 
its sensing limit. For the beam structure studied, the sensing region can be 
defined as the maximum distance between the actuator and sensor where the 
sensor output voltage is measurable. For two dimensional structures such 
as plates, the PZT sensing region can be defined as the circular area with a 
radius of that maximum distance. 
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 The minimal voltage that can be captured by the HP 4192A analyzer used 
in this study is 0.005 volt. In order to ensure the reliability of engineering 
applications, it is reasonable to set the PZT sensing limit as 0.01 volt, i.e. 
one percent of the original excitation voltage. The PZT sensing region is 
closely related to the excitation frequency. If the frequency is too high, 
the sensing region may become so small that the PZT sensors only exhibit 
sensitivity to their bonding conditions or PZT itself rather than the behavior 
of the structure monitored (Park et al. 2003). According to the above sensing 
limit, i.e. 0.01 volt, and the typical excitation frequency range of 100–200 
kHz for the EMI technique, the valid sensing region of PZT sensors is about 
2–2.5 m as shown in Fig. 2.16. Beyond this range of 2–2.5 m, the output 
voltage received by PZT sensors is less than 0.01 volt and it is difficult for the 
analyzer to steadily record this small voltage. In this situation, the signatures 
captured by the analyzer may lose some information of the host structure 
and in turn the EMI technique will lose its sensitivity to structural damage. 
Therefore, it is concluded that the PZT sensing region in aluminium material 
for EMI-based SHM is within 2–2.5 m. This conclusion coincides with the 
experimental experience for metal specimens by Park et al. (2000), where a 
stable 2 m sensing region was observed using a similar impedance analyzer. 
It is worth noting that the HP 4192A analyzer used in the experimental test 
only has a resolution of 5 mV. If a more powerful analyzer with higher 
precision of measurement could be used, the PZT sensing region could be 
larger than 2–2.5 m.
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2.16 Theoretical and experimental results of output voltages of PZT 
sensors at different excitation frequencies.
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2.5 Practical issues on field applications 

The EMI technique possesses distinct advantages such as the ability to 
detect incipient damage, use of non-intrusive transducers and potentially 
low-cost applications. However, most of the researches conducted up to date 
were laboratory based (Lim et al. 2006), which were under well controlled 
environment. Practical applications are rarely attempted. However, most 
of the idealized assumptions may not be practical in real-life applications. 
The durability of both transducer and bonding layer is important to ensure 
consistency in monitoring signatures. Furthermore, their resistance towards 
harsh environmental effects such as rain, sunlight as well as fluctuating 
temperature ought to be carefully studied. Ability to sustain continuous and 
long term monitoring is also essential. Various problems related to real-life 
applications including the workability, reliability, durability and applicability 
of the EMI technique ought to be circumvented before actual application.
 This section discusses the reliability of the EMI technique, in terms of 
long-term consistency of the measured admittance signatures. Effects of 
bonding layer on the EMI technique especially under varying temperature 
are also discussed.

2.5.1 Consistency of admittance signatures

The electrical admittance signatures are directly affected by the PZT patch, 
the bonding layer and the host structure. Under normal working conditions, 
the consistency of piezoelectric properties is relatively high. Aging rate of 
the key piezoceramic properties is generally lower than 5% per decade (PI 
Ceramic 2006). Endurance test conducted on piezoceramics showed that the 
material performed consistently even after several billion of cycles. Therefore, 
the deterioration of the PZT patch itself is not a major concern under normal 
use. However, this may not be true when the patch is surface-bonded on civil 
structures which may be constantly exposed to harsh environment. 
 Giurgiutiu et al. (2004b) investigated the effect of cyclic temperature 
change (oven test), climatic factors (outdoors tests) and operational fluids 
(immersion tests) on the durability of EMI technique. No significant changes 
were reported on the impedance spectrum. 
 Yang et al. (2008b) conducted a series of experimental tests to investigate 
the consistency of signatures acquired under different environmental conditions, 
with different levels of protection applied on the PZT transducer. The 
unprotected and protected PZT patches (with silicone rubber) placed indoors, 
outdoors and buried in soil were tested during a monitoring period of one and a 
half years. Results showed that all the unprotected PZT patches on the various 
samples performed excellently throughout the period of monitoring despite 
slightly higher fluctuations than the protected patches. The unprotected patch 
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buried in dry soil remained workable without significant degradation. This 
shows the robustness of the EMI technique against the outdoor environment. 
With further protection using silicone layer, it provides adequate confidence 
in the use of PZT patches in a normal construction site, which is full of dust 
and in contact with soil. Constantly fluctuating humidity or even contact with 
rain water did not degrade the patches nor affect their signatures acquired 
as long as they were dried before the signature acquisition. 

2.5.2 Effects of bonding layer and temperature

If a PZT patch was surface bonded onto a structure, the bonding adhesive 
forms the only interface for strain transfer between them. Generally, the 
bonding layer is much softer than the patch and the structure. The stiffness 
could be further reduced at elevated temperature. Temperature changes could 
lead to changes in mechanical and electrical properties of all components, 
including the PZT patch, the bonding layer and the host structure. However, 
previous researches have mainly focused on the effects of temperature on 
the PZT patch and the structure (Sun et al. 1995b, Park et al. 1999), but 
often omitted the bonding layer. 
 Sun et al. (1995b) discovered that the variations in electrical impedance 
caused by thermal drift and damage differ significantly. Effect of rise in 
temperature could be viewed as an effect of softening, which reduces the 
overall stiffness of host structure. Schulz et al. (2003) reported that the 
piezoelectric properties decreased with increasing temperature but recovered 
each time the sensor was cooled. Park et al. (1999) illustrated that temperature 
change imposed major effects on the dielectric constant and piezoelectric 
coupling constant of the patch. They also discovered that the real part of 
signatures acquired from free PZT patch changed negligibly with temperature. 
Therefore, the real part is preferred over the imaginary part when used in 
the EMI technique. 
 Various experimental case studies on the effects of bonding layer and 
temperature were conducted by Yang et al. (2008b). The admittance signatures 
of the PZT patches were acquired at different predetermined ambient 
temperatures from 30 ºC to 80 ºC, in an attempt to simulate the foreseeable 
temperature range normally experienced by civil structures in the tropical 
region. The results showed that the effect of bonding can be neglected 
even for thickness up to 2/3 of the PZT patch’s thickness, provided that the 
excitation frequency does not exceed 100 kHz. Above this frequency, the 
adverse effect of thick (larger than 1/3 of PZT thickness) bonding is obvious. 
With thick bonding and at high frequency of excitation, the PZT resonance 
will dominate the structural resonance as a result of localized actuation and 
sensing, rendering contamination to the admittance signatures and reduction 
in the damage detection capability. The effect of increase in temperature on 
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the admittance signatures was found to be similar to the increase in bonding 
thickness. 

2.6 Conclusions

This chapter described the recent developments in SHM using PZT impedance 
transducers. In addition to various analytical PZT-structure interaction models, 
numerical models based on non-coupled and coupled field FEA were also 
described. Overall outcome of coupled field FEA impedance modeling was 
found to be superior to the existing analytical models in terms of ability to 
model the bonding layer and complex structures. Moreover, coupled field 
FEA impedance modeling enables direct acquisition of admittance signatures. 
However, the process of simulation could be tedious and time consuming. 
 For qualitative damage assessment using statistical damage index, it was 
concluded that the SMI-based damage index is superior to the admittance-
based damage index, with the cost of extracting SMI from the admittance 
signature. For quantitative damage assessment using system identification 
techniques, low frequency range is preferred due to the necessity of repeated 
analysis of SMI during the system identification process. In contrast to the 
wide applications of qualitative damage assessment, quantitative damage 
assessment in the EMI technique is still limited. Theoretical and experimental 
investigations on the sensing region of PZT transducers showed that the 
reliable sensing region is within 2–2.5 m in aluminium material. 
 Experimental studies on the reliability of EMI technique under different 
environmental conditions and with different levels of protection applied on 
the PZT transducer showed excellent consistency of admittance signature. 
The results also showed that the effect of bonding can be neglected even for 
thickness up to 2/3 of the PZT patch’s thickness, provided that the excitation 
frequency does not exceed 100 kHz. Above this frequency, thin bonding 
layer which is less than 1/3 of PZT thickness is recommended. 
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Wireless sensors and networks for  
structural health monitoring of civil  

infrastructure systems

R A SWARTZ and J P LYNCH,  
University of Michigan, USA

Abstract: This chapter describes the development of low-cost wireless 
sensors for monitoring civil infrastructure systems. The historical 
development of wireless sensor hardware and software design is described in 
detail. The embedded data processing algorithms that allow wireless sensors 
to locally process raw structural response data are presented. To illustrate 
the utility of wireless structural monitoring systems, a variety of field studies 
are presented including instrumentation upon complex bridges and buildings. 
The chapter concludes with more recent work in integrating wireless sensors 
within feedback control systems for the seismic protection of civil structures.

Key words: smart sensors, wireless sensors, structural monitoring, embedded 
data processing.

3.1 Introduction

Structural health monitoring systems provide valuable insight into the 
condition of a structure, enabling planners to make better decisions regarding 
maintenance, and help to ensure the safety of a structure’s inhabitants. 
Unfortunately, two factors have led to the lack of widespread adoption 
of structural health monitoring systems. First, systems are expensive to 
install with costs increasing faster than a linear rate as systems grow in 
size. Second, the benefits currently derived from a permanently installed 
structural monitoring system are difficult to quantify in terms of costs saved 
to structural owners. Clearly, if the installation cost of monitoring systems 
can be reduced, while system capabilities are expanded to include robust 
identification of structural damage, implementation of health monitoring 
systems would become more widespread. 
 A robust monitoring system capable of accurately detecting and localizing 
damage requires a dense network of sensors installed throughout the system. 
For such a system, the cost of installing wires to connect the sensors to 
a centralized monitoring station can run into thousands of dollars per 
sensing channel (Celebi, 2002). Alternatively, replacing tethered sensors 
with low-cost wireless sensor nodes can substantially reduce system costs 
to a few hundred dollars or less per sensing channel; this is a significant 
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saving, especially for systems requiring a large number of nodes. Wireless 
sensing nodes, with their on-board data processing abilities are also ideal for 
monitoring applications where data interrogation is performed automatically, 
thus eliminating the requirement for an engineer to examine a prohibitively 
enormous aggregation of data collected by the sensing network (Straser and 
Kiremidjian, 1998). Additionally, wireless sensing networks can be installed 
and uninstalled rapidly making temporary, emergency deployments of health 
monitoring systems possible at relatively short notice. With these motivations 
in mind, we explore in this chapter the unique challenges encountered in the 
practical implementation of wireless structural health monitoring systems, 
strategies for overcoming those challenges including hardware considerations 
and embedded data processing architectures, integration of wireless sensors 
into larger cyber-environments, and the extension of wireless sensors into 
applications requiring actuation such as active sensing and feedback structural 
control.

3.2 Challenges in wireless monitoring

Wireless sensors costing only a few hundred dollars per sensing node are 
low-cost alternatives to traditional wired sensors. They are also easier to 
install due to the eradication of extensive wiring between sensors. However, 
the lack of the dedicated communication channel offered by a wired system 
presents unique challenges during implementation of wireless monitoring 
systems in practice. The two primary challenges encountered when deploying 
wireless sensors are limited power supplies and bandwidth constraints of 
the wireless communication channel between sensing nodes. In addition, 
transmission range becomes a concern in spatially separated networks, as is 
often the case in large civil engineering structures that are often defined by 
dimensions of hundreds of meters. Finally, data flow over the air in wireless 
networks poses an additional security concern that must be addressed. These 
challenges, and strategies for alleviating their effects, are presented in detail 
in this section.

3.2.1 Power supply

In some structures, such as commercial buildings, wireless sensors can be 
conveniently operated using AC power native to the structure. However, 
many civil structures do not have AC power outlets distributed throughout. 
Without cables to supply power, wireless sensors in these structures would 
be reliant on battery power to function. For battery-powered monitoring 
systems intended to operate independently in the field for years at a time, 
power consumption is a major concern. The cost savings that can be 
obtained by employing wireless sensing will not justify a wireless system 
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that requires constant maintenance and battery replacement, especially in 
the civil engineering environment when sensors may be very difficult to 
access. The design of a wireless sensing unit must therefore incorporate low 
power components in its design in order to preserve battery power as long 
as possible. However, lower power consumption often comes with reduced 
functionality: lower resolution, lower communications range, and/or reduced 
speed. These are all tradeoffs that must be judiciously analyzed during the 
design of wireless sensors in order to reduce power consumption yet obtain 
adequate sensor performance. 
 The largest consumer of battery power in the wireless sensor hardware 
design is the wireless radio. Given this fact, reducing radio use is the most 
effective way of preserving battery power within a well-designed wireless 
sensing network. Because computational operations within the sensing unit 
are less costly (in terms of energy drain) than data transmission, any on-
board data processing that can reduce the amount of raw data transmitted 
wirelessly throughout the network will result in a net decrease in energy 
expended (Zimmerman et al., 2008 and Lynch et al., 2004d). Besides simply 
preserving battery life, on-board, automated data processing is advantageous 
in any monitoring system as it helps to avoid the situation where a very 
large collection of data is compiled within a repository at a rate faster than 
a qualified person (e.g. engineers) can manually process. By collocating 
computational power at the sensor, data can be processed as it is collected, 
without the added labor and expense of human interaction. 
 For many monitoring applications, some additional options exist to help 
overcome power supply limitations. First is the strategic use of a wireless 
sensor’s sleep mode, where the sensor is powered down for a prolonged 
period of time. Another option is to scavenge energy from the environment, 
such as capturing solar power (Shinozuka, 2003 and Chung et al., 2004), 
or harvesting power from mechanical vibrations (Sodano et al., 2004). For 
applications with little to no computational requirements, passive radio 
frequency identification (RFID) sensors are an additional option to consider. 
RFID sensors do not require a collocated power source since power is 
received from a reader through electromagnetic coupling (Finkenzeller, 
1999). Generally, appropriate power saving approaches are often application 
specific, and require careful thought and creativity by the system designer.

3.2.2 Bandwidth

The majority of wireless sensing units today are designed to operate within 
the unlicensed industrial, scientific, and medical (ISM) radio band. In the 
United States, the Federal Communications Commission (FCC) has designated 
the 900 MHz, 2.4 GHz, and 5.0 GHz frequency bands as unlicensed ISM 
bands for general use, but limits the output power of devices that operate 
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within those bands to 1 W. Many wireless technologies (e.g. Wi-Fi, Bluetooth, 
Zigbee) operate well within these frequency requirements. The limited 
number of unlicensed frequencies and the potential for interference from 
other wireless technologies using the same bands restrict the amount of 
data that can be reliably transmitted within a network during a given time 
period, even in cases where power consumption is not a concern. Another 
factor to consider is that wireless signals may be sent either as narrow-band 
signals (i.e., modulated on a single frequency) or as a spread-spectrum signal 
(i.e., modulated over a range of frequencies). Narrow-band signals are more 
susceptible to environmental interference and multi-path distortions (Mittag, 
2001), however spread-spectrum signals, while more reliable (Bensky, 2004), 
monopolize more bandwidth and further limit the total amount of data that can 
be moved over a particular range of frequencies in a given time period.
 Multiple devices sharing a common bandwidth must coordinate their 
actions to avoid collisions that would corrupt the data they transmit. A 
number of medium access control (MAC) protocols are available for this 
purpose. A MAC protocol defines the rules a device must follow in order to 
access a shared communication medium; in the case of wireless sensors, that 
medium is a wireless channel. These rules are designed to avoid collisions 
and the corruption of data, ensure proper data reception, and offer uniform 
quality of service throughout the network (Zhao and Guibas, 2004). Two 
MAC protocols that are popular for wireless sensing applications include 
carrier sense multiple access with collision avoidance (CSMA/CA), in which 
sensing units detecting a collision back off for a random period of time 
before attempting to resend, and time division multiple access (TDMA) in 
which guaranteed time slots are allocated to each wireless sensor. In large 
civil structures, the ability for multiple sensors to share a single medium is 
especially important when taking into account limitations on transmission 
range between nodes.

3.2.3 Transmission range

As mentioned above, the power levels of transmissions made within unlicensed 
frequency bands are limited by the FCC to 1 W. Limiting the output power 
also limits the effective communication ranges of devices that use these bands. 
In open space, wireless signals lose power in proportion to their wavelength 
and in inverse proportion to the square of their distance from the transmitter 
(Rappaport, 2002). High power broadcasts would also drain available battery 
power quickly. Boundaries such as floors and walls also reduce the wireless 
signal; this effect is called path loss. In civil engineering structures, the size of 
the structure can be considerably larger than the effective range of low-power 
wireless devices. Nodes may be able to communicate with neighboring nodes 
but not distant ones. A number of solutions are available to overcome range 
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restrictions. First, altering the antenna can produce substantial improvements. 
High gain and directional antennas can increase the effective range of wireless 
sensor nodes, but may be expensive solutions. Such a solution is ideal for 
star networks in which a single unit is able to communicate with all units. 
Where time is not critical, multi-hopping networks can transmit data from 
node to node over the entire length of the network but, the delay induced 
in multi-hopping networks increases as the network grows larger. The total 
energy expended by multi-hop, peer-to-peer networks is generally less than 
that consumed in star networks with comparable spatial coverage (Zhao and 
Guibas, 2004). Finally, a multi-tier network architecture may be employed 
in which high-power, high throughput central nodes serve as intermediaries 
for lower-power sensor nodes. The central nodes, powered from a structure’s 
electrical grid, collect data from their local sub-network and transmit it to 
other central nodes on a second carrier frequency (Mitchell et al., 2002). 
Figure 3.1 presents schematics of peer-to-peer, multi-tier, and star network 
topologies.

3.2.4 Security

As owners of Wi-Fi networks are well aware, wireless networks are vulnerable 
to security threats, both passive and active. Passive attacks come in the form 
of attempts to steal data as it is transmitted over the airwaves. One type of 
active attack involves the transmission of malicious data into the network 
to negatively impact its performance. Both of these forms of attack may be 
defeated by use of an effective encryption algorithm. Encryption increases 
the time and energy overhead involved in wireless transmissions, but may be 
necessary in critical applications. The other form of active attack that might 
be perpetrated against a wireless sensing network is jamming, which is the 
flooding of the radio band with interfering signals to block communications. 
In such cases, unless the power output of the transmitting radio can be 
increased dramatically, this kind of attack will be debilitating to a wireless 
network. In applications with a reasonable possibility of suffering such 
an attack, and where communications between nodes are critical, wireless 
networks are probably not ideal. 

3.3 Hardware requirements for wireless sensors

Specific hardware requirements must be satisfied in wireless sensor designs 
in order to overcome the inherent challenges of wireless network operations 
and to ensure performance advantages can be reaped. For wireless sensor 
nodes to communicate with one another, a digital wireless radio is required. 
Because the output from most sensors is analog, the signal at some point 
must be converted into the digital domain in order to be transmitted. 
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Additionally, the activities of the sensing node: sampling, computations, 
and communications, require time-specific coordination. These requirements 
necessitate that a wireless sensing unit contain three primary modules: the 
sensing interface, the communications interface, and the computational core, 
see Fig. 3.2. ‘Active’ sensing, if used, requires a fourth module termed the 
actuation interface, which allows the sensor to interact with its environment 
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through actuators. The compositions and roles of each of these components 
are described in this section with an emphasis on providing solutions to the 
unique challenges involved in wireless structural health monitoring.

3.3.1 Sensing interface

The sensing interface is responsible for converting analog voltage output 
signals from sensors interfaced to a wireless sensor unit into digital signals 
that are usable by a digital processor. Many types of sensors commonly used 
in monitoring of civil structures (e.g. strain gages, linear variable differential 
transformers, geophones, accelerometers, etc.) output analog signals that are 
not immediately usable by digital circuitry. Therefore, an analog to digital 
converter (ADC) is needed to transform these analog signals into a digital 
format. Key considerations when selecting an ADC are resolution, maximum 
sampling frequency, allowable input voltage range, and noise characteristics. 
Resolution is especially important in civil applications where measurements 
are often made of the structural response to ambient conditions. Here, high 
resolution is required in order to adequately differentiate low energy signals 
from noise. Many commercially available wireless sensing units implement 
low resolution ADCs in the range of 10 to 12-bits. Higher resolution (16-
bits or higher) is more optimal for civil monitoring applications. Sampling 
frequency should be adequately high to capture the dynamics of the structure 
under consideration. Signals outside of the ADC’s input range will not be 
measured correctly and sensors that only output within a small fraction of 
the allowable input range waste valuable resolution. The range of the sensor 
should be matched to the range of the ADC or additional amplification circuits 
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may be added between the sensor and ADC (Wang, 2007). In addition to 
voltage range, the noise characteristics of the sensing interface impact the 
final resolution that a sensing unit can realize. Noise should be kept as low 
as possible to preserve resolution. Generally, noise finds its origin in the 
analog/digital circuit that surrounds the actual ADC component; therefore, 
careful circuit layout is mandatory when integrating high resolution ADCs 
in wireless sensors.
 Other important characteristics in the design of the sensing interface include 
number of sensing channels, power consumption, and cost. Providing multiple 
sensing channels per node can reduce the cost per sensing channel when 
sensors are located close together. Low power consumption is vitally important 
for wireless monitoring applications; however, low power components come 
with performance tradeoffs in terms of speed, resolution, noise, and other 
factors. For applications that rely solely on battery power, the lowest power 
ADC meeting the minimum requirements of the intended application should 
be selected. 

3.3.2 Computational core

The programming that operates the sensing node is contained within 
the computational core. More specifically, this programming runs on a 
microcontroller. The microcontroller is a low-power computing platform 
capable of executing complex tasks reliably and efficiently. The microcontroller 
is responsible for operation of the peripheral devices on the sensing node, 
coordination of wireless communications between sensors, embedded data 
processing, and power management. For some applications, the memory 
required for data storage or embedded processing exceeds the capacity of the 
microcontroller. In these cases, external memory may be added for additional 
data storage capacity. The microprocessor selected for the computational core 
is the most important component of the wireless sensor. Key properties in 
selecting a microcontroller include power consumption, clock speed, memory, 
number and type of peripheral interfaces offered, timers, and cost.

3.3.3 Communications interface

Sensors must communicate with the end-user of the monitoring system 
and, in some cases, with other sensors in the network for collaborative data 
analysis. Communicating data or the results of embedded algorithms is 
accomplished by the communications interface. A wireless radio contained 
within this interface provides the communication link. Key parameters for 
wireless modem selection include transmission data rate, transmission range, 
power consumption, frequency range, compliance with communication 
standards, and cost.
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3.3.4 Actuation interface

For active sensing applications (e.g. ultrasonic inspection or feedback control) 
in which the wireless sensing unit must interact with its environment, a fourth 
interface is required to command actuators. For motor-based actuators, a 
pulse width modulator (PWM) interface can supply the command signal. The 
PWM interface is often generated directly by the microcontroller, though 
amplification may be necessary. Most other actuators are commanded using 
analog voltage signals necessitating a digital to analog converter (DAC) to 
bridge the gap between the microprocessor and an actuator. A DAC converts 
discrete-time digital signals into continuous analog signals, generally via 
zero-order hold outputs. Key properties in DAC selection include resolution, 
output voltage range, power consumption, number of channels, settling time, 
and cost. Considering civil structures, it is often the case that the resolution 
is not as critical for the actuation interface as it is for the sensing interface, 
as civil engineering actuators are rarely precision instruments. Output range, 
settling time, and power consumption are usually more important properties 
in structural monitoring applications. 

3.4 Wireless sensing prototypes

Since the late 1990s many wireless sensing unit prototypes have been 
developed for both academic and commercial applications. With different 
intended application and priorities in mind, wireless sensor designers have 
gone in a myriad of different directions with their development. Depending 
on the goals of the designers, sensing unit design may emphasize speed, 
transmission range, reliability of communications, security, versatility, 
sensitivity, low power consumption, low cost, or some combination of 
those factors. Clearly, it is impossible to emphasize all of these objectives 
in a single design; the best sensing unit design for one application is not 
necessarily the best design for another application. With that fact in mind, 
Tables 3.1–3.4, taken and adapted from tables compiled by Lynch and Loh 
(2006), present the development of wireless sensing units from 1998 to 
2007. Tables 3.1–3.2 present seventeen academic wireless sensing units 
developed since 1998 ranging from short-range, low-power mites (Mitchell 
et al., 2002), to powerful and versatile behemoths (Farrar et al., 2005 and 
Allen, 2004). Table 3.3 presents commercial sensors while Table 3.4 presents 
active wireless sensing units that uniquely include actuation interfaces in 
their design.
 In this section we will take a closer look at two similar wireless sensing 
units developed using two different approaches for wireless monitoring 
of civil structures, both using low-cost commercial off-the-shelf (COTS) 
components. In the first approach, Wang et al. (2005) have designed a low 
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Table 3.1 Summary of academic wireless sensing unit prototypes

et al.  Aoki et al.  Basheer 
et al. (1999) et al. (2001,  et al. (2002) et al. (2003) (2003a, 2004a,  (2003) et al. (2003)

 (1998)  2002a, 2002b)   2004b) 

Sample rate 240 Hz  100 kHz 20 MHz 20 MHz 100 kHz  

Embedded Computing Capabilities

Bus size 8-bit 8-bit 8-bit 8-bit 8-bit 8-bit/32-bit 8-bit 32-bit
Clock speed 2.1 MHz 4.9 Hz 4 MHz  20 MHz 4 MHz/20 MHz 20 MHz 

Wireless Communications Specifications

       8019AS Bluetooth

Spread spectrum Yes  Yes Yes Yes Yes  Yes
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Assembled Unit Attributes

¥13¥ ¥30 10¥10¥ ¥3.8¥1.2 10¥ ¥ ¥10¥2 30¥ ¥ ¥ ¥
 cm cm cm cm cm cm cm cm

Table 3.1 Cont’d

et al.  Aoki et al.  Basheer 
et al. (1999) et al. (2001,  et al. (2002) et al. (2003) (2003a, 2004a,  (2003) et al. (2003)

 (1998)  2002a, 2002b)   2004b)
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Table 3.2 Summary of academic wireless sensing unit prototypes (cont.)

 Casciati Wang et al et al et al.  Wang et al et al.
 et al.  (2003, 2004);  et al. (2004) (2003);  (2004) et al

et al.   Chung et al.    (2004)  
 2004) (2004)  (2004)     

Embedded Computing Capabilities

Clock speed       120/233 MHz 8 MHz 

memory

Wireless Communications Specifications

  gies       Xstream

band MH
Wireless   IEEE IEEE  IEEE IEEE
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Spread No No Yes Yes Yes Yes Yes Yes Yes
spectrum

Assembled Unit Attributes

¥8¥ ¥9¥3.1 cm    10¥ ¥4 cm 

Table 3.2 Cont’d

 Casciati Wang et al et al et al.  Wang et al et al.
 et al.  (2003, 2004);  et al. (2004) (2003);  (2004) et al

et al.   Chung et al.    (2004)  
 2004) (2004)  (2004) 
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Table 3.3 Summary of commercial wireless sensing unit prototypes

et al.
et al. (2003) (1999)

       channel)

Embedded Computing Capabilities

Bus size 8-bit 8-bit 8-bit 8-bit 32-bit 32-bit 8-bit 32-bit

Wireless Communications Specifications

Spread spectrum No No No Yes (software) Yes Yes  Yes

Indoor range        100 m
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power wireless sensing unit, referred to henceforth as the Stanford WiMMS 
(wireless modular monitoring system) unit, with far communication range 
and moderate data throughput rate (Fig. 3.3). The sensing interface consists 
of a Texas Instruments ADS8341 16-bit ADC with four analog input channels 
that can read analog signals ranging from 0 to 5V. The ADC interfaces with 
an Atmel ATMega 128 microcontroller over its serial-peripheral interface 
(SPI). The ATMega 128 is an 8-bit, low-power microcontroller that has 
128 kB of flash memory to store data and embedded algorithms, and 4 kB 
of electrically erasable programmable read-only memory (EEPROM). The 
computational core of the unit consists of the ATMega 128 augmented with 

Table 3.4 Summary of academic active wireless sensing unit prototypes

et al et al.  Narada,
 (2003b,  et al

et al. 

Sample rate 40 kHz    10 kHz

Bus size 32-bit  32-bit 8-bit 8-bit
Clock speed 40 MHz 100 MHz 133 MHz  8 MHz

memory

band MHz 
Wireless   IEEE  IEEE 

Spread  Yes Yes Yes Yes
spectrum    (software)
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128 kB of external static random access memory (SRAM) for additional 
data storage. 
 In the Stanford WiMMS unit, the communications interface is compatible 
with two different wireless modems. For use in the United States, the 
MaxStream 9XCite wireless modem having an outdoor line-of-sight range 
of 300 m using a 2.1dB gain dipole antenna and a maximum throughput 
rate of 38.4 kilobits per second (kbps) is interfaced with the microcontroller 
over the universal synchronous/asynchronous receiver/transmitter (USART) 
interface. Although more power efficient than many commercial wireless 
modems, the 9XCite consumes 275 mW during transmit mode and 175 
mW during receive mode. The 9XCite communicates in the 900 MHz band 
making it unsuitable for many international applications where unlicensed 
use of the 900 MHz band is prohibited. When that is the case, the MaxStream 
24XStream radio that communicates within the 2.4 GHz ISM Band is used. 
Power consumption is greater at 750 mW during transmission and 400 mW 
during reception with data transmission rates only 19.2 kbps. The outdoor 
line-of-sight range improves with the extra power consumed, up to 5 km 
using a 2.1 dB gain dipole antenna. The long range of this radio makes it 
especially well suited to use on large civil infrastructure systems though 
battery consumption may be a concern.

3.3 Stanford WiMMS wireless sensor.
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 The second wireless sensing unit considered here is the ‘Narada’ wireless 
sensing unit, Fig. 3.4, developed by Swartz et al. (2005). Similar to the Stanford 
WiMMS unit, the Narada unit utilizes the Texas Instruments ADS8341 ADC 
and the Atmel ATMega 128 microprocessor; Fig. 3.5 shows its architectural 
diagram. The Narada wireless sensor, however, features an IEEE 802.15.4 
compliant, Zigbee wireless modem: the Chipcon (Texas Instruments) CC2420, 
making it suitable to form ad-hoc peer-to-peer networks. The CC2420 uses 
57 mW of energy during transmission and 62 mW during reception. Its range 
is 50 m outdoors, line-of-sight, and 20 m indoors with a maximum data 
throughput of 250 kbps. The IEEE 802.15.4 data packet structure provides 
the Narada unit with several advantages. Automated addressing, personal 
area network identification, optional auto-acknowledgement, packet type 

3.4 Narada wireless sensor.
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definitions, variable packet lengths, and optional security encryption are all 
covered by the IEEE 802.15.4 specifications to provide network reliability 
and flexibility. A customized network layer has been developed for the Narada 
wireless unit to allow it to be used to form very large, dynamic monitoring 
networks (defined by hundreds of sensors) that are included to capture a 
very complete picture of the state of the health of the structure.
 The other major difference between the Narada and Stanford WiMMS 
units is the inclusion of an actuation interface. The actuation interface allows 
the network to engage in active sensing (e.g. ultrasonic inspection) or to be 
applied to wireless feedback control applications. The actuation interface 
consists of a Texas Instruments DAC7612 2-channel, 12-bit DAC capable 
of outputting analog signals from 0 to 4.1 V with a resolution of 1 mV. 
The DAC7612 has a settling time of 7 ms and consumes 3.7 mW of power 
during operation. With such an interface, the monitoring network is no longer 
restricted to passive observation but in fact, could now act proactively to 
protect the structure, when necessary, using actuators.

3.5 Embedded data processing

Coordination of the various tasks required for wireless sensing (e.g. sampling, 
data storage, data transmission, etc.) requires computing power, usually in 
the form of a microcontroller. The collocation of computing power with the 
wireless sensor introduces the possibility of embedded data processing directly 
at the wireless sensor. This ability differs from traditional wired sensing 
paradigms in which data is immediately transmitted to, and stored within, a 
centralized computer repository for later interrogation. In a wireless sensing 
network however, small amounts of computing power (microcontrollers) are 
spatially distributed throughout the system. In such a system, locally executed 
data interrogation methods offer two distinct advantages. The first advantage 
is in energy efficiency as, in wireless networks, data transmission over the 
wireless modem is a more energy-intensive operation than data interrogation 
within the microcontroller (Lynch et al., 2004d and Gao et al., 2006). By 
wirelessly reporting only the results of the embedded algorithm rather than 
the entire raw data stream, the network preserves battery power. The other 
advantage is that embedded algorithms eliminate the potential data glut that 
can occur when the collected database grows large enough to overwhelm 
the person responsible for manual data interrogation. Many times, even in 
cable-based monitoring, more data are collected than can be processed during 
the limited time that the human operator has available, potentially resulting 
in missed warnings; automated embedded data processing eliminates this 
possibility.
 Embedded software for the wireless sensors (termed firmware) is made up 
of two general categories: the operating system that controls the node and 
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engineering algorithms that perform the desired data interrogation tasks. The 
operating system is responsible for both coordinating the operations within 
the wireless sensor and for providing device drivers that operate peripheral 
components of the sensor (e.g. ADC, wireless modem, DAC). One popular 
operating system used on commercial wireless sensors is TinyOS. TinyOS is 
an open-source operating system originally designed at UC Berkley (Levis 
et al., 2004 and Ruiz-Sandoval et al., 2006). 
 One feature of certain operating systems (including those employed by 
the Stanford WiMMS unit as well as the Narada wireless sensor) is their 
ability to simultaneously execute multiple tasks. This ability, called multi-
threading, is similar to the multi-tasking operation of a personal computer. 
In wireless sensors, multi-threading is an indispensible tool that allows the 
sensor to transmit data within the network while not interrupting sensing 
(or even actuation) activities. Both the operating system and the engineering 
algorithms may be written in a high-level programming language (e.g. C) with 
only the most time-critical operations requiring assembly level instructions 
that are microprocessor specific.
 One key to good performance using wireless sensors is to minimize the 
size of the operating system within the sensor memory. Inefficient or overly 
generic operating systems will eat up the memory space available for storage 
of data and engineering algorithms. Depending on the application, large 
blocks of memory may be required to run the necessary algorithms. As in 
the case of the example wireless sensor prototypes of the previous section, 
additional memory may be added to augment the on-processor memory. 
This memory may be necessary, but accessing external memory requires 
additional clock cycles over and above what is required to access internal 
memory which may become a problem in time-critical applications. 
 The development of an operating system for the wireless sensor is only 
half of the solution. Another critical step is the development of a library of 
embedded algorithms that may be combined for monitoring operations such 
as modal analysis, system identification, model updating, damage detection, 
and even feedback control. Table 3.5 presents a list of embeddable algorithms 
developed for the Stanford WiMMS and Narada platforms along with their 
targeted applications. Fast Fourier transform (FFT) with peak-picking, 
random decrement, or frequency domain decomposition (FFD) algorithms are 
available for embedded modal analysis (Zimmerman et al., 2008). Simulated 
annealing may be employed for model updating (Zimmerman and Lynch, 
2006). Modal analysis and model updating techniques provide a parametric 
system model of the structure being monitored. The parameters may be mode 
shapes, modal frequencies, damping ratios, or stiffness values. Changes in 
these values may indicate damage to the structure. Autoregressive modeling 
(with and without exogenous inputs) provides the sensing network with a 
non-parametric model of the structure (though under certain circumstances, 
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the non-parametric values may be related directly to modal frequencies and 
damping ratios), changes of which can again indicate damage (Swartz and 
Lynch, 2008 and Sohn and Farrar, 2001). Singular value decomposition is 
also useful in modal analysis and for determining the principle components 
of a model. Linear quadratic regulation and Kalman filtering may be used 
for wireless feedback control (covered at the end of this chapter) and the 
wavelet transform is useful in data compression and also, changes in the 
wavelet coefficients may indicate damage in the structure. Details on some 
of these, and other methods are available in later sections of the book.
 Besides being effective for monitoring, algorithms developed for wireless 
networks should be written to optimally leverage the distributed data and 
computational resources inherent to a dense wireless sensor network. Even 
if there is no energy overhead associated with wireless data transmission 
between units, it would still make a little sense to centralize data processing 
within a single node, due to the memory and computational power constraints 
placed on the node by the use of low-power microsystems. For these reasons, 
it is necessary to take complex tasks normally reserved for more powerful 
computers and break them down into smaller and simpler tasks that can be 
allocated to the microprocessors for parallel execution within the network. For 
instance, modal analysis requires insight both into the temporal and spatial 
properties of the system requiring some sharing of data between spatially 
distributed nodes. The amount of data required and the complexity of the 
algorithm would overwhelm any particular node attempting to calculate a 

Table 3.5
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 System identification
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centralized solution for any but the simplest of systems. An example of such 
an algorithm is the FDD method. The traditional FDD approach requires an 
enormous amount of data to be handled by a single computer to find the 
modal properties of the entire system at once. By decomposing the global 
FDD problem into a chain of two point FDD algorithms, the wireless sensors 
can tackle the problem in small pieces with portions being processed in 
parallel. The two point FDD results may then be stitched together to form 
the final modal solution for the entire system (Zimmerman et al., 2008).

3.6 Wireless monitoring: case studies

An important step in the validation of wireless sensors is field deployment 
on real-world structures to prove their functionality. The functionality of a 
wireless sensor may be described in three parts: data collection reliability, data 
quality, and accuracy of embedded algorithms. The first, collection reliability, 
refers to the very basic ability of the wireless sensor to acquire data and 
transfer it (wirelessly) into a repository for human analysis. For example, in 
Fig. 3.6, a Narada wireless sensor reliably sends its data to a laptop computer 
for analysis. While this function is not strictly necessary for wireless systems 
with fully embedded data processing abilities, it is necessary to validate the 
functionality of the sensor as well as its ability to send automated alarms 
when necessary. The second step is the validation of the quality of the 
data collected. In this step the wireless sensor is checked for noise levels, 
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quantization errors, bias errors, jitter, or other problems that may affect the 
accuracy of the data. Data quality is often validated by placing the wireless 
network in parallel with a traditional tethered monitoring system that is known 
to be accurate. The final metric of functionality checks the accuracy of the 
embedded algorithms. Once data are collected successfully and demonstrated 
to be of good quality, the results of the embedded data processing must be 
verified against a working computer model. In this section, we will examine 
a case study concerning each of these functionality metrics.

3.6.1 Vestas wind turbine, Germany

Wind turbines are subjected to strong and complex wind loadings during 
their operation. Because of the potential for fatigue as well as a desire to 
better understand the response of the turbine to loading, there is a desire to 
measure their dynamic responses to wind loads. Besides simple conditional 
assessment, monitoring may also lead to more efficient turbine operation. 
With these goals in mind, wireless sensors were installed within the steel 
tower of a 78 m tall Vestas V80 wind turbine located in northern Germany 
(Rolfes et al., 2007). 
 In this study, four Stanford WiMMS sensors were distributed along the 
height of the turbine’s steel tower with two Crossbow CXL01 uniaxial 
accelerometers, oriented in orthogonal lateral directions interfaced to each 
wireless sensor. The sensors were installed at approximately 11, 28, 52, 
and 76 m above grade and mounted to the inside face of the turbine tower. 
Signal conditioning boards were also utilized to magnify the signal (20¥) 
before sampling in order to improve the signal-to-noise ratio and reduce 
quantization effects. For comparison, a tethered monitoring system (HBM-
MGC Plus) employing PCB 3701 capacitive accelerometers was installed in 
parallel at the top level of the turbine. Figure 3.7 illustrates the acceleration 
collected by the wireless network in both X and Y directions at each level 
of the structure. It should be noted, the system was highly reliable with no 
data lost during transmission.

3.6.2 Geumdang Bridge, Korea

The next step in wireless sensor validation is data quality assurance. To 
quantify the quality of the wireless sensor data, the Geumdang Bridge study in 
Korea is presented in which a network of fourteen Stanford WiMMS wireless 
sensors were employed for monitoring the southern span of the Geumdang 
Bridge (Lynch et al., 2006). The Geundang Bridge was constructed in 2002, 
and spans 273 m across an irrigation valley in Icheon, South Korea. The 
southern span is 122 m long and is composed of a continuous box girder 
supported on three concrete piers as well as a sloped retaining wall abutment. 
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The wireless sensors were deployed with PCB Piezotronics 3801 capacitive 
accelerometer interfaced to each. The accelerometers were affixed to an 
aluminum mounting plate and orientated to measure vertical acceleration. 
Conditioning boards magnifying the accelerometer output (20¥) were once 
again used. Data collection was coordinated through use of a laptop computer 
which also collected the data for later review. 
 To assure the quality of the wirelessly collected data, a traditional tethered 
system was installed in parallel to the wireless network. The tethered system 
was composed of a 12-bit National Instruments data acquisition system with 
PCB Piezotronics 393 piezoelectric accelerometers interfaced. The system 
was augmented with a Piezotronics 481A03 signal analyzer to magnify the 
outputs (10¥) of the accelerometers. Figure 3.8 illustrates the monitoring 
systems as deployed on the bridge. During testing, the bridge was closed to 
normal traffic and forced vibration was obtained by use of trucks of known 
weight and velocity. As depicted in Fig. 3.9, the data collected by the wireless 
network as well as the tethered system are nearly identical.

3.6.3 Theater balcony, Detroit, MI

To illustrate the final stage of wireless sensor validation (validation of the 
embedded algorithms), a case study involving vibration of a cantilevered 
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theater balcony is presented (Zimmerman et al., 2008). The cantilevered 
balcony, consisting of five rows of seating approximately 50 m wide, was 
instrumented with a network of 21 Stanford WiMMS wireless sensors following 
complaints of excessive vibrations. Three rows of seven sensors were deployed 
to measure vibrations and to calculate the modal properties of the structure. 
Forced vibration was introduced through impact loading (heel drops) while 
sensors recorded the vertical acceleration of the balcony. Simultaneously, 
sensors were allowed to compute the structure’s modal properties using a 
number of techniques. First, embedded FFT data was computed from the 
collected data (Fig. 3.10). With the data, modal frequencies and operational 
deflection shapes were calculated using peak picking methods as well as 
the distributed FDD algorithm described in the embedded data processing 
section of this chapter. These algorithms produced very good agreement both 
with each other and with traditional offline modal analysis using the same 
data set. Figure 3.11 depicts the mode shapes obtained using the distributed 
FDD algorithm. Naturally, the embedded algorithm validation step must be 
repeated for each new embedded algorithm developed.

3.7 Wireless sensors and cyber-infrastructures

Advances in the science of information technology have made possible new 
forms of collaboration between researchers within the earthquake engineering 
community. Spatially separated researchers may now participate in on-line 
collaborations in which participation in experiments is conducted by internet. 
Recent implementations of such systems include the Network for Earthquake 
Engineering Simulation (NEES) in the United States, E-defense/E-grid in Japan, 
and the Korea Construction Engineering Development Program (KOCED). 
These efforts have yielded new and useful tools for advanced networking 
and data management that will prove to be valuable for future developments 
in structural health monitoring of civil infrastructure systems. When applied 
to wireless monitoring, these tools provide: (1) unhindered access to sensor 
data and health monitoring results via the internet, (2) autonomous storage of 
data and results in on-line databases, and (3) allow collaborative computing 
between the wireless sensor network and simulation servers for especially 
time-critical or poorly parallelizable algorithms.
 One particular challenge in networked computing is time synchronization 
of results. To overcome this challenge, the NEES cyber-environment offers 
the ‘Data Turbine’ (designed by Creare), which is a ring-buffer repository that 
may be remotely accessed, either in real-time or after the fact. Data Turbine 
time synchronizes data from multiple sources. An additional wireless node 
with internet access must be provided to bridge the gap between the wireless 
network and the NEES servers (Fig. 3.12). A laboratory test illustrates the 
integration of wireless sensors and the NEES infrastructure as an example. 
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Here, the data acquisition node collects data from the wireless sensors, 
time stamps it, and passes it on to the NEES Data Turbine located on the 
point-of-presence (POP) server via internet sockets. Once in the turbine, 
the data may be viewed using the real-time data viewer (RDV) by client 
from anywhere using a standard web browser. The RDV displays buffered 
data in a number of formats and includes a time-lapsed playback feature. 
A screenshot of the RDV is provided in Fig. 3.13 in which wireless sensor 
feeds are synchronized to video of a test specimen consisting of a concrete 
slab-column connection. 

3.8 Wireless feedback control

While structural monitoring is vital for assuring the health of civil infrastructure 
systems, an embedded monitoring system that can also react to potential 
harm and take proactive measures to prevent damage is even more beneficial. 
Structural control is used to protect vital civil structures from extreme 
loading events due to wind and earthquakes (Soong, 1990 and Spencer and 
Nagarajaiah, 2003). It can also be used to mitigate vibrations that pose no 
risk to the structure but that might make occupants uncomfortable. The 
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impediments to widespread adoption of structural control are similar to those 
that exist for widespread adoption of structural health monitoring. Namely, 
those impediments are cost and perceptions of reliability, but these impediments 
are diminishing over time. Advances in actuator design, in particular the 
development of the class of semi-active actuators that do not impart forces 
directly into the structure but instead strategically change structural properties 
(i.e. stiffness and damping), have reduced the cost and power requirements 
for actuation. Lower power requirements allow these actuators to run on 
battery power in an emergency thereby increasing the reliability of any control 
system employing them. Both of these impediments, cost and reliability, may 
be further mitigated by the use of wireless sensors for real-time feedback 
control. Wireless real-time feedback control presents its own challenges that 
are also very similar to those challenges encountered in wireless structural 
health monitoring and will be presented briefly in this section.

3.8.1 Wireless structural control: validation

Experimental validation of real-time feedback control for seismic disturbance 
rejection was conducted by Wang et al. (2006 and 2007) using the Stanford 
WiMMS sensing unit. The sensing unit, lacking an integrated actuation interface 
was augmented with an external interface capable of producing outputs in 
the range of ±1 V (Fig. 3.14). In this study, wireless sensors were employed 

3.13
sensors installed on a full-scale slab-column laboratory specimen 
undergoing cyclic displacements along with a synchronized video 
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to monitor the motion of floors of a three-story 9 m tall shear structure  
(Fig. 3.15), calculate the appropriate control forces (based on linear quadratic 
regulation (LQR)), and actuate collocated actuators (magnetorheological (MR) 
dampers) such that all control activities were handled within the wireless sensor 
network. By replacing the high-cost, traditional cabled sensing and control 
network with a low-cost, wireless sensing and control network, this system 
can bring down the cost of implementing a wireless control strategy within 
a large civil structure. In addition, because the wireless sensors performed 
the control tasks in a distributed manner, it may be argued that in one sense, 
the wireless control system is more reliable than the traditional centralized 
tethered control system in that there are multiple controllers responsible for 
the safety of the structure, eliminating the single point of failure present in 
centralized control systems.
 Because of the necessary overhead involved in wireless packet transmissions, 
sharing data between wireless units may add latency to the controller which 
may in turn affect performance. Not sharing data, however, may also lead to 
adverse effects upon the controller, creating a conundrum for the designer. 
Balancing the need to share spatially distributed information regarding the 
state of the system versus the need to eliminate use of wireless channels for 
transmissions that can slow the controller is the most critical challenge in 
wireless networked control. The second most critical challenge using wireless 
sensors for feedback control is the reliability of data transmissions. Because 
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dropped packets are inevitable within wireless networks, the network must 
have a means of dealing with packet loss that does not unduly increase 
latency within the real-time system.
 In the validation study by Wang et al. (2006), the authors employed three 
basic approaches for dealing with the problem of sharing data between units. 
The first approach was a completely centralized approach under which 
every wireless sensor shared its data with the entire network using the 
TDMA protocol to avoid collisions. This method was the slowest, however, 
achieving a sample rate of only 12.5 Hz for the three degree of freedom 
system using both acceleration and velocity feedback control. The slow speed 
negatively impacted the controller performance despite the full availability 
of information throughout the network. In a second approach, the authors 
employed a fully decentralized approach under which no sensors were 
allowed to share information and had to rely on on-board state estimation 
and state feedback to determine the control forces that they should use. The 
use of estimators introduced a new source of error into the control algorithm 
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but eliminated the need to transmit data from node to node. With the data 
transmission eliminated, the authors were able to increase the control rate 
to 50 Hz. In the end, the degradation in performance due to reduced control 
rate was more pronounced than the degradation in performance due to 
estimator error. A better approach was then proposed under which limited 
data sharing takes place within the network. Preserving speed by transmitting 
only the most useful data, a partially decentralized approach yielded better 
results at 16.67 Hz than were obtained using the fully centralized or fully 
decentralized methods (Fig. 3.16). Under the approaches in which data are 
shared, no acknowledgement of packet transmission was allowed given the 
added latency acknowledgement creates. Instead, if a packet is not received 
when expected, the data from the previous time step are used instead.

3.8.2 Wireless structural control: additional  
development

An improved wireless control scheme was presented by Swartz et al. (2007) 
using the Narada wireless sensor. The scheme proposed is aimed at overcoming 
the unique challenges inherent in wireless control and expands on the idea 
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of partially decentralized control and of sharing data only between wireless 
sensors when the data is most critical. The first and foremost challenge 
lies in maintaining the necessary sampling and actuation rate to control the 
structure effectively. The biggest source of latency in wireless networks is 
data transmission between units. Using a fast radio and limiting the amount 
of data for transmission can help tremendously in that regard. Narada enjoys 
a higher speed wireless and actuation interface as compared to the Stanford 
WiMMS.
 Additionally, reduction in the overhead involved in transmission, collision 
avoidance and acknowledgement, in particular, can further reduce this delay. 
Elimination of acknowledgements entirely is a tremendous boon for speed, 
but the system must then be provided with a mechanism for recovery in the 
case of dropped packets. Unlike the partially distributed control scheme 
example given in the previous section, in which the designer chooses a priori 
which nodes transmit data, in this example, the network itself automatically 
chooses which sensors are to transmit data and when to transmit. Each 
wireless sensing node is programmed with its own redundant state estimator 
to calculate, from locally measured velocity data, the full state vector for 
the entire system (displacement and velocity for all degrees of freedom). 
 Adapting a network control methodology first proposed by Yook et al. 
(2002), the wireless sensing nodes compare their measured velocity with 
their estimated velocity value and find the error, E. If the error exceeds 
a predetermined threshold, the sensing node will broadcast the measured 
velocity so that the entire network may then replace their estimate of that 
velocity value with the measured velocity. In this manner, the network 
limits the error in its state estimate, keeps the control performance high, 
and limits the use of the wireless channel. By trading communication 
for on-board estimation, the quality of the communication channel, when 
needed, is higher, since fewer nodes contend for its use at any one time. 
Another advantage of this method is its handling of dropped packets. In 
the previous section’s example, when data are not received on a particular 
time step, the data from the previous time step are substituted instead. This 
practice introduces additional, random, temporary asynchronicity into the 
controller as data from old time steps are used concurrently with new data. 
Under the redundant state estimator approach, when a transmission is not 
received, the sensor still has its estimate of the state value to use for future 
calculations thus reducing the negative effects of missed data. By using 
such a system, the authors demonstrated the ability to trade bandwidth for 
control performance on a six degree of freedom system (Fig. 3.17). Here, 
the redundant state estimator approach out performs the passive case where 
the MR dampers are set to their maximum damping coefficient (at a 0.8V 
command signal). Furthermore, as the error threshold on the estimator gets 
smaller (E reduces) control performance improves. 
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 Besides methods concerning transmission and reception, other means of 
increasing the speed of the wireless controller are also implemented. Since most 
sensors suitable for wireless control applications are low-powered, the time 
they take to perform computations each time step also becomes very relevant 
to their performance. For such applications, it is advantageous to tailor the 
embedded code to promote speed; eliminating function calls and time-efficient 
programming will often net time savings. Careful memory management is 
necessary for proper function but is also vital for speed. Accessing external 
memory takes longer than accessing internal microprocessor memory and 
therefore programming instructions and frequently accessed data should be 
stored internally. For successful wireless control, the designer should take 
advantage of every opportunity to increase the speed and efficiency of the 
algorithm. By taking the steps outlined above, Swartz and Lynch (2007) 
were able to increase the sampling frequency of the six degree of freedom 
system to 33 Hz, a marked improvement over the 12.5 Hz achieved for the 
three degree of freedom system presented in the previous section. Future 

Centralized
E = 10–4 m/s
E = 10–2 m/s

No control

Interstory drift (mm)

4

3

2

1

3.17
Narada wireless sensor.

www.EngineeringBooksPDF.com



107Wireless sensors and networks for SHM

developments in technology will also lead to advancements in wireless 
control. 

3.9 Future trends

Developments in devices for embedded data processing and wireless 
communications show exciting promise for the field of wireless structural 
health monitoring. For example, improvements in embedded processing 
devices are yielding lower-power, cheaper, and significantly more powerful 
tools for wireless processing. Field-programmable gate arrays (FPGA) and 
digital signal processors (DSP) are capable of performing many calculations 
at a rate much faster than microcontrollers of comparable power. Inclusion of 
such devices will allow future generations of wireless sensors to perform more 
complicated monitoring tasks and control larger and more complex systems 
faster and more effectively. New wireless networking protocols will allow 
wireless sensors to form dense, ad-hoc networks yielding information about 
the state of a monitored system that is unprecedented in its completeness. 
Adaptable and energy-aware recursive algorithms will give wireless sensing 
networks the means of adjusting to changing conditions and to best utilize 
their scarce resources without direct input from an engineer. Advances in 
cyber-infrastructure tools will lead to wireless sensing networks that can 
alert authorities to danger via existing information infrastructure, namely 
cell phones or the internet. In short, the future of wireless sensors is moving 
toward more capable, less expensive, more pervasive and autonomous systems, 
hence increasing their attractiveness and promise.

3.10 Sources of further information and advice

∑ Bensky, A., 2004, Short-Range Wireless Communication
∑ Finkenzeller, K., 1999, RFID Handbook: Radio Frequency Identification 

Fundamentals and Applications
∑ Rappaport, T. S., 2002, Wireless Communications: Principles and 

Practice
∑ Zhao, F. and Guibas, L. J., 2004, Wireless Sensor Networks – an 

Information Processing Approach
∑ Lynch, J. P. and Loh, K. J., 2006, ‘A Summary Review of Wireless 

Sensors and Sensor Networks for Structural Health Monitoring’, Shock 
and Vibration Digest
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Abstract: This chapter provides an introduction to the different remote 
sensing systems and the development of related change-damage detection 
techniques in the built environment. It begins by discussing optical remote 
sensing techniques. Radar remote sensing is discussed next, including a 
description of the synthetic aperture radar (SAR) system and its applications. 
The feasibility of change detection in the built environment is discussed using 
SAR simulation methodology and tools. The use of actual space-borne SAR 
technology, using Envisat ASAR data for the earthquake in Bam, Iran, in 
2003, and related change detection methodologies are presented. Finally, the 
light detection and ranging (LIDAR) system and its applications are presented.

Key words: synthetic aperture radar (SAR), optical remote sensing, light 
detection and ranging (LIDAR), radar remote sensing, change detection.

4.1 Introduction

Remote sensing technologies in tandem with emerging imaging techniques have 
shown their effectiveness in the realm of Structural Health Monitoring (SHM) 
in a broad range of scales. By definition, remote sensing is the acquisition of 
data/images or the detection of a phenomenon without physical contact with 
the object under study. In this context, a variety of such techniques, including 
nondestructive evaluations, are available over a wide range of electromagnetic 
spectrum. For example, x-ray imaging provides detailed information about 
the inside of structural elements. This is applicable in steel weld testing and 
monitoring the deterioration of steel components and joints. Also, this is 
used in detecting the position and measuring the size of steel rebars or fiber 
embedment in composite structures such as in concrete beams. Also, such 
techniques provide information about the cracks and the delamination of bonding 
interfaces within the structure. When Computerized Tomography technique 
(CT SCAN) is used in conjunction with x-ray imaging, three-dimensional 
subsurface information can also be obtained with minute details. 
 However, the term ‘remote sensing’ is being progressively applied to aerial- 
and space-borne detection and imaging of geometrical, textural, and spectral 
patterns on the ground surface and near ground subsurface. It is in this context 
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that this section mainly introduces the principles and describes applications 
of remote sensing technologies in the built environment. The applications 
include monitoring of urban areas for any change that are caused by natural 
and manmade disasters such as earthquakes and a large-scale explosion of a 
chemical plant. The usable electromagnetic spectrum encompasses from ultra 
violet, visible, infra-red and thermal regions to microwave and radio wave 
ranges. Both passive (i.e. optical systems) and active techniques (i.e. radar) are 
explored in here. For example, very high resolution (VHR) optical satellites 
and hyper-spectral aerial images reveal structural details within sub-meter 
spatial resolutions. In ground penetrating radars, the use of longer wavelength 
imaging systems (order of centimeters) can reveal information about subsurface 
structures (e.g., buried pipelines). Also considering the all-weather (minimal 
atmospheric effects) and all-time capabilities (daylight independency) of synthetic 
aperture radar (SAR) technology, urban areas can be monitored continuously 
for disaster induced changes. Considering the large sensor-to-object distances 
and the associated imaging techniques under remote sensing applications, the 
scales and the levels of the detectable details are quite different from other 
SHM techniques. The spatial resolutions are usually coarser in comparison with 
near range sensing techniques. Moreover, the interaction of electromagnetic 
waves with the matters must be safe for the human and the environment. This 
is a restriction on the use of lower energy photons and/or controlled bursts of 
electromagnetic energy from and to the sensor in active systems (example: 
light detection and ranging (LIDAR)). Typically, the technology can rapidly 
identify locations of severe seismic damage over a vast area influenced by the 
earthquake, on the basis of large-scale changes found in geometrical, textural 
and spectral features. Then emergency response teams can be sent immediately 
to these locations to minimize human and property losses. 
 The scope of this chapter is to give an introduction to the different remote 
sensing systems and the development of related change-damage detection 
techniques in the built environment. We start from optical remote sensing 
techniques. The Radar remote sensing is discussed next including the description 
of SAR system and its application. The feasibility of change detection in 
built environment in sought using a SAR simulation methodology and tool. 
Exploiting actual spaceborne SAR technology, using Envisat ASAR data for 
Bam earthquake of 2003, related change detection methodologies are presented 
next. Finally, LIDAR system and its application are briefly presented. 

4.2 Optical remote sensing: background

The year 1891 is an important reference date as the International Geographical 
Congress proposed the development of 1:1000000 scale map of the world. 
The process was slow and after World-War II, many countries contributed 
and by mid 1980s most of the task was completed. Owing to military 
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needs, during World Wars I and II, major programs of aerial photography 
and reconnaissance mapping were conducted. Photogrammetry, invented 
as early as 1851, has gained many improvements and has been applied for 
mapping. Stereoscopic photography, which imitates human vision, is a means 
to measure dimensions and shapes of ground objects in depth. This technique 
showed the potential for developing a topographic map of the Earth. In fact, 
most topographic maps are the products of aerial stereograms interpreted by 
overlapping pairs of photographs.
 Now, most countries possess aerial systems of photography. Traditionally 
aerial photos consist of monochromatic panchromatic band that imitates black 
and white photography. Nowadays, these systems provide high quality digital 
data with high spatial resolution and can be furnished with multi spectral or 
hyper spectral bands. 
 After commercialization of Landsat satellites in 1984 and industrializing 
commercially operated satellites in 1994, civilian applications of remote 
sensing platforms were introduced for urban areas. The first VHR (very 
high resolution) commercial satellite, Ikonos, was put in orbit in 1999. Now, 
Quickbird satellite detects small objects on the ground surface with a spatial 
resolution of 60 cm. Figure 4.1 shows a pair of Quickbird images for a small 
area in Bam, Iran, around the earthquake of 2003. 
 Generally, the sensor consists of an optical telescope, an imaging system, 
a detection device and a data recorder. In earlier systems, photographic films 
were recorded similar to photographic cameras (film framing cameras). 
Next, a number of digital sensors appeared that enjoyed different methods 
of imaging. These imaging systems are categorized as electronic framing 
cameras, scanning systems, and pushbroom imagers. Charge coupled device 
(CCD) detectors (electronic framing) are used in most advanced multi-spectral 
very high resolution imagers (mostly visible and near infrared bands). The 
classical theories of optics govern the physics of image formation and can be 
found vastly in the literatures. Table 4.1 lists some successful high resolution 
(HR) and very high resolution (VHR) optical sensors.

4.3 Change/damage detection in urban areas 

After natural and manmade disastrous events, optical aerial or satellite data 
can be used to detect the extent of the hit areas and also to estimate the order 
of magnitude of damage. These schemes are routinely being incorporated in 
disaster management activities worldwide. These systems have the abilities 
to draw vital information quickly and directly from the area of interest. 

4.3.1 Elements of change detection
It is desired that the components of change detection algorithm be studied and 
determined prior to an extreme event in order to devise a fast and effective 
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4.1 Quickbird pansharpened images of before and after Bam 
earthquake.

(a)

(b)
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Table 4.1 A list of optical satellites

Optical satellite Country/ Panchromatic Multispectral Number Revisit Launch Orbit Swath (km)
 operator (m) (m) of bands frequency date
     (days)

Geoeye-1 US 0.4  1.65  4 2.1–8.3 2008* 684  15.2
WorldView-1 US 0.5  –  1 1.7–4.6 2007 496  16
Quick bird-2 US 0.6  2.44  5 1–3.5 2001 450  16
IKONOS-2 US 1  4  5 1–3 1999 681  11
Orbview -3 US 1  4  4 < 3 2003 470   8
EO-1 US 10 30 10 16 2000 705  37
Landast-7 US 15 30  8 16 1999 705 185
TERRA (ASTER) Japan/US 15 15, 30, 90 14 16 1999 705  60
Spot-2 France 10 20  4 26 1990 822 60–120
Spot-4 France 10 20  4 26 1998 822 60–120
Spot-5 France 2.5 10  5 3–26 2002 832 120
TOPSAT (SSTL) UK 2.5  5  4  4 2005 686 10–15
IRS Cartosat -1 India 2.5  –  1  5  2005 618  30
IRS Cartosat -2 India 1  –  1  4 2005 630  10
IRS- Resource Sat-1 India 6  6, 23, 70 3–4–3 24 2003 817 24–140–740
IRS1C India 6 23  4 24 1995 817 70–142
IRS1D India 6 23  4 25 1997 817 70–142
DMC CHINA  China 4 32  3 24 2005 686 600

*: Launch scheduled for August 2008
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automated procedure. The basic change/damage indices can generally be 
categorized as: 

∑ Image spectral characteristics
∑ Image textural characteristics.

Researchers have successfully identified earthquake damage due to the 
2003 Bam earthquake using these characteristics as will be discussed in 
this chapter. 

Image spectral characteristics

Optical sensors, record the reflectance of ground pixels. The reflectance 
is a function of the target materials and also the spectral regions of 
electromagnetic waves being used in the sensing system. A matrix of pixels 
forms the image. A sensor can be designed to detect different regions of 
electromagnetic spectrum in sequential bands. When the number of imagery 
bands is in the order of a few to tens of bands, the associated imagery 
is considered as multi-spectral (MS). Sensors using hundreds of spectral 
bands are referred to as hyperspectral. Civilian remote sensing satellites 
have operated in multi-spectral fashion since ETS-Landsat program in the 
1970s. Now very high resolution (VHR) sensors such as Ikonos, Quickbird, 
Orbview etc., operate in space in MS mode. Airborne Visible/Infrared 
Imaging Spectrometer (AVIRIS) is an operating civilian hyperspectral 
system that possesses 224 bands, each 10 nm wide, and can identify the 
chemical composition of the ground surface. Hepner et al. (1998) have 
used this hyperspectral data fused with the airborne Interferometric SAR 
(IFSAR) data to create a three-dimensional map for a part of Los Angeles 
metropolitan area. The accelerated advances in the civilian remote sensing 
technology and effective digital communication breakthrough to handle 
extremely large data streams promise the development of future space-
borne hyperspectral platforms. 
 As briefly discussed above, reflectance behavior is specific to the chemical 
compositions of the material under study. The absorption spectrum of 
materials reveals the signatures of different constituents of each pixel. The 
higher spectral definition of the optical system leads to a better capability 
in identifying and differentiating between materials. However, the use of 
actual MS systems (i.e. Quickbird images) has shown acceptable results in 
identifying disaster (earthquake) induced physical damage to structures. 

Image textural characteristics

Image textural or equivalently spatial information reflect neighborhood 
characteristics of the image. A rectangular digital window, with a selected 
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size, is usually convolved within the image in order to extract or magnify 
some predefi ned textural aspects from the scene. Each texture possesses a 
specifi c periodicity, a sense of direction and refl ects how coarse or fi ne the 
appearance is perceived in the human brain. 
 There are many textural indices that describe an image. Here, some common 
measures are defi ned and some mathematically presented. The occurrence 
probability – P(k, l) is the probability of a pixel (valued as l) being detected, 
with a specifi c distance and orientation with respect to a reference pixel 
(valued as k). Co-occurrence matrix is constructed using all values of k and 
l at each selected distance and orientation. Useful statistical measures can be 
named as the mean, variance, homogeneity, contrast, similarity, dissimilarity, 
entropy, angular second moment and correlation. 
 All these concepts and quantities are explained in many text books. Here, 
angular second moment and entropy are explained as visual examples to 
detect physical damage from the Bam earthquake using Quickbird satellite 
data (Fig. 4.2). Angular second moment and entropy are formulated as Ta 
and Te in below with considering neighborhood size of one pixel (r = 1) and 
all four possible directions:
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The selected window size is 7 ¥ 7 and the orientation that relates to the 
maximum value for the co-occurrence matrix is used. When intact buildings 
have relatively brighter roofs as compared with destroyed houses, their angular 
second moments are high as can be seen from Fig. 4.2. Using the entropy 
fi lter, the locations (pixels and their neighborhoods) that have more disorders 
are highlighted more, therefore; darker locations represent intact roofs. 

Image classifi cation

Image classifi cation is the process of categorizing and labeling groups of 
pixels or vectors within an image based on specifi c rules. The categorization 
law can be devised using one or more spectral or textural characteristics. Two 
general methods of classifi cation are ‘supervised’ and ‘unsupervised’. 
 Unsupervised classifi cation method is a fully automated process without the 
use of training data. Using a suitable algorithm, the specifi ed characteristics 
of an image is detected systematically during the image processing stage. 
The classifi cation methods used in here are ‘image clustering’ or ‘pattern 
recognition’. Two frequent algorithms used are called ‘ISODATA’ and 
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‘K-mean’. 
 Supervised classification method is the process of visually selecting 
samples (training data) within the image and assigning them to pre-selected 
categories (i.e., roads, buildings, water body, vegetation, etc.) in order to 
create statistical measures to be applied to the entire image. ‘maximum 
likelihood’ and ‘minimum distance’ are two common methods to categorize 
the entire image using the training data. For example, ‘maximum likelihood’ 
classification uses the statistical characteristics of the data where the mean 
and standard deviation values of each spectral and textural indices of the 
image are computed first. Then, considering a normal distribution for the 

Panchromatic image Angular second moment

Entropy

4.2 Textural information extraction using after Bam Earthquake 
Quickbird optical data. (Mansouri 2008) – Panchromatic band of 
Quickbird image (courtesy of Digital Globe).
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pixels in each class and using some classical statistics and probabilistic 
relationships, the likelihood of each pixel to belong to individual classes is 
computed. Finally, the pixels are labeled to a class of features that show the 
highest likelihood.

4.3.2 Regional scale damage assessment (pixel-based)

Damage evaluation methodology using a single after-event image 
Unless we have systematic plans in advance to archive adequate remote 
sensing data of urban areas and to pre-process them to have a timely ability to 
compare before and after-event images immediately after a disastrous event, 
we have no choice but to rely on the processing of after-event images.
 As mentioned earlier, both spectral and spatial characteristics of an image 
can help in image classification using one after-event data. Many researchers 
agree that using solely spectral indices will not be sufficient. It is suggested 
to use some of the spatial characteristics such as mean, standard deviation, 
correlation, angular moment, entropy, dissimilarity, etc., in conjunction with 
a spectral feature in mind. The selection of the window size is of importance, 
since it directly involves the number of neighborhood pixels into our spatial 
feature computations. 
 The following researchers have worked on the optical Quickbird data 
related to the Bam earthquake. Huyck et al. (2005) use the dissimilarity 
index as an effective spatial change detection feature with a 25 by 25 pixels 
window. Vu et al. (2005) use both the entropy and the angular second moment 
concepts in a 7 by 7 pixels convolving window. They point out that at building 
collapse locations, the entropy (or disorder) increases and the angular second 
moment decreases. Rathje et al. (2005) have devised an algorithm for pair-
wise classification of different spatial (8) and spectral (4) features within 
different window sizes of 6 by 6 pixels, 10 by 10 pixels, and 25 by 25 pixels. 
In this method, suitable pairs of features are selected. The process involves 
comparison between the results and the most effective pairs of features are 
reported. Finally, using the maximum likelihood scheme the damage levels 
are reported. Mansouri et al. (2008) have selected the combination of three 
spatial features in conjunction with three window sizes (25 ¥ 25, 11 ¥ 11 
and 5 ¥ 5 pixels) for the post earthquake pan-sharpened Quickbird image 
with three spectral features. A co-occurrence matrix calculates the spatial 
feature indices (mean, entropy and angular second moment) within each 
window. Using a supervised method, they delineate between intact structures, 
vegetation, roads, open spaces, shadows and destroyed buildings. The final 
regional building damage ratio is calculated using the block statistics (10 
by 10 pixels) for the ‘destroyed building class’. 
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Damage evaluation methodology using both before and after images 

In general, these types of methodology are more accurate as compared to the 
case when only one image is analyzed. The comparison between pre- and 
post-event images adds to the knowledge. Also it is feasible to extract the 
building layers from the pre-event images and to apply any change detection 
algorithms to the building pixels only. The general idea is that changes in 
spectral or spatial characteristics between temporal images can be associated 
with the actual physical changes. It is logical to imagine that the correlation, 
or the subtraction of the before/after images or the density and the scattering 
of building edges are useful change detection indices. 
 Below, panchromatic 60 cm resolution Quickbird images of adjacent 
buildings are shown for before and after earthquake (Fig. 4.3 and 4.4). Also 
the results of the edge detection algorithm are shown for both cases. By 
comparing the edge detection results of before and after events visually, the 
human brain associates the disorders in the edges with the actual physical 
changes. Using this concept, it is feasible to translate the human perception 
into the machine. The increase in the edge density and disorders, the decrease 
in standard deviation, etc., are among spatial features suitable for change 
detection.
 Vu et al. (2005) considered the nominal orientation of the edges in 
addition to other textural indices such as the edge variance, entropy and 
second angular moment. Then defining related threshold values, the levels 
of change are assigned to the scene. Stasolla et al. (2006) have exploited a 
segmentation method that uses the pansharpened image and the ISODATA 
classification scheme to create the building mask (Fig. 4.5). Using the opening 

4.3 Panchromatic VHR image (Quickbird) of some intact buildings 
(left) and their edge detection result (right) – Quickbird sub-image of 
Bam (courtesy of Digital Globe).
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4.4 Panchromatic VHR image of some destroyed buildings (left) and 
their edge detection result (right) – Quickbird sub-image of Bam 
(courtesy of Digital Globe).

4.5 Result of ISODATA classification (classes: roads , vegetation 
, buildings , shadows ).
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and closing operators along with the watershed algorithm, they compute a 
measure of physical changes to the buildings. Huyck et al. (2005) use the 
edge detection algorithm for the two before and after images and compute 
the related textural dissimilarity. The comparison between these results 
(difference and standard deviation values) indicates levels of the damage. 
Mansouri et al. (2008) have presented a method that computes the difference 
in before and after edge densities within the building mask where using a 
supervised classification process, damaged buildings are highlighted.

4.3.3 Building scale (object-oriented and parcel-based) 
damage assessment

Regional damage detection schemes, as previously discussed, produce 
results with limited accuracy but good enough to draw a rough estimation 
of the regional loss rapidly right after a disaster. The progressive advances 
in imagery systems and the availability of real-time monitoring technology 
dedicated for urban areas promote the development of damage assessment 
techniques and tools for change detection at individual building scale. Also 
complementing urban databases such as building inventory information with 
remote sensing change detection results potentially produces more accurate 
estimations. 
 The general idea here is that the group of pixels that represent each 
individual building (each parcel) must be identified and delineated from 
the background. Here, it is emphasized that the interpretation of an image 
is not considered in individual pixels, but in the meaningful image objects, 
and their relationships. For example, ‘E-cognition’ (a computer code by 
Definiens) uses a region-merging segmentation process that starts from one 
pixel. Objects (group of pixels) are fused together when a heterogeneity 
criterion is met. This technique uses scale, color and compactness/smoothness 
as segmentation parameters. 
 Alternatively, when building parcels are extracted from precise stereography 
(1:2000 scale urban mapping by aerial photography) or a method of ground 
survey operations in advance, there is no need to apply any image segmentation 
algorithm to the images. These maps as shown in Fig. 4.6, usually possess 
the height information that helps in producing three-dimensional damage 
maps. The parcel layer (building mask) is coregistered with the before and 
after images and the change detection algorithms are applied to the parts of 
the images that just overlap with the building mask. 

Damage evaluation methodology 

Since in this approach we are dealing with a group of pixels, the randomness 
and the statistical characteristics such as moments, mean, standard deviation, 
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skewness, etc., of the ensemble in all spectral bands are of interest. Also gradient 
values of the object pixels reveal information about the edges. Correlation, 
ratio and subtractions of the object pixels are also useful indices. 
 As an example, the predefined three levels of building damage states such 
as ‘slight or none’, ‘moderate’, and ‘severe’ are valued in a fuzzy classification 
methodology (Mansouri et al. 2008). The fuzzy classifier curves are applied 
on the difference of edge densities and on the spectral correlation between 
bands of the ‘before’ and ‘after’ images. Then, by a ‘defuzzification’ process, 
the entire parcel layer is classified accordingly, showing the expected extents 
of different damage states. In Fig. 4.7, a part of Bam is shown representing 
the panchromatic band of the Quickbird satellite imagery related to before 
and after the earthquake, and also the parcel layer (building mask) showing 
the color-coded detected levels of damage. Figure 4.8 shows the same results 
for the entire city of Bam. 

4.4 Radar remote sensing: background

Radar (radio detecting and ranging) has been the subject of active research in 
the past 70 years. The system basically comprises an electromagnetic wave 
transmitter and receiver usually operating during the range of microwave 
frequencies. It is an active sensor providing its own radiation source, and 

4.6 Part of a 1:2000 scale urban map – a neighborhood in Tehran, 
Iran.
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hence capable of operating during day or night. In addition, its operating 
frequency allows propagation through cloud and fog. Consequently, it is 
capable of any time, all weather imaging. Radar is generally used for detecting 
objects based on their reflection properties at the radar operating frequency, 
or determining object’s motion and speed based on the Doppler shift in the 
received signal. Other applications for Radar include image formation, and 
determination of topography. Since the physics of image formation in radar 
is totally different and relatively a new concept as compared with the optical 
remote sensing technique, useful explanations are given as follows. 

4.5 Side-looking aperture radar

Airborne side-looking aperture radar (SLAR) showed capabilities for 
determining elevations. The inherent ‘Parallax errors’ is the key. Height 
distortions and shadows can give some estimate of the elevations. Radar 

4.7 Optical image of an urban area in Bam; intact buildings (top left), 
destroyed neighborhood (top right), and building damage detected in 
the parcel layer (bottom). Panchromatic bad of Quickbird VHR data – 
courtesy of Digital Globe.

 Slight

 Moderate

 Severe
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stereo is introduced in analogy with stereo-photography but due to the layover, 
the fact that higher objects appear closer in a radar image but further away 
in a photograph, successive overlapping photographs must be acquired as 
the aircraft travels. The flight lines can be either on the same side or on the 
opposite side of the objects. The difficulty in opposite-side stereo arises when 
shadowing exists. It is when shadows from one image lie on the opposite image 
and vice versa. The objects become hard to recognize (Ulaby et al., 1982). 
This is the case in urban areas. Another method for determining height and 
elevation data is radar interferometry. In Fig. 4.9, antenna A1 both transmits 

Slight

Moderate

Severe

4.8 The damage detection results shown for the entire city.

h

S A2

R1

R2

A1 DR

4.9 Radar interferometry arrangement – (Ulaby et al., 1982).
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and receives radar pulses but antenna A2 only works in receiving mode. The 
resultant received voltages are the additions of VR1 and VR2:

  VR = VR1 + VR2 = |VR1| [exp(–j2kR1) + exp (–jk(R1 + R2))] 4.3

  VR = |VR1| exp(– j2kR1) [1 + exp(jk∆R)], ∆R = S cos( ) 4.4

a null occurs at angle n when: 

  k s cos( n) = (2n + 1)  or cos( n) = (2n + 1) /2s 4.5

If the angle ∆ n is the spacing between nulls it is given by (Ulaby et al., 
1982): 

   ∆ n ≈ /s sin( n) 4.6

By measuring the angle spacing between nulls ∆ , the side looking angle 
and by determining slant ranges Rn, the height information is extracted at 
the focused point. 
 Civilian use of high resolution SLAR was permitted after its declassification 
in mid 1960s. Many projects, such as geologic mapping, oceanography and 
land use studies have been carried out since then by MacDonald in 1969, 
Viksne in 1969, and Van Roessel and de Godoy in 1974 (Curlander and 
McDonough, 1991). The resolution of such devices suffer in the along-track 
direction. In the range (cross-track) direction, high resolution can be achieved 
by considering adequate pulse shape and signal processing. In the azimuth 
(along-track) direction, antenna dimension plays the main role. The longer 
antenna provides better resolution but this causes technical difficulties in 
airborne and spaceborne systems. Figure 4.10 depicts the radar illumination 
footprint on the ground showing the resolution cell dimensions in both range 
(Xr) and azimuth (Xa) directions.

h

Radar

Xr

Xa

4.10 Radar resolution cell – (Elachi, 1987).
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 The range resolution is computed as:

  Xr = C/2 B sin( ) 4.7

The angular resolution in the azimuth direction is:

   = /L 4.8

The azimuth resolution (Elachi, 1987) is:

  Xa = h /cos( ) = h/L cos( ) 4.9

: Radar wavelength
L: Antenna length (azimuth direction )
h: Radar altitude
B: Pulse bandwidth

 As an example, for a typical satellite h = 800 Km, L = 10m, = 30°,  
 = 25 cm (L-band) and B = 20MHz, Xa is about 23 Km and Xr is around 

15 m. This shows clearly, how radar azimuth resolution is poor due to its 
dependence on altitude.

4.6 Synthetic aperture radar

4.6.1 SAR imagery

Improving the resolution of radar systems has been an active field of research. 
In the 1950s, it was recognized that a high-resolution image can be constructed 
by observing an area of interest from multiple angles. This type of imaging 
is possible, for example, by installing the radar antenna on the fuselage of an 
aircraft. It was also noticed that reflected signals from two separated objects 
with respect to the along-track (azimuth) direction can be discriminated by 
their Doppler shifts. Thereafter, this technique was patented under the name 
of Doppler beam sharpening, which is known today as SAR. 
 A number of civilian airborne SAR systems have been developed to map 
the ground surface. NASA’s GeoSAR, Intermap and the BYU system have 
mapped urban areas with spatial resolution of the order of a few meters. 
The metropolitan area of Los Angeles has been mapped with about 5-meter 
resolution around year 2000. The Twin-Otter and UAV Lynx SAR systems 
can provide 30 cm ground resolution in strip mode and 10 cm resolution in 
spotlight mode. Strip mode SAR imaging is the conventional method where 
the line of sight (LOS) vector of the radar is constant and the footprint of 
the radar on the ground form a strip. Spotlight SAR imaging methodology 
is an advanced method that combines a series of successive SAR images 
targeted at a specific location (gradually changing LOS vector) and achieve a 
higher resolution as compared to a single SAR image. The SAR image (5 m 
resolution) of Los Angeles metropolitan area acquired from the Intermap 
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STAR-3I system (Fig. 4.11), the high resolution (<1 m) airborne X-band SAR, 
DRA image of a rural area (Fig. 4.12), the one-foot-resolution spotlight-mode 
image from the Twin-Otter SAR system of the US Capitol (Fig. 4.13), and 

4.11 SAR image of a part of Los Angeles metropolitan area (5-meter 
resolution) (Intermap STAR-3I system).

4.12 High-resolution (<1m) DRA X-band SAR image of typical rural 
scene (British Crown Copyright 1997/DERA).
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also a similar image from the Unmanned Aerial Vehicle UAV Lynx system 
of an urban setting (Fig. 4.14) explain clearly that important urban features 
can be detected with good details. 
 Owing to its capability of any-time and all-weather monitoring of the 
Earth’s surface, which is by using appropriate microwave wavelength and 
the nature of the SAR as an active sensor (providing its own illumination), 
and the importance of remote sensing applications in military, geographic 
mapping, vegetation study, textural information extraction, topography, change 
detection, continuous monitoring of urban areas, land motion detection and 
monitoring, soil moisture measurement, mine exploration and the need for 

4.13 One-foot-resolution spotlight–mode image – US Capitol acquired 
by the Sandia National Laboratories Twin-Otter SAR system.

4.14 Albuquerque Atomic Museum, KAFB (1 ft Res. Spotlight mode) 
by Sandia National Laboratories UAV Lynx system.
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global coverage, spaceborne SAR has been developed. To date, a number 
of successful spaceborne SAR systems have been deployed for scientific 
studies and a summary is presented in Table 4.2.
 Very high resolution SAR systems are likely to be declassified for civilian 
use. Recently civilian remote sensors such as Radarsat2 (2007) with 3 m 
spatial resolution in super fine mode and also the German Terrasarx with 1 m 
resolution have been reported to deliver very high resolution SAR images 
of the ground surface from space.
 The concept of SAR is rather simple. It is well known that a large aperture 
is required for high-resolution real aperture radar (RAR) imaging systems 
(described earlier as SLAR systems). The implementation of such a large 
aperture is not mechanically feasible. Instead, a large aperture is synthesized 
by a single antenna moving along a line. An array of antennas is equivalent 
to a single antenna moving along the array line (Curlander and McDonough, 
1991). This approach synthesizes a long aperture and will improve the along-
track resolution as long as signals are recorded coherently and then added 
together in analogy to waveguide network. The range resolution (cross-
track) is determined by the bandwidth and the nature of the modulation of 
the sent pulses, while the azimuth resolution (along-track) is achieved by 
Doppler shift frequencies detected in the along-track direction. To visualize 
the synthetic array approach depicted in Fig. 4.15, consider that a radar 
system with antenna length L is moving with the velocity V and covering 
the surface at each instant equal to D. Successive echoes are received at 
discrete points Xi’s along the SAR trajectory. The static point target ‘T’, is 
seen by the radar while the radar has traveled a distance equal to D. Then 
n discrete echoes are combined together coherently in a processor which 

Table 4.2 A list of important SAR satellites

Radar satellite  Country Spatial Revisit Launch Orbit Swath 
  resolution (days) date altitude (km)
  (m)   (km) 

Radarsat-1 Canada  8.5 16 1995 798 50–500
Radarsat-2 Canada  3 24 2007 798 20–500
ENVISAT ESA 30  2002 790 100 
ERS-1 Europe 30 35 1991 780 100
ERS-2 Europe 30 35 1995 785 100
JERS-1 Japan 18¥42 44 1992 568  75
ALOS Japan 2.5 2–46 2006 692  70
Terrasarx Germany 1,3,16 11 2007 512 1–3–100
COSMO- Italy 1–3–15–30–100 10 hrs 2007 620 10–200
SKYMED-1 & 2
RISAT-1 India 3–12–25–50  5 delayed 608 30–240
Space Shuttle  US/GER 25 N/A 1994 ~258 15–90
– SIR-C
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synthesizes a linear array. Therefore using the aperture formula for the main 
beam width:

  s = /D = L/2h 4.10

s = synthetic array beam width

The theoretical finest achievable resolution or the resulting array footprint 
on the surface is:  

  Xa = h s = L/2 4.11

The range resolution is the same for the case of real aperture radar: 

  Xr = C/2 B sin( ) 4.12

Xa is half of the antenna length. Comparing this with the previous example 
for a real aperture case (SLAR), the azimuth resolution has improved from 
23 Km to about 5 m. The SAR resolution is not a function of altitude, 
suggesting development of spaceborne SAR. But, in order to receive detectable 
echoes, the required power is highly dependent on the SAR altitude (Elachi, 
1987).

4.6.2 SAR polarimetry

When nearly simultaneous SAR images are obtained, each having different 
polarization states, additional information can be deduced from the set. 
Usually radar transmits and receives linearly polarized (horizontal or vertical) 
waves. This will give rise to four images such as HH, HV, VH and VV. The 
first and second letters indicate transmitted and received polarized radiation 
states respectively. Useful information may be found in the phase difference 
of the polarimetric images depending on the physics of the interactions with 
target. Important parameters such as phase difference, correlation coefficient 
and amplitude ratio can be extracted by the combination of these images. 

D

D

h

Xr Xi Xn SAR path

Surface

4.15 Schematic for the synthetic array – (Elachi, 1987).
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4.6.3 SAR interferometry

The interference patterns or interferograms can be constructed using two 
images that are mutually coherent and correlated. This can reveal more details 
and information of the scene. SAR interferogram can be obtained either by 
repeat-pass scheme (single antenna on board) or by single-pass approach 
(two antennas connected together with a rigid baseline). In the single pass 
interferometric SAR, the role of the transmitter and the receiver can be 
interchanged between the two antennas. The phase difference between the 
scenes can be used to infer the height of scatterers within the image and the 
digital elevation model (DEM) can be constructed. 
 Repeat pass (single antenna) data acquisition is also used for derivation of 
the scene DEM. Data acquisition geometry is separated by a fi xed baseline 
length, which results in viewing the scene from two slightly different angles. 
The crucial condition for repeat-pass DEM generation is that the scene remains 
unchanged during the data acquisition interval. A change in the geometry, 
such as vegetation growth, vegetation geometry change due to wind, and 
atmospheric changes, reduces the DEM height accuracy. In extreme conditions, 
the change in the scene is such that the DEM can not be retrieved from the 
repeat pass SAR images. In such cases, the coherence between two images 
is low due to temporal changes. Single-pass (dual antenna) interferometric 
SAR measurement for DEM generation is currently available. Two antennas 
separated by a rigid baseline are used to acquire the interferometric data. 
The loss of coherence due to temporal changes is not a factor for this data 
acquisition geometry since the interferometric data are obtained at the same 
time. The accuracy of the derived DEM is limited by such factors as the 
system noise and multiple refl ections of radar signal. Figure 4.16 shows the 
geometry of interferometric measurements. 
 A number of relationships can be derived from Fig. 4.16:
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where B denotes the baseline between antennas A1 and A2. In a repeat-pass 
mode, (single antenna) analysis is quite similar to the one-pass case (dual 
antenna), keeping in mind that both antennas are transmitting and receiving 
(NASA – JPL site). Therefore, 
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A typical SAR interferometer is much more sensitive to absolute surfacial 
changes than to topographic changes, as can be seen from the following 
sensitivity coeffi cients,
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and
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Typically D is very large (order of 15 km for airborne SAR and order of 
1000 km for spaceborne SAR) and B is relatively small (order of few meters 
for single-pass airborne and spaceborne and about order of km for repeat-pass 
spaceborne). It is clear from these equations that accuracy of the order of 
a meter in the topographic features corresponds to an accuracy of the order 
of millimeters in the surfacial features. 
 For the purpose of interferometric calculations, each image is associated 
with proper phase and magnitude patterns. Image function consists of 
complex refl ectivity, due to the radar/surface interaction, modulated by a 
term describing the phase as path length (Ghiglia and Pritt, 1998):

  S1 = a1 exp ( j4 D1/ ) 4.19

  S2 = a2 exp ( j4 D2/ ) 4.20

D

A1

A2

H

z
B

D + DD

Z(v)

y

4.16 SAR interferometry geometry in urban area.
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S1, S2, a1, a2, D1 and D2 are two-dimensional and functions of the scene 
coordinate. The interferogram can be regarded as the conjugate multiplication 
of these two image functions, and is thus given by the following equation:

  S1S2
* = | a |2 exp [j (4 / ) (D1 – D2)] 4.21

where it has been assumed that a1 ≈ a2 ≈ a. This means that image functions 
from the same scene are highly correlated. Moreover, the measured phase 
is computed in the interval (– , ]. As a result, additional processing of the 
phase information is required to relate the measured phase to the path length 
difference (D1–D2) which is the quantity of interest in the interferometric 
measurements. To emphasize this again, the sought phase function (t) is 
wrapped into the interval (– , ] by interferometry through the following 
highly nonlinear equation,

  (t) = (t) + 2  n(t) 4.22

n(t) is an integer causing –  < (t) ≤ . 
 Therefore in order to reveal the underlying physical quantities such as 
the topography, the phase must be unwrapped.

4.7 Feasibility of change detection by SAR 

simulation 

In this section we study the feasibility of SAR imagery to the detection of 
changes and damage in urban areas with particular emphasis on changes 
caused by a destructive earthquake. Electromagnetic waves and their 
properties governed by Maxwell equations are summarized fi rst. Then, a 
numerical simulation tool, XPATCH, is introduced that can reasonably well 
reproduce the real SAR image formation based on electromagnetic scattering 
of realistic scenes. Using the properties of SAR imagery as a coherent 3-D 
complex imagery system, the location and extent of the simulated change/
damage can be extracted. In these simulations, the issue of noise arising 
from various sources which can hinder the damage detection capabilities 
is not addressed.

4.7.1 Theoretical background for SAR simulation 

In free space and in the absence of charge or current (vacuum), Maxwell’s 
equations can be decoupled, yielding, 
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∂
2

0

2

2=
r r
E E

t2e m0 0
 

4.23

where,r
E  = electric fi eld (V/m)
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0 = permittivity of free space (8.85* 10–12 Farad/meter)
0 = the permeability of free space (4 * 10–7 N/A)

 A fundamental solution for the electric fi eld is given by the plane wave 
equation,

  
r r r r r
E E j k r wt( ,
r
r
r

)t  eE xp(jj .k )]0EE  4.24

where,r
k  = Propagation or wave vector – it is pointing in the direction of propagation 
and its magnitude is the same as the wave number (2 / )r
r  = Position vector
w = Angular frequency (w = 2   and  is the operating frequency)r
E0EE  = Electric fi eld amplitude vector indicating the polarization state in 
addition to the fi eld magnitude.
 Simulations of SAR measurements are useful for proper image interpretation 
and image understanding. A high frequency shooting and bouncing ray (SBR) 
technique (Ling et al., 1989, Andersh et al., 1994) is used for the simulation 
of SAR measurements of buildings. It computes the scattering electromagnetic 
fi eld from a scene which is represented by a geometrical model. Its operations 
can be divided into three segments: ray tracing based on geometrical optics, 
electromagnetic fi eld computations, and post processing. 
 The computation starts by launching a bundle of parallel rays (plane 
wave approximation) from the source in a regular grid towards the scene. 
The rays are traced based on geometrical optics. Scattered far-fi eld is then 
computed by physical optics integration for rays that exit the scene. Once the 
ray tracing is completed, the scattered fi eld is computed either in the time or 
in the frequency domain. For SAR image formation, the ray tracing portion 
of the computation is carried out from each discretized antenna position 
(frequency domain algorithm). In order to reduce the computation time, an 
approximation is considered by using only one transmission direction (time 
domain algorithm).
 For the case of a single-bounce ray, the range and cross-range positions 
are the same as the one for hit-points. For the case of a multi-bounce ray, 
the range position is determined by half of the ray’s path length in the range 
direction. The cross-range related to a multi-bounce ray is the average of 
the cross-range positions of the fi rst and last hit-points. The next step in 
the process involves computing the far fi eld for the electromagnetic waves. 
The incident time-harmonic electromagnetic plane wave is described as the 
following,

   
r r r
E E jkincidentEE ( )D = EEE p[ ]jkDjj  4.25

The scattered fi eld is then given by,
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r r r
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D
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4  
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p  
4.26

The SAR image is regarded as the Fourier Transform of the complex valued 
scattered fi eld amplitude vector (

r
E s0EE ), which is the contribution of all exiting 

rays within the angular span ( ) and all the frequencies ‘ ’ within the bandwidth 
‘BW’. This is basically a two-dimensional compression of the simulated data 
in the range and cross-range in the far fi eld and is written as,

  
E
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with, 

  kx = k sin , kz = k cos , k =k 2π
c

nπ  

ESAR denotes a complex-valued matrix that in addition to the magnitude 
image (usually expressed in decibels) has useful phase information as well. 
The scattered fi eld is computed along a line from point a to point b in Fig. 
4.17. In order to reduce the computation time, the incident fi eld is assumed 
to be unidirectional where the look direction I is perpendicular to the velocity 
vector V. The image is constructed on the slant plane. 
 In order to simulate the SAR image of realistic objects, the object’s surface 
is discretized by the small triangles (facets) connected to each other. Each 
facet contributes in the fi nal simulation result.

4.7.2 Simulation examples

Our simulations are based on an X-band (central frequency of 10 GHz or 
central wavelength of 3 cm) SAR system. This is to imitate the Intermap 
aerial SAR system (STAR-3I Intermap) to some degree. Structures and their 
front edges are usually very well detectable in the simulation data. Refl ections 
from the corner of structures are expected to result in the largest signal return 
to the SAR antenna. This effect is called corner refl ection, and is clearly 
observed in our simulated results. Due to layover, the fact that higher objects 
appear closer in a radar, buildings are skewed in a predictable manner. Roofs 
appear shifted towards the SAR sensor but the building footprints look further 
away. We have shown that geometrical changes such as tilting, overturning 
or pancaking can be observed and measured by comparing SAR images 
before and after change.
 Figure 4.18 is the simulated SAR image of the real-sized building with 
7.63 m height (DRB building in USC campus, Los Angeles). A realistic 
resolution value of 2 meters as compared to a high resolution aerial or 
spaceborne SAR system has been used. Elevation, azimuth and ground squint 
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Synthetic aperture length

a b
v

I

o

Slant plane

x ¢

z ¢

 v : SAR Velocity vector
 I : Central incident
 AZ : Azimuth angle
 EL : Elevation angle
 GSA : Ground squint angle

I v

GSAy

x
EL

AZ

angles are 30, 40 and 90 degrees respectively. The angular span is 0.43 degrees 
and the signal bandwidth is 80 MHz. To reduce the computation time, we 
isolated the building in free space and did not consider any contribution to 
scattering from the ground. The front edges are well defined and basically 
two parallel bright contour-like regions are highlighted. The closer edge to 
the SAR sensor is from the roof. Corner reflector signature is seen along 
the front edge of the building footprint. The distance between these parallel 
edges can give estimates of building heights (flat roof assumption). 
 In order to model the SAR image of the after event, some changes in 
the building geometry are introduced. Partial collapse, modeled as a 10 cm 
reduction in the height of six columns at the front entrance of the building, 
with the resulting inclination in the roof down towards the entrance. The 
simulated SAR image, Fig. 4.19, clearly shows the region of the geometrical 
changes. 

4.17 SAR coordinate (x’-z’) in slant plane and (x-y) on the ground.
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4.18 SAR image of DRB building before change.
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4.19 SAR image after introducing changes.
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4.8 Change/damage detection using  

actual satellite SAR data

In the previous section it was investigated that the SAR imagery has the 
potential of detecting the location of the physical changes to the buildings. 
It was also mentioned that very high resolution SAR images (order of 1m 
and less) can be acquired from aerial or spaceborne sensors. To date, these 
data are not necessarily accessible for civilian urban monitoring. However, 
in this part, the feasibility of change/damage detection using civilian SAR 
satellite data with a ground resolution of about 20 meters is sought, keeping 
in mind that the rapid advancement in such technologies delivered much 
higher resolutions (order of 1m for Terrasarx) and better abilities to detect. 
These data are intended to be vastly accessible for civilian uses.
 The Envisat satellite collected before- and after-event imagery on the Bam, 
Iran earthquake that occurred on 26 December 2003. The process of change 
detection analysis is to select adequate data pairs with respect to ‘before’ and 
‘after’ event imagery, and to analyze changes resulting from a comparison of 
these sets of images using appropriate indices, i.e. backscattering, complex 
coherence, and self- and cross-power. For this study, two sets of before 
and after SAR data are used from the ASAR sensor onboard of the Envisat 
platform. The change detection scheme evaluates these results using orbital 
information to assess the levels of change in different city zones. Such 
damage maps can potentially serve in disaster response/management and 
also in estimating economic losses to urban settings.

4.8.1 Backscattering

Urban environments can essentially be represented by a combination of 
different geometrical shapes, i.e. rectangular plates, dihedral and trihedral 
corner reflectors. The Envisat SAR system is consistent with a monostatic 
measurement/simulation, i.e. the transmitter and the receiver are regarded as 
the same antenna and located at the same position with respect to the scene. 
It is expected that after a building collapses, the backscattering coefficient 
(or RCS) of the image is reduced drastically in average sense.

4.8.2 Interferometric data sets and change/damage 
index

In the case of repeat-pass interferometric SAR, the same SAR system is 
imaging the scene at two different times. The basic assumption for change 
detection using a repeat-pass interferometric technique (single antenna but 
two image acquisitions) is that scene distances to the receiving antennas 
are generally the same. The interferometric phase is then mainly affected 
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by changes in the scattering behavior of the scene, or changes in the scene 
geometry. If the scattering properties of a scene are completely different 
for each SAR measurement, then there is no coherence between the SAR 
images, and the interferometric phase cannot be related to a quantitative 
change in the scene. Also the radar cross section values of the objects are 
highly sensitive functions of the sensor-object observation angles. Table 4.3 
lists the interferometric data pairs and their respected baseline information 
that were acquired for change detection evaluation as it is reported in the 
following parts.
 The total correlation between two radar signals can be described as (Zebker 
and Villasenor 1992):

   total = temporal . spatial . thermal 4.28

    
r

q
lspatial = 1 –

2 | | cosB R|
rll
yR

 
 4.29

The spatial baseline correlation of echoes in interferogram pairs is almost a 
linear function. This value is unity for zero baseline length and zero for the 
critical baseline by defi nition. In Equation (4.29), B is the antenna baseline 
separation,  is the average look angle of the two antennae that are measured 
from nadir, Ry is the ground range resolution,  is the radar wavelength and 
r is the distance from the antenna to the resolution cell. Table 4.3 presents 
also the baseline information between the interferometric pairs. 
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Table 4.3 Satellite baseline information for interferometric data pairs used in this 
study (at about the image center)

 Satellite baseline information Sat-target plane (m) Baseline  correlation

  Normal Parallel spatial

Before I   Before II 
June 11, 03 Dec 3, 03 473.21 147.98 0.65
Before I   After I 
June 11, 03 Jan 7, 04 990.24 422.50 0.27
Before I   After II 
June 11, 03 Feb 11, 04 476.12 133.22 0.65
Before II After I 
Dec 3, 03 Jan 7, 04 516.85 275.12 0.62
Before II After II 
Dec 3, 03 Feb 11, 04  59.06  14.76 0.96
After I After II 
Jan 7, 04 Feb 11, 04 519.08 289.88 0.62
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Equation (4.30) is defined as the coherence between two complex images; 
its denominator is defined as the cross-power (Xp). When the same image 
is used in the cross-power formula it is called the self-power (Sp) of the 
image. The sigma is evaluated within a window. Window computations 
allow for compensation of minute misregistrations of the data pairs and 
for the reduction of inherent noises, which often occur at the expense of 
reducing data resolution. It is best to compare before-before and before-after 
interferograms, coherence maps and X-powers that have similar baseline 
correlation. The use of a common ‘before’ dataset serves as a baseline image. 
Coherence maps reflect scene/object changes that are independent of the 
locality, largely because of the normalization process. While for cross-power, 
strong backscattering (i.e. corner reflectors) changes are more pronounced 
and more suitable for urban damage assessment. 
 Using the above data for Bam as an example, the difference values have 
been statistically analyzed and the measure of change is density sliced with 
standard deviation steps around the mean. This map has been overlaid on top 
of an optical Quickbird image for better visualization. The highlighted colored 
spots are determined to be building-related changes (i.e. collapsed buildings). 
Nevertheless, the presence of false alarm, random objects (moving object 
such as cars) and also feature changes observed in the nature is unavoidable. 
Since the level of radar returns is not only city specific but also sensor and 
building orientation specific, an additional step of averaging is applied to 
help summarize the difference values by zones.

4.8.3 SAR image calibration by urban texture

As observed from Fig. 4.20, some parts of Bam showed false alarm (red 
marking of some areas with minimal actual damages) and in some other 
locations the detection system was blind to the changes. It is expected that 
the detection accuracy is improved by scaling the radar return (or comparably 
the SAR related damage index) with respect to buildings orientations. The 
focus of this section is on the city of Bam because as said Envisat ASAR data 
were available for before and after the earthquake, and also because enough 
reconnaissance findings and high resolution optical images were available 
for the area to evaluate this hypothesis. The related before and after complex 
SAR data sets are processed and coregistered. The cross-power values of 
before-before and before-after sets are computed mutually. 
 It was shown that by comparing cross-power data of before and after event, 
it is feasible to create a damage map (Mansouri, et al., 2005). This damage 
detection procedure is explained in this part with some modifications. The 
sensor-target orientation plays an important role in the detection of cubical 
objects (i.e. buildings), that is, the RCS (radar cross section) is a strong 
function of azimuth and elevation angles in the SAR imaging coordinate 
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system. Therefore, it is desired to calibrate the response of the scene in each 
window with respect to a default orientation angle. The high-resolution optical 
Quickbird image of the region of interest is used to locate the buildings and 
their orientations. Each building cluster (zone) is chosen to indicate the 
azimuth directional angle. 
 Urban environments can dominantly be represented by an arrangement of 
more and less regular geometrical shapes such as rectangular plates, dihedral 
and trihedral corner reflectors. To estimate the calibration coefficients, the 
RCS value is simulated for a dihedral corner reflector with 10 m by 10 m 
faces that is comparable to the size of the scene dominant features, i.e. 
buildings. The change detection algorithm uses processed SAR values, the 
orbital information, the zonal building orientation as derived by the optical 
images (assuming a before event knowledge) and also the calibration curve 
from the simulation to assess the levels of change in different city zones. 
Table 4.4 lists major information about the Envisat ASAR satellite and data. 
Figure 4.21 depicts the setup for a monostatic radar cross-section simulation/
measurement from the same incident angle as the Envisat antenna. The 
vertical dihedral corner reflector represents a typical exterior wall adjacent 
to the pavement. 
 The case of VV polarization corresponds to the present data sets and the 
results from the radar cross section (RCS) simulation is shown in Fig. 4.22.
 For global applicability of this method, it is assumed that enough 
georeferenced high resolution optical images (aerial or satellite) are available 
for any region of interest. These data must be processed and RCS calibration 

5 km

False alarm

Poor detection

Mean (m) 430
Standard
deviation( ) 1552
m

m to m + 1

m + 1  to m + 2

m + 2  to m + 3
> m + 3

No Data

4.20 Difference in cross-power displayed from light grey (low) to 
dark grey (high) Xp(Jun-11-03,Dec-3-03) - Xp(Jun-11-03,Feb-11-04) or 
Xp(Before I,Before II) – Xp(Before I,After II).
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weighing coefficients must be assigned to each zone. If this process is 
performed ahead of time, before any disastrous event, excessive processing 
time and labor-intensive work is saved for any intended future rapid post-
disaster change/damage assessment objectives. 

Table 4.4 Envisat ASAR satellite and data

Orbit Sun-synchronous

Orbit near polar inclination 98°
Orbital period 101 minutes
Repeat cycle 35 days
Altitude 800 km
Polarization VV (for this study)
Radar frequency band C-band = 5.6 cm 
Incidence angle ~ 22° at image center

Monostatic radar

Z

I

X
Azimuth angle

Dihedral

Dihedral representing wall 
and adjacent pavement

4.21 Geometric setup for RCS simulation of dihedrals.
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4.22 Example of a RCS curve simulated for concrete dihedral with 
10 m by 10 m face size (Mansouri et al., 2005).
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Calibration mask for buildings

This step comprises the creation of urban zones by building density and 
orientation via a georeferenced high-resolution optical image. The before 
event optical pan-sharpened Quickbird image acquired on 9/30/03 was used. 
The operator selects each neighborhood by creating a polygon where each 
polygon represents a group of densely packed parallel structures having 
similar orientations. From the SAR orbit inclination (near polar with 98° 
here), side-looking position of the antenna, the ascending or descending 
imaging orbit of the satellite and the orientation assigned to each polygon, 
the SAR sensor-target azimuth angle is computed for buildings. The process 
of calibrating individual zones using the simulated RCS model (Fig. 4.23) 
with respect to a reference value is performed and stored (calibration mask). 
The result of weighing the zones of Fig. 4.24 with the information from the 
curve in Fig. 4.22 is a calibrated zonal map reflecting the zonal (polygonal) 
RCS correction coefficient. 
 In order to perform such corrections in a more sophisticated manner, 
individual building masks can be produced, for example from city parcel 
geodatabase. In previous sections, it was seen that 1:2000 scale aerial 
stereo-photography technique helps in creating parcel records. Also, it was 
explained that ground survey records, some pixel-based image processing 
algorithms and object-oriented image processing technique have successfully 
created building masks. By computing the azimuth angles, and considering 
the size of the visible faces (with respect to the line of sight, LOS, of the 

4.23 Urban zones extracted from the before Quickbird pan-sharpened 
image of 9/30/03.
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radar antenna) of the buildings, and using proper RCS curves, a parcel-based 
calibration mask can be produced.

Parcel-based damage detection using SAR data

Remote sensing in general has the capabilities of detecting some important 
phenomena on the ground surface with minimal knowledge of the study area. 
However, ancillary site data help in reducing errors and provide a base for 
result validation and calibration. So far, pixel-based remote sensing methods 
have been exploited by different research groups around the world and the 
basic image processing schemes have been well documented. Also some 
relatively new object-based (object-oriented) image processing algorithms 
were developed for the purpose of detecting and classifying objects on the 
ground. For example, in urban areas where the physical changes to buildings 
are of interest, in order to reduce the detection errors and minimize the false 
alarms, it seems logical to apply any proper change detection algorithms 
only to the patches that correspond exactly to building parcels. This is even 
more crucial for the case of SAR image processing because SAR returns are 
strongly sensitive to the imagery geometry and features comprised within each 
pixel. Figure 4.25 shows the outcome of the calibration process mentioned 
in the previous section and applied on the results of the Fig. 4.20.

4.9 Light detection and ranging remote sensing

3D modeling of urban areas using aerial laser scanners or light detection 
and ranging (LIDAR) systems, map all the urban components in a digital 

4.24 Urban zones – each zone indicates a similar building orientation.
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medium. Basically the airborne laser light hits the ground surface from above 
and based on the time delay of the incident pulse to the received signal, the 
sensor-target distance is evaluated with high accuracy. Also, the reflectance 
coefficients of the surface materials are recorded and compared, since various 
chemical compounds affect the spectrum of the reflected electromagnetic 
signal differently. Usually, the LIDAR sensor is installed under the airplane 
(or the helicopter). The sensor shoots pulses on the ground as the platform 
sweeps parallel tracks in order to cover the entire region of interest. The 
system relies on precise instrumentation such as the Inertia Measurement 
Unit (IMU) and onboard Global Positioning System (GPS) system. The 
combination of a GPS and an IMU is called an Inertial Navigation System 
(INS) which provides the position, velocities and the altitude of the sensor. 
IMU records the time history of accelerations (in all directions) experienced 
during the flight. This includes all rotations such as pitch, yaw and roll. The 
combination of IMU and GPS data allows the positioning and orientation 
of the footprint of a laser beam as it hits an object, to a high degree of 
accuracy. Since all flights experience random deviations from the desired 
path, an important phase of recovering the image in a regular grid is to 
transform the raw image considering the actual flight path data. That is by 
correcting the geometry of the flight tracks, the deviations during the flight 
are accounted for in the LIDAR images. This kind of modeling, describes 

< –0.5 Std. Dev.
–0.5 –0.5 Std. Dev.
0.5 –1.5 Std. Dev.
1.5 – 1.9 Std. Dev.

4.25 SAR change detection results (shown in Fig. 4.20) calibrated 
with the RCS orientation dependent curves.
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the texture in three dimensions including the topography. When all these 
information are acquired, processed and compared, physical changes can be 
detected and stored in the dedicated database and 3D maps of the changes 
can be generated. 
 Figure 4.26 depicts the processed image of an airborne LIDAR imagery 
system acquired by the Hanza Luftbilt company (Germany). The positioning 
and topographic accuracy is claimed to be achievable in the order of 10 cm. 
The railway is clearly distinguishable in this image. Note that displaying 
such images can be based on the topography or based on the albedo. 
Three dimensional data reveal both the topographic and the albedo maps. 
Considering the achievable measurement precision, geometrical changes 
of structures such as settlements, pancaking and tilting can be evaluated 
within mentioned levels of accuracy. Also by evaluating the overall pattern 
changes, for example after an earthquake, the locations of damages to the 
urban settings can be detected. Vu et al. (2004) have used 1m resolution 
LIDAR data to create the Digital Surface Model (DSM) and Digital Terrain 
Model (DTM) of an urban area in 1999 and 2004 where they could detect 
the details of the urban temporal changes such as building demolitions and 
new constructions. 
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5
Magnetoelastic stress sensors for  

structural health monitoring of civil  
infrastructure systems

M L WANG, Northeastern University, USA

Abstract: In accordance with the theory of magnetoelasticity, the magnetic 
properties of ferromagnetic materials depend dramatically on the stress level. 
As an engineering application of the said theory, the magnetoelastic (EM) 
stress sensor has been used in the stress monitoring of civil infrastructure. 
In this section, the theoretical background of EM stress sensors is reviewed, 
its technical methodology is introduced, and the influence of temperature 
is clarified. Through the application of EM stress sensors in representative 
infrastructures, their promising engineering advantages have been 
demonstrated, which is a prelude to a viable application stage.

Key words: structural health monitoring, steel cable force, magneto-
elasticity, EM sensor, cable-stayed bridge, post-tensioning, suspension 
bridge.

5.1 Introduction

Since the early 1980s there has been an increasing awareness of the 
deterioration and lack of performance of civil infrastructure systems. As the 
world’s infrastructure grows and existing infrastructure ages, evaluating the 
condition of existing structures and monitoring the engineering behaviors 
of new structures become more significant. To be efficient, economical and 
convenient, improved inspection methods must be devised to assess the 
deterioration of infrastructure. Nondestructive testing (NDT) has grown into 
a reliable alternative to meet these requirements. The main benefit of such 
nondestructive evaluation systems (NDE) is that the structure need not be 
altered in any way while being monitored. The condition of the structure can 
be assessed on-site. The information derived can be instrumental in making 
engineering decisions concerning the fate of a structure. This leads to better 
informed judgments as to whether or not a structure is safe, thus avoiding 
construction, labor, and social costs of replacing a structure. In addition, NDT 
techniques can be applied to new structures as part of a monitoring scheme 
and result in a better understanding of the behavior and performance of the 
structure under loads in construction and service stages.
 However, there are significant problems among the available NDT 
technologies, especially for monitoring the stress status of steel tendons 
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and cables in post- and pre-stressed concrete beams, cable stayed bridges, 
and suspension bridges. High costs and complicated equipment often hinder 
these NDT methods from being used. Some NDT technologies may involve 
instruments that require skilled professionals to install and operate. Others 
may have technical limitations and yield unacceptable errors. 
 Vibrating wire strain gages installed at some critical structural locations 
is a successful method for stress monitoring in strands and cables. The 
advantage of the vibrating wire strain gage lies mainly in the measurement 
of a resonant frequency of its sensing element as the output signal and 
subsequently inferred to strain value. Analog frequency signals generally 
transmit well over a long cable without appreciable degradation caused by 
variations in cable resistance, contact resistance, or leakage to the ground. 
This has been implemented in quite a few monitoring schemes. However, 
significant errors may occur when the measured strain is transferred into stress. 
While it is appropriate for a very large number of situations, the method 
above has its limitations in dynamic nonlinear situations. This means that 
unless the strain sensors are attached to the structure prior to being subjected 
to dynamic loading, it is impossible to obtain the true strain or stress that 
the structure experienced during the event. 
 Magnetoelastic technology is a novel approach to monitoring cable 
forces in pre-stressed structures and bridge cables. With a theoretical basis 
in magnetoelasticity, magnetoelastic(EM) sensors have been employed in 
health monitoring for infrastructures [1–4]. Relative permeability is used to 
monitor the tensile stress [1–3]. This technology overcomes the drawbacks 
of the current available NDT while still retaining the advantages of normal 
NDT methods. They measure the internal stress in steel tendons and cables 
directly. Easy installation for new structures and in-situ installation adaptability 
for existing structures are some key characteristics of this method. Other 
attractive points include being compact, easy to operate, accurate, and a 
theoretically unlimited service lifetime. 

5.2 Stress and magnetization

5.2.1 Magnetoelasticity 

For most ferromagnetic materials, the magnetic properties correlate with 
stress levels [5–11]. This phenomenon is magnetoelasticity. Magnetoelasticity 
has its roots in magnetic stress anisotropy, which states that the magnetizing 
of ferromagnetic material requires less work in specific direction. Several 
intrinsic and extrinsic factors lead to magnetic anisotropy, such as crystal 
anisotropy, shape anisotropy, and anisotropy caused by specific heat and 
mechanical treatments. Crystal anisotropy means that along an easy axis 
and plane, magnetization requires relatively less amount of work; therefore, 
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it is also called magnetocrystalline anisotropy. In non-cubic crystals, the 
magnetostatic interaction between atomic pairs and the directional ordering 
of some atomic pairs results in crystal anisotropy [10]. Shape anisotropy is 
indeed an extrinsic property caused by the direction-dependent demagnetization 
constants. Besides magnetic annealing, stress annealing, and plastic 
deformation, magnetic irradiation can also introduce magnetic anisotropy, 
due to the preferred diffusion or sliding of the interstitial and substitutional 
atoms in favor of energetic equilibrium [7].
 Magnetic stress anisotropy causes the magnetic behaviors in ferromagnetic 
materials to vary with external stress. Stress affects magnetization with respect 
to two mechanisms: magnetoelastic energy rotates magnetic moments and 
rearranges domain structures and stress introduces pressure on domain walls. 
More details appear in [6–7]. 

5.2.2 Infl uence of stress on magnetic moment rotation

Stress can rotate magnetic moments in order to reduce magnetoelastic energy 
[6–7]. As an example, assume that in a small sample with uniaxial magnetic 
moment MS, stress  is applied along the direction with angle  from the 
magnetic moment. The magnetization induced from all the other anisotropies 
combined as a whole is along B, with an angle a from the applied stress, as 
indicated in Fig. 5.1.
 The stress anisotropic energy is expressed in

  E sme
2= 3

2
l qs

2lss sins  5.1

where, s is the magnetostriction constant under magnetic saturation. 
 The energy combined from all the other anisotropies as a whole is 
summarized in

  Eother = Kother sin2(  – ) 5.2

Æ
Æ

s

Æ

a

5.1 Magnetic moments under stress.
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Kother indicates the combined anisotropy constant.
 With stress applied, the magnetic moment will rotate until the following 
conditions are fulfi lled:

  
d s

3
( ) = 02 2

2
l ss q a(2 qddq )

Ê
Ë
ÊÊ
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ˆ
¯
ˆ̂
¯̄  

5.3

  
d s

2 2 2 23
( >2) 0

2
l ss q a2 ( dddq )

Ê
ËËË

ˆ
¯̄̄  

5.4

5.2.3 Infl uence of stress on domain wall movement

To illustrate the process, we assume there is a small specimen containing 
four domains with negative magnetostriction, as shown in Fig. 5.2. Arrows 
within each domain indicate the orientation of the local magnetization Ms. 
The domains with magnetic moments perpendicular to the tension grow 
at the expense of the domains parallel to the tension due to the lower 
magnetoelastic energy of the former, as indicated in Fig. 5.2. 90° walls and 
180° walls require different descriptions due to the different types of wall 
motions. The moving distance of the 90° walls and 180° walls is controlled 
by the balance of pressures exerted by the fi eld and the stress controls the 
moving distance of the 90° walls and 180° walls, as indicated in the following 
equation [7, 12]:

    dE d HM gxs S/dx = – + 3
2

lSS  5.5

where, E refers to the total energy per unit volume within the domain, g 
denotes the stress gradient along the sliding direction of the wall, and x 
represents the sliding distance. Under energetic equilibrium, the 90° wall 
must be aligned 45° from the neighboring magnetic moment. Otherwise, 
magnetic poles will be introduced on each side of the wall according to: 

  
r r r r

M n
r

M n
r

s1 2n M =n Mn M r  5.6 

Æ

5.2 Domain variation in material under tension and with negative 
magnetostriction, (a) demagnetized domain under zero stress, (b) 
demagnetized domain under tension s.

(a) (a)
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Where, M1 and M2 are magnetic moments on the adjacent 90° domain, and 
s is the magnetic pole density. More details are given in [7] and [13].

 Under the equilibrium of magnetostatic and magnetoelastic energy, 
magnetoelasticity is expressed in [6]:

   
1  =
l

l
H

B∂ll
∂H

∂B
∂

1
4π s  

5.7

where l is the length of the specimen. Eq. (5.7) can be rewritten as

  

1 = 1
4l

l B∂ll
∂

∂
∂B π

 
4 m sr ∂  

5.8

Where, r is the relative permeability. 
 In order to have a straightforward view of the effect of stress on 
magnetization, the following equation can be derived from Eq. (5.8):
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5.9

where, K refers to value of magnetic anisotropy, and N is a constant with 
a value of 3 for steel [9]. It can be seen that if s d  > 0, magnetization 
increases with tension.
 With the equilibrium of stress anisotropic energy and magnetostatic energy, 
the magnetization M under applied tension a and fi eld H is expressed in 

  
M

M HS

si
=

3

2

l ssis  
5.10

Equations (5.8) – (5.9) are based on the assumption that no other anisotropy 
is present except stress anisotropy. However, in steel, crystal anisotropy is 
more important than stress anisotropy. Therefore, magnetization M does not 
vary linearly with H [13–14]. 
 Figures 5.3 and 5.4 indicate the stress dependence of hysteresis. 

5.3 Magnetoelastic stress sensors

Magnetoelastic (EM) stress sensors function by utilizing the direct dependence 
of the magnetic properties of structural steel on the state of stress. These 
properties are measured by subjecting the steel to a pulsed or periodic 
magnetic fi eld. An advantage of this approach is that the application of the 
magnetic fi eld does not require physical contact with the structure. Changes 
in magnetic fl ux in the steel allow those magnetic properties to be sensed 
and deduced through Faraday’s law. EM sensors can be designed for all 
sizes of pre-stressed steel, strands, cables, and tendons. They are suitable 
for measuring quasi-static loads under any environmental conditions. In 
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magnetoelastic stress sensors, two magnetic parameters have been applied 
in tension monitoring: apparent incremental relative permeability and real 
incremental relative permeability. Both are discussed below.

5.3.1 Apparent relative permeability

Apparent relative permeability is measured with a primary coil and a 
secondary coil (sensing coil), as indicated in Fig. 5.5. Pulsed current in the 
primary coil introduces a pulsed magnetic field and a gentle upward-trend 
to initiate the B-H magnetizing curve. When the magnetic field reaches its 
maximum value, it begins to decrease, and the induction B follows a gentle 
return. The apparent incremental relative permeability is

  rr = DB/( 0DHa)  5.11

where, DB signifies the induction variation in the solenoid with a steel 
rod in it, DHa is the variation of the magnetic field in the solenoid with a 
steel rod omitted, and 0 refers to the permeability of the air. The apparent 
relative permeability is measured in the descending stage of the hysteresis 
curve under technical magnetic saturation, which guarantees stabilization 
of magnetization. However, in order to avoid several uncertain variables, 
the relative permeability is not measured directly from the hysteresis curve. 
Instead, it is derived from analog signals from the primary (energizing) and 
sensing coils.
 The sensing coil picks up the electromotive force (EMF) that is proportional 
to the varying rate of the magnetic flux during a small time interval Dt1. The 
flux variation within the secondary coil is:
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5.3 Initiative hysteresis curves of 7 mm piano steel wires under 
various stress levels.
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  D 1 = N[Af (DB) + (A0 – Af) 0(DH)]  5.12 

where, A0 and Af stand for cross-sectional areas of the sensing coil and the 
steel rod respectively, and H refers to the field between the steel rod and the 
secondary coil. The first part of the right side of Eq. (5.12) is determined by 
the flux variation within the steel rod, while the second part indicates the flux 
variation in the air gap between the steel rod and the secondary coil.
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5.4 (a) descending stage and (b) ascending stage of the hysteresis 
curves of 7 mm piano steel wire under various stress levels.
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 If the rod is omitted, and the same discharging voltage is applied, during 
another time interval Dt2, the fl ux change in the secondary coil yields: 

  D 2 = N[A0 0(DHa)]  5.13

where, DHa indicates the variation in the applied fi eld. Under stress , 
temperature T, and fi eld H, the apparent incremental relative permeability 
can be derived from Equations (5.11) – (5.13), as given below:
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Under technical magnetic saturation, 

  DH ≈ DHa 5.15

Therefore, Eq. (5.14) can be rewritten into

  
m smm
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5.16

According to Faraday’s Law, V = –D /Dt, so  D
D D

1
2

.
t tD

VdtVÚ ÚDFD 2,Vd FD 2t, and =  

The time boundaries of the integration are defi ned as working points in lieu 
of energizing currents and therefore, magnetic fi elds. It is noted that the 
applied magnetic fi eld needs to magnetically saturate the steel rod in this 
technique. 
 The apparent relative permeability of the steel rod can be rewritten as
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5.17

where Vout indicates the integrated voltage with the rod in the solenoid, and 
V0 is the integrated voltage with the rod omitted from the solenoid. 

Steel rod Primary coil Secondary coil

5.5 Indicative fi gure of EM stress sensor.
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5.3.2 Measurement of real incremental relative 
permeability

An alternative magnetic parameter sensitive to tension is the real incremental 
relative permeability derived from double pick-up coils, which does not require 
the measurement of V0. In this approach, it is assumed that the magnetic 
fi eld is homogeneous within the outside pick-up coil C2. Themagnetic fl ux 
variation within a short time can be expressed as

  D 2 = N[Af DB + (A02 – Af) 0DH] 5.18

N is the number of turns in any pick-up coil; DH stands for the magnetic fi eld 
density variation within the coil, DB means the magnetic induction variation 
in the steel rod, and 0 is the permeability of the air. Similarly, the magnetic 
fl ux variation within the inner pickup coil C1 is 

  D 1 = N[Af DB + (A01 – Af) 0DH] 5.19

where, A01 is the cross-section area of the pickup coil.

Subtracting Eq. (5.18) from Eq. (5.19) yields

     D 2 –  D 1 = N(A02 – A01)m0DH 5.20

In order to derive an expression that can be practically used, Eq. (5.19) and Eq. 
(5.20) need to be reformed. Dividing Eq. (5.19) by Eq. (5.20) we have 

    

D
D D

F
FD

A
m1FF

1 1FFD 02 01

01

02 01
= +mfA

rr
f

A A02 – 
A A01 – ff

A A02 – 
 

5.21

where, rr refers to the real relative permeability of the steel rod 

mrr
B
H

= .
0

DBB
DHHm0

 The voltages introduced in the two concentric pick-up coils can be integrated 
using two electric integrators. The output voltage from the outside pickup 
coil is
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d
dt
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5.22

where, t2 and t1 are the time boundaries of the pulsed voltage range (refl ecting 
primary current range) for integration, and RC is the time constant. Similarly, 
for the inner pickup coil:

  
V

RCoutVV 1
1

= .
DF

 
5.23

From Equations (5.21) – (5.23) there is
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m smm fs V

V V
A Af

A
(H ,ss  )T  =  – 

– 
outVV 1

out2VV outVV 1

01

02 AA
A A

AfA01

02 01Ê
ËÁ
ÊÊ
ËË

ˆ
¯̃
ˆ̂
¯̄  

5.24

For mass production and ease of operation, apparent relative permeability 
is currently used in stress monitoring.

5.4 Effect of temperature on magnetic 

permeability

Previous research revealed that temperature has a notable infl uence on 
magnetization in steel [2–3]. In a low magnetic fi eld, an increase in 
temperature raises the magnetization level and visa versa in an elevated 
magnetic fi eld, as indicated in Fig. 5.6. The remedy to temperature dependence 
of permeability in EM sensors is to carry out lab and fi eld calibration. 
Previous tests demonstrated that the change in temperature shifts the curve 
of relative permeability versus stress in a parallel way [2–3]. Therefore, it 
is defi nitely necessary to test the temperature dependence of the zero-stress 
permeability. The results are given in Fig. 5.7, where two observations can 
be derived. First, relative permeability shifts monotonically and linearly 
with temperature, at least within the temperature range tested. Second, the 
infl uence of temperature on relative permeability does not depend on the 
diameter of the steel cable, provided that the samples are largely similar in 
gross composition and microstructure. The relative permeability of the 7 mm 
piano steel wire, 0.6 inch twisted piano steel strand, and cable consisting of 
37 ¥ 7 mm piano steel wires demonstrate a nearly congruent temperature 
dependence, due to the great resemblance in composition and microstructure 
in these samples. On-site measurements conducted on the hanger cables and 
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5.6 Dependence of initial magnetization curve on temperature 
variation.
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multi-strand post-tensioned cables (both made of piano steels) in a bridge 
yielded similar observations [2]. The permeability of G60 steel demonstrated 
a dissimilar temperature dependence that can be attributed to this hot-formed 
steel containing only two-thirds of the carbon content of piano steel and a 
higher volume of ferrite.
 Thus, in the application of the EM stress sensor, in-situ temperature 
monitoring is absolutely necessary to exclude the temperature influence. 
Attention should be given to the reliability of the temperature measurement. 
It is noted that the linear compensation of permeability on temperature 
variation can only be rendered possible when temperature varies within 
a certain range. It is also noted that the thermal-flux between steel cable, 

–10°C
10°C
44°C
60°C

10 15 20 25 30 35 40 45
H, KA/m

(a)

R
el

at
iv

e 
p

er
m

ea
b

ili
ty

20

15

10

5

0

–10°C
10°C
44°C
60°C

45 40 35 30 25 20 15 10
H, KA/m

(b)

R
el

at
iv

e 
p

er
m

ea
b

ili
ty

20

15

10

5

0

5.7 Dependence of real relative permeability on temperature for 
piano steel in (a) initial magnetizing stage and (b) descending stage 
of magnetic hysteresis.
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plastic sheath, and ambient air leads to non-uniform thermal topographies. 
The side-effects of thermal-flux in temperature measurement and the relative 
counteracting strategies were studied at the University of Illinois at Chicago 
[15]. 

5.5 Magnetoelastic sensor and measurement unit 

As the zero-stress saturated permeability varies linearly with temperature 
and the permeability-stress curves are parallel over the ambient atmospheric 
temperature range [2–3], we use differential permeability as a parameter to 
monitor stress: 

  D  = ( , T) – (0, T) 5.25

If the saturated permeability is measured under temperature T0, (0, T0) 
can be compensated by using the temperature coefficient AT, which is the 
slope in Fig. 5.8. Temperature coefficient AT is only dependent on the type 
of material, and is used to exclude the influence of temperature fluctuation. 
It shifts saturated permeability as:

7 mm piano steel rod, 0 = 4.8
7 mm piano steel rod, 0 = 5.08
37 ¥ 7 mm piano steel strand, 0 = 3.98
37 ¥ 7 mm piano steel strand, 0 = 4.38
37 ¥ 7 mm piano steel strand, 0 = 4.87
0.6 inch piano steel strand, 0 = 3.93
0.6 inch piano steel strand, 0 = 4.17
0.5 inch rebar, 0 = 3.86
0.5 inch rebar, 0 = 3.06
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5.8 Temperature dependence of permeability – (0, T) vs. T for 7 mm 
piano steel wire, 0.6 inch twisted strand and Japan 37@7mm strand, 
and G60 rebar (0.60% C normalized steel), 0 indicates permeability 
at room temperature.
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  (0, T ) – (0, T0) = AT(T – T0) 5.26

Therefore,

  D  = ( , T) – (0, T) = ( , T) – ( (0, T0) + AT(T – T0))

   = ( , T) – (0, T0) – AT(T – T0) 5.27

Successfully monitoring the tension in steel cables requires attending to the 
following key points: (1) the same calibration curve can only be applied 
to cables with same type of material and configuration, regardless of the 
diameter of the cables. However, the cables with diameters larger than 
300 mm or smaller than 3 mm must be calibrated separately; (2) the EM 
sensor system including an electronic unit can be used for the measurement 
of static stress or quasi-static stress. The sampling rate is about 10 seconds 
for each measurement.
 EM Sensors for cables up to 300 mm in diameter are ready to use for 
various applications as shown in Fig. 5.9. Power stress units performing 
magnetizing and data acquisition are shown in the same diagram. EM sensors 
can be built either in the laboratory or in the construction field, as shown in 
Figs 5.10–5.11.

5.6 Application of magnetoelastic sensor on 

bridges

5.6.1 Penoscot Bridge

The Penoscot Bridge, under construction in Maine is a cable-stayed bridge. 
In each anchor, three EM sensors were installed inside the anchor to  

5.9 EM sensors and power stress units.
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monitor the cable force during and after construction as seen in Figs 5.12–
5.14. As demonstrated in Fig. 5.15, the consistency between load cell and 
EM sensor measurements revealed the load relaxation in the cables after 
construction. 

5.10 Sensor manufactured in laboratory.

Sensor PS139 wound in-situ at the PE 
coated cable 135 mm diameter

Filling the sensor PS139 with the 
polyurethane foam

Sensor PS139 before closing the steel 
cover

Sensor PS139 wound in-situ at the PE 
coated cable 135 mm diameter

5.11 Sensor manufactured in the construction field.
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5.6.2 Qianjiang No. 4 Bridge

Shown in Fig. 5.16, QJ No. 4 Bridge, under construction in Hangzhou of 
China, is the longest double-deck and multi-arch bridge in China. The upper 
deck is a six-lane highway, while the lower one is for railway with sidewalk 
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5.12 Application of EM sensor on Penoscot River Bridge.
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5.13 Strands in the cable in Penoscot River Bridge.
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for pedestrians. In an attempt to guarantee the reliability of its service, a state-
of-the-art health monitoring system was built during the bridge construction, 
including the EM stress sensors on the hangers and post-tensioned tendons 
as seen in Fig. 5.17. The EM sensors on the hanger cables were calibrated 
with the load cell in laboratories, while those on the post-tensioned cables 

Bottom view of the anchor

White marks indicate the trends with EM sensor

5.14 Bottom view of the anchor in Penoscot River Bridge.
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5.15 Tension monitoring results from EM sensor used in Penoscot 
River Bridge during construction.
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were calibrated in construction fields. The tension measurement on the post-
tensioned cable during construction and truck loading testing is shown in Fig. 
5.18. Cable tension variation due to post-construction loading and traffic can 
be observed. The tension in the hangers on the main arch was continuously 
measured when the bridge began its service, as shown in Fig. 5.19.
 For a multi-wire cable, the value of zero-stress permeability (0, T) drops 
and then gets stabilized when several measurements have been conducted, 
owing to preferred magnetic moments/walls reorientation. The loading and 

5.16 Qianjiang No. 4 Bridge.

EM sensor

EM sensor on PT cable

5.17 Sensor used in Qianjiang No. 4 Bridge.

www.EngineeringBooksPDF.com



169Magnetoelastic stress sensors for structural health monitoring

unloading process helps stabilize the zero-stress permeability. However, 
in the situation that prevents cyclic loading and unloading, repeating the 
measurement under a zero-loading status also contributes to obtain a sound 
zero-stress permeability value. 
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5.18 Tension in post-tensioned cable (D) in a box-girder in QJ No. 4 
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5.19 Continuous tension measurement for post-tensioned cables on 
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5.6.3 Zhanjiang Bay Bridge

Zhanjiang Bay Bridge is located in Zhanjiang city in the Guangdong Province 
of China. It is one of the longest in China with a main span of about 500 
meters long and a navigational clearance of 48 meters. An advanced health 
monitoring system developed by the University of Illinois at Chicago was 
employed and is still used today, as shown in Fig. 5.20. Sixteen EM sensors 
of about 150 mm in diameter as part of sensor system were installed during 
construction. The EM stress sensors are used to monitor the cable forces as 
shown in Figs 5.21(a) and 5.21(b). It seems that cable forces are not affected 
by the temperature as much as we expected. Suspender cables of an arch 
bridge in the previous example also behaved the same. These cables behave 
according to traffic and external loadings such as from wind and earthquake. 
EM sensors can be easily calibrated in the cable company for new construction 
as shown in Fig. 5.22. Levels of warning are calculated to prevent over 
stressing of the cable for decision making and maintenance measure.

5.6.4 Stonecutters Bridge

The Stonecutters Bridge in Hong Kong is one of the longest in the world. 
It is a cable-stayed bridge with two towers located in the back-up areas of 
container terminals. It has a main span of 1018 meters across the Rambler 

Distributed bridge health monitoring system for 
ZHANJIANG Bay Bridge

5.20 Real-time health monitoring system in Zhanjiang Bay Bridge.
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Channel and of a total length of 1.6 km, including the approaching spans. 
Some 32 EM sensors have been used to monitor the tensions of the post-
tension concrete girder at the interface between concrete girder and steel 
girder, indicated in Fig. 5.23. EM sensor assembling and in-situ calibration 
were shown in Fig. 5.24 and Fig. 5.25 respectively. High linearity and 
accuracy were achieved in load monitoring via EM sensors, as demonstrated 
in Figs 5.26–5.27.

5.7 Conclusions

The measurement of cable forces is important for monitoring excessive wind 
or traffic loadings, gaging the redistribution forces present after seismic events, 

2/22/2008 2/23/2008 2/23/2008 2/23/2008 2/23/2008 2/23/2008 2/24/2008 2/24/2008
 19:12 0:00 4:48 9:36 14:24 19:12 0:00 4:48

Time
(a)

3400

3200

3000

2800

2600

2400

2200

2000

1800

Fo
rc

e 
(K

N
)

Te
m

p
er

at
u

re
 (

°C
)

24

22

20

18

16

14

12

10

2/10/2008 2/12/2008 2/14/2008 2/16/2008 2/18/2008 2/20/2008 2/22/2008 2/24/2008 2/26/2008
 0:00 0:00 0:00 0:00 0:00 0:00 0:00 0:00 0:00

Time
(b)

3500

3000

2500

2000

1500

1000

500

0

Fo
rc

e 
(K

N
)

Te
m

p
er

at
u

re
 (

°C
)

25

20

15

10

5

0

5.21 Cable force history in Zhangjiang Bay Bridge within 24 hours (a) 
and 14 days (b).

www.EngineeringBooksPDF.com



172 Structural health monitoring of civil infrastructure systems

and detecting corrosion via loss of the cross section. Magnetoelastic (EM) 
stress sensors function by utilizing the direct dependence of the magnetic 
properties of structural steels on the state of stress. These properties are 
measured by subjecting the steel to a pulsed or periodic magnetic field, 
which can be accomplished without any contact. Changes in magnetic flux in 
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5.22 Calibration of steel cable on Zhanjiang Bay Bridge.

West tower

East tower

Layout of sensory system and data acquisition system 
in Stonecutters Bridge

Anemometers
Fixed and removable accelerometers
Temperature sensors
Dynamic strain gages
Static strain gages
Global positioning systems
Displacement transducers
Buffer sensor
Bearing sensor
Tensile magnetic gage
Barometers, rainfall gages and hygrometers
Corrosion cells
Digital video cameras
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5.23 Layout of sensory system in Stonecutters Bridge.
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the steel allow those magnetic properties to be sensed and deduced through 
Faraday’s law. EM sensors can be designed for all sizes of prestressing steel 
cables and tendons. They are suitable for measuring quasi-static loads under 
any environmental conditions. The sensors can be embedded in concrete 
or fabricated in situ for exposed cables. The sensors are entirely suitable 

5.24 EM sensor calibration.

 (a) Sensor installation (b) Tension and calibration (c) Job finish

EM Sensor in-situ calibration and test in Stonecutters Bridge

5.25 EM sensor in-situ calibration in Stonecutters Bridge.
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for sheathed cables and require no physical contact with the cable itself. In 
this chapter, the viability of EM stress sensor was demonstrated through 
theoretical review, sensor design and fabrication, and field application 
examples. The temperature influence was evaluated in order to compensate 
for the effect of ambient temperature on magnetic performance of the tested 
structures. Embodying a systematic magnetic non-destructive inspection 
technology, the EM stress sensor is facing an ever increasing application 
prospect, especially in an era with an increasing need of health monitoring 
for public infrastructures. 

5.26 EM sensor calibration results in Stonecutters Bridge.
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 Laboratory test result (0-7000KN) In-situ test results (0-7428KN)

Sensor Standard Relative Standard Relative
number deviation accuracy deviation accuracy
  (KN) 3  to max load (KN) 3  to max load

 1 31 1.86% 11.2 0.45%
 2 13 0.78% 11.2 0.45%
 3 18 1.08% 22.4 0.90%
 4 17 1.02% 39.2 1.58%
 5 14 0.84% 28 1.13%
 6 15 0.90% 28 1.13%
 7 17 1.02% 28 1.13%
 8 11 0.66% 28 1.13%
 9 13 0.78% 28 1.13%
 10 14 0.84% 33.6 1.36%
 11 23 1.38% 11.2 0.45%
 12 16 0.96% 16.8 0.68%
 13 10 0.60% 33.6 1.36%
 14 16 0.96% 16.8 0.68%
 15 19 1.14% 28 1.13%
 16 17 1.02% 33.6 1.36%
 17 17 1.02% 22.4 0.90%
 18 22 1.32% 11.2 0.45%
 19 14 0.84% 11.2 0.45%
 20 18 1.08% 33.6 1.36%
 21  5 0.30% 22.4 0.90%
 22 15 0.90% 16.8 0.68%
 23 15 0.90% 16.8 0.68%
 24 19 1.14% 22.4 0.90%
 25 21 1.26% 16.8 0.68%
 26 16 0.96% 28 1.13%
 27 26 1.56% 22.4 0.90%
 28 21 1.26% 28 1.13%
 29 29 1.74% 22.4 0.90%
 30 17 1.02% 22.4 0.90%
 31 21 1.86% 28 1.13%
 32 23 1.38% 28 1.13%
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6
Vibration-based damage detection  

techniques for structural health monitoring  
of civil infrastructure systems

V M KARBHARI, University of Alabama in Huntsville, USA  
and L S-W LEE, University of the Pacific, USA

Abstract: In order to mitigate deterioration and efficiently manage 
maintenance efforts on reinforced concrete (RC) bridge structures, two 
methodologies are needed:

1. A methodology to extend the service life of bridge structures
2. A methodology to monitor performance changes of bridge structures.

While the use of fiber reinforced polymer (FRP) composites provides an 
efficient means for repair and strengthening of civil infrastructure, methods 
of structural health monitoring (SHM) of civil infrastructure provide 
the means of assessing the effectiveness and continued performance of 
the rehabilitated structure, including the determination of serviceability, 
reliability, and remaining functionality of the structure. This chapter provides 
both a general review of SHM techniques for dynamic testing and vibration-
based damage detection and a case study showing the applicability of the 
technique on a FRP rehabilitated bridge system.

Key words: dynamic testing, vibration-based damage detection, 
rehabilitation, reliability, fiber reinforced polymer composites.

6.1 Introduction

The deterioration and functional deficiencies of highway infrastructure are 
attributed to aging, weathering of materials (i.e. corrosion of steel), accidental 
damage (i.e. natural disasters), and increased traffic and industrial needs as 
exhibited by the need for higher load ratings of structures and increasing 
the number of lanes to accommodate traffic flow (Tajlsten, 2002; Karbhari 
and Seible, 2000; Meier, 2000). However, deficiencies in structures are not 
restricted to the effects of aging; poor engineering judgment, inadequate 
design and changes in code requirements are other factors contributing to 
deficiencies at any time during the service life of the structure. Regardless 
of root cause, functional deficiencies are present in civil infrastructure, and 
solutions to monitor and resolve these deficiencies are necessary. In order to 
mitigate deterioration and efficiently manage maintenance efforts on reinforced 
concrete (RC) bridge structures, two methodologies are needed:
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∑ A methodology to extend the service life of bridge structures
∑ A methodology to monitor performance changes of bridge structures.

 In order to maximize the serviceability of civil infrastructure, two specific 
research areas have experienced significant developments in past decades. 
While the use of fiber reinforced polymer (FRP) composites provides an 
efficient means for repair and strengthening of civil infrastructure (Teng et 
al., 2003; Bakis et al., 2002; Stallings et al., 2000) methods of structural 
health monitoring (SHM) of civil infrastructure (Chong et al., 2003; Yuen 
et al., 2004; Catbas and Aktan, 2002; Sikorsky, 1999) provide the means of 
assessing the effectiveness and continued performance of the rehabilitated 
structure.
 In this context, structural health monitoring (SHM) provides the methodology 
that evaluates the condition of a structure for a given point in time. A 
proficient structural health monitoring approach is capable of determining 
and evaluating serviceability, reliability, and remaining functionality of the 
structure (Sikorsky, 1999). The methodology involves periodic investigation 
of the structure during service/operation, occasional maintenance, and repair-
retrofit or replacement as deemed necessary.
 A general paradigm for structural health monitoring requires implementation 
of a global non destructive evaluation (NDE) procedure to assess the state 
of a new or existing structure. Results of the global NDE act as input into a 
calculated performance measure and service life of the structure. Figure 6.1 
provides a schematic of a structural health monitoring paradigm that uses 
an estimate of the remaining service life as a means of decision making.
 The most essential part of the monitoring procedure is the global NDE 
component, since it provides the primary interaction between the physical 

Bridge structure

Global NDE

Performance level

Service life

tlife > tlimit

Repair/replace

Yes
No

6.1 Schematic showing application of SHM.
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state of the structure and analytical methods employed in the structural 
health monitoring process. The robustness of a structural health monitoring 
procedure is often defined in terms of levels (Rytter, 1993):

Level I: Identify that damage has occurred.
Level II: Identify that damage has occurred and determine the location of 

damage.
Level III: Identify that damage has occurred, locate the damage, and estimate 

its severity.
Level IV: Identify that damage has occurred, locate the damage, estimate 

its severity, and evaluate the impact of damage on the structure 
or estimate the remaining useful life of the structure.

 For civil structures, a global NDE technique utilizing the vibration 
characteristics of a structure is effective in assessing the condition of the 
overall structure because of its large size and the impractical nature of 
using localized nondestructive testing (NDT) methods such as ultrasonics, 
piezoelectrics, and acoustic emission (Sikorsky, 1999; Johnson et al., 2004). 
Ideally, a localized NDE technique is utilized upon identification of a damage 
location, so as to determine the specific nature of the damage. The global 
nondestructive examination technique utilizing vibration characteristics 
generically involves the following features: (1) dynamic testing for the 
acquisition of modal parameters (i.e., natural frequencies, mode shapes, and 
damping properties) or other features (i.e., time histories, frequency response 
functions, etc.), and (2) a damage detection algorithm to identify damage in 
the structure, its location, and severity.
 The implementation of a process of SHM is critical application for 
determining a structure’s ability to provide adequate service, evaluating the 
necessity for maintenance, and assessing the need for repair or replacement 
of a component of or the entire structure. An appropriate structural health 
monitoring system is capable of determining and evaluating the serviceability 
of the structure, the reliability, and the remaining functionality of the structure 
in terms of durability (Sikorsky, 1999).
 The development and implementation of structural health monitoring 
systems utilizing vibration characteristics of the structure have been the focus 
of a number of researchers (Salawu, 1997; Park and Reich, 1998; Sikorsky, 
1999; Stubbs et al., 2000; Farrar et al., 2001). A schematic for the general 
approach to structural health monitoring is shown in Fig. 6.2. Data acquisition 
and extraction of vibration properties are associated with the first phase of 
structural health monitoring. These components are typically associated with 
dynamic testing of structures. Dynamic testing requires a source of excitation 
to vibrate the structure, the use of sensors to acquire time history data, and 
experimental modal analysis procedures to extract modal parameters such as 
frequencies and mode shapes. Identification, localization, and quantification 
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of damage are components associated with vibration-based damage detection. 
The vibration-based damage detection procedure assesses changes from a 
measured feature (i.e., mode shapes, frequencies, etc.). Dynamic testing and 
vibration-based damage detection provide the necessary components for the 
structural health monitoring of structures.
 This chapter provides both a general review of SHM techniques for dynamic 
testing and vibration-based damage detection and a case study showing the 
applicability of the technique on a FRP rehabilitated bridge system.

6.2 Dynamic testing of structures

This section highlights the major components of modal testing and modal 
analysis for civil infrastructure. Theoretical background to modal testing 
is readily available in (McConnell, 2001; Ewins, 2000; Maia and Silva, 
1997). Methods of excitation for bridges are categorized into input-output 
methods and output only methods for modal testing. Input-output methods 
of excitation involve a contact procedure such that a forcing function is 
introduced to vibrate the bridge structure. Output only methods, typically 
described as ambient excitation methods, utilize sources of ‘natural’ vibration 
that include vehicular traffic, wind, pedestrian traffic, ocean waves, and micro-
earthquakes (Green, 1995; Salawu and Williams, 1995; Farrar et al., 1999). 
Implementation of the testing procedure is described with an overview of the 
types of transducers available for use on modal tests. Finally, methods for 
extraction of modal parameters are discussed. The selection of an appropriate 
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experimental modal analysis procedure to extract the vibration properties of 
a structure is dependent on the type of modal test being conducted.

6.2.1 Sources of excitation: input-output methods

The input-output method involves introducing a known input into a structure 
such as impulse load or known forcing function and subsequently measuring 
the free vibration response of the structure (Farrar and Sohn, 2001). Input-
output excitation techniques are advantageous as compared to output-only 
methods, since they are able to suppress the effects of extraneous noise in 
the measured structural response (Salawu and Williams, 1995) and a known 
input is introduced to the structure. However, the primary disadvantage for 
an input-output modal test is that the test is conducted outside conditions of 
normal operation and thus necessitates disruption in use and does not allow 
for continuous monitoring of a structure. Typical input-output techniques 
include the use of an impact hammer (Green, 1995), drop weight impactor 
(Green, 1995; Bolton et al., 2001a; Farrar et al., 1999), electrodynamic or 
servohydraulic shaker. Table 6.1 highlights the advantages and disadvantages 
associated with input-output excitation techniques.

6.2.2 Sources of excitation: output only methods

Ambient excitation or output-only methods measure the response of the 
structure under normal operating conditions. As compared to input-output 
excitation techniques, the measurement of the structural response is performed 

Table 6.1 Common sources for input-output techniques

Input-output Advantages Disadvantages

Impact hammer ∑ Cost effective ∑ Poor signal to noise ratio
 ∑ Portable ∑ High sensitivity to
    nonlinearities
 ∑ Easy operation ∑ Lack of control over 
    frequency content

Drop weight ∑ Mass normalized mode shapes ∑ Not viable for continuous 
impactor ∑ Cost effective  monitoring
 ∑ Low (< 1 Hz) frequency modes ∑ Susceptible to input noise
  with up to 20 Hz modes  
  observed in field 
 ∑ Can control amplitude of input  

Shaker ∑ Mass normalized mode shapes ∑ Expensive
 ∑ Capable of higher frequency  ∑ Difficult to excite
  excitations (1.5 to 100 Hz)  frequencies below 1 Hz
 ∑ Can apply a static preload to ∑ Heavy weight makes it
  test structure  difficult to install and move 
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while the structure is in service (i.e., no lane closures are needed). The 
technique is cost effective (essentially no cost for the excitation source), and 
is available for the continuous monitoring of the bridge structure (Green, 
1995; Salawu and Williams, 1995; Farrar and Sohn, 2001).
 Sources for ambient vibration methods include vehicular traffic, wind, 
pedestrian traffic, ocean waves, and low seismic activity (Green, 1995; 
Salawu and Williams, 1995; Farrar et al., 1999; Farrar and Sohn, 2001). 
Several assumptions for ambient excitation test methods are necessary 
since the input is unknown. First, the excitation forces are assumed to be a 
stationary random process, having a flat frequency spectrum, thus implying 
that the vibration response of the bridge contains all the normal modes 
(Salawu and Williams, 1995). This eliminates concern that input-output 
excitation methods may have with input noise. Second, the output-only 
excitation methods assume that the recorded response of the structure alone 
is sufficient for extraction of modal parameters. While the method is certainly 
cost effective and can be implemented without disruption of traffic, ambient 
excitations are of unknown amplitude and often are unable to achieve high 
frequency excitations. Nevertheless, the development and maturation of 
acquisition systems and modal extraction techniques have helped to mitigate 
the disadvantages associated with ambient vibration techniques (Farrar and 
Sohn 2001). Advantages and disadvantages of ambient vibration excitation 
are listed in Table 6.2.

6.2.3 Transducers

The most commonly used transducer types implemented for dynamic testing 
of structures are accelerometers, velocity, and displacement transducers to 
measure acceleration, velocity, and displacement response histories of a 
structure, respectively. Selection of the transducer type must be determined 
such that the mass of the transducer does not interfere with the response of 

Table 6.2 Advantages and disadvantages of output-only techniques 

Output-only Advantages Disadvantages

Ambient ∑ Capable of continuous monitoring ∑ Difficult to extract
excitation ∑ Cost effective, excitation source   damping properties
  is essentially free ∑ Uncontrolled amplitude
 ∑ Applicable for long span bridges  input into the structure
   ∑ Limited to low frequency
     excitation (<1 Hz)
   ∑ Difficult to excite the
    lateral modes of a bridge,  
    which are of interest for  
    seismic studies
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the structure (Maia and Silva, 1997) and the transducer provides the type of 
data required for structural assessment. Typically for large civil structures 
such as bridges, the mass of the transducer is not a concern but rather care 
should be taken to make sure that the transducer does not distort the response 
of the structure.
 Accelerometers are the most common and applicable sensors used during 
dynamic testing of civil structures, since they are capable of operation 
over a wide range of frequencies and are easy to install (Green, 1995). 
Piezoelectric and capacitance accelerometers are two types of accelerometers. 
The piezoelectric accelerometer measures the acceleration of a seismic 
mass in the sensor through deformations in a piezoelectric crystal. In a 
capacitance accelerometer, semiconductor elements and a seismic mass form 
an active wheatstone bridge; as the structure vibrates the wheatstone bridge 
becomes unbalanced and the differential output provides a measure of the 
acceleration.
 Other transducers include velocity and displacement transducers. An 
example of a velocity transducer is the scanning laser Doppler velocimeter 
(Stanbridge and Ewins, 1999; Ewins, 2000), which is a noncontact device that 
measures the velocity of a point from the Doppler shift between incident and 
scattered light returning to a measurement point. Displacement transducers 
include potentiometers and linear variable displacement transducers (LVDT). 
Potentiometers are limited to low frequency vibrations. The LVDT measures 
displacements through changes in voltage levels of the coils surrounding a 
free moving magnetic core.

6.2.4 Experimental modal analysis

Experimental modal analysis techniques are divided into two groups: (1) 
frequency domain and (2) time domain techniques. Furthermore, algorithms 
for identification of modal properties are divided according to input-output 
and output-only excitation methods.
 Examples of frequency domain modal identification techniques for output-
only dynamic testing include peak picking of the auto- and cross-powers 
of the measured response, in which peaks are selected in the spectra to 
acquire estimates of the resonance frequencies and subsequently operational 
deflection shapes are obtained (Hermans and Van der Auweraer, 1999). 
The natural excitation technique (NExT) essentially involves applying time 
domain curve-fitting algorithms to cross-correlatiom measurements made 
between various response measurements on an ambiently excited structure 
to estimate the resonant frequencies and modal damping (James et al., 1995; 
Farrar and James, 1997). The nonlinear least squares curve-fit approach is a 
general multi-degree-of-freedom curve-fit approach utilizing weight factors 
at each frequency point of interest and minimizing the curve-fit error by 
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differentiation (Ewins, 2000). The frequency domain decomposition method 
(FDD) (Brincker et al., 2000) involves computation of the power spectral 
density matrix and uses singular value decomposition (SVD) to decompose 
the matrix at every frequency into a set of autospectral density functions to 
identify modal parameters.
 Time domain modal parameter identification techniques for output-only 
dynamic testing include the Ibrahim time domain (ITD) technique, which is 
a methodology for extracting modal parameters directly from decaying time 
or impulse response functions (Bolton et al., 2001a; Huang et al., 1999). 
A computationally efficient time domain methodology, the time domain 
decomposition technique (TDD), conducts a singular value decomposition 
of the output energy correlation matrix from filtered time history data to 
directly calculate the mode shape vector and corresponding frequencies 
(Kim, 2002). Peeters and DeRoeck (1999) present a modal identification 
technique that implements a data-driven stochastic subspace identification 
approach where the row space of future outputs are projected into the row 
space of past reference outputs. Selection of an appropriate experimental 
modal analysis procedure is important since autonomous structural health 
monitoring systems require techniques, which efficiently extract mode shapes 
and then identify corresponding natural frequencies.

6.3 Overview of vibration-based  

damage detection

Table 6.3 provides a summary of features used to identify, locate, and quantify 
damage in a structure.

Table 6.3 Summary of damage detection categories and methods

Features  Methodology 

Modal parameters Natural frequencies ∑ Frequency changes
  ∑ Residual force optimization 
 Mode shapes ∑ Mode shape changes
  ∑ Modal strain energy
  ∑ Mode shape derivatives

Matrix methods Stiffness-based ∑ Optimization techniques
  ∑ Model updating 
 Flexibility-based ∑ Dynamically measured flexibility

Machine learning Genetic algorithm ∑ Stiffness parameter optimization
  ∑ Minimization of the objective function  
 Artificial neural ∑ Back propagation network training
 network ∑ Time delay neural network
  ∑ Neural network systems identification
   with neural network damage detection
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 Frequency-based methods are developed on the basis that resonant 
frequency shifts occur as the structure experiences some change in its 
structural properties. In general, changes in frequencies are unable to provide 
spatial information regarding damage in a structure (Farrar et al., 2001); thus 
damage detection methods relying solely on changes in frequency are typically 
Level 1 methods. Frequency information alone does not provide reliable 
results, especially because several combinations of damage in the structure 
can produce the same changes in the natural frequencies. For applications 
to large civil engineering structures the low sensitivity of frequency shifts 
to damage requires either very precise measurements of frequency change 
or large levels of damage.
 Bicanic and Chen (1997) presented a method for damage identification 
that utilized a characteristic equation for the relative stiffness change in a 
structure from a baseline mode shape and the measured natural frequencies 
before and after the occurrence of damage. Messina et al. (1997, 1998) and 
Contursi et al. (1998) presented a structural damage detection methodology 
based on changes in the natural frequencies in combination with theoretical 
frequency changes for a damage of a known size or location. Hassiotis (2000) 
formulated an optimization algorithm on the basis that damage resulted in 
localized changes in the stiffness matrix, where the stiffness matrix was 
resolved through natural frequency measurements and the classical eigenvalue 
problem was used to find the eigenvalue sensitivities to the stiffness matrix. 
Ray and Tian (1999) proposed a method for enhancing modal sensitivity to 
damage using feedback control to address disadvantages associated frequency 
measures for damage detection. Table 6.4 provides a list of positive and 
negative aspects of frequency based damage detection methods.
 Mode shapes provide an advantage over a feature such as frequency since 
they are spatially defined quantities and thus identification of damage using 
mode shapes implies that damaged locations are known. However, mode 
shapes are difficult to measure and a large number of measurement locations 
may be required to accurately characterize mode shape vectors and to provide 
sufficient resolution for determining the damage location (Doebling et al., 
1996). Methods employing mode shapes typically compare measured mode 
shapes directly, or the properties of mode shapes such as curvature or modal 
strain energy to enhance sensitivity to damage detection and localization. In 
addition the use of mode shapes follows a response based approach where the 
response data are compared and related directly to damage and in some cases 
to damage severity, thus making the methodology suitable for continuous 
monitoring of structures.
 Law et al. (1998) proposed the expansion of measured modal data to 
match a finite element model; the modal strain energy of each element 
was normalized with its potential energy to locate a damage domain; the 
measured modal frequency changes were used to estimate damage severity 
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using a sensitivity-based method. Stubbs et al. (2000) developed the damage 
index method to detect changes in modal strain energy to identify, locate and 
quantify damage where mode shapes were used to identify the modal stiffness 
properties of the as-built and existing structures. The method was based on 
an assumption of the invariance of the sensitivity of fractional modal strain 
energy of a potential damaged element during a small damage event. The 
damage identification approach is potentially the most developed approach 
available for damage detection procedures with a number of publications 
from outside researchers evaluating the validity and applicability of the 
approach (Farrar and Jauregui, 1998a,b; Cornwell et al., 1999; Wang et al., 
2000; Bolton et al., 2001b; Barroso and Rodriguez, 2004). Table 6.5 provides 
a list of positive and negative aspects of the described mode shape based 
damage detection methods.
 Assembly and evaluation of the system matrices from modal parameters 
provide inherent advantages of being able to locate and estimate the severity 
of damage by a comparison of damaged and undamaged system matrices. 
However, the problem of incomplete measurements or inability to identify 
all modes of the structure results in partial population of system matrices. 
Estimation of a stiffness reduction is used to identify, locate and quantify 

Table 6.4 Frequency-based damage detection methodologies 

Method  Positive aspects  Negative aspects 

Bicanic and ∑ Back calculation of mode ∑ Unable to identify or locate
Chen (1997)  shapes  damage with signal noise levels
 ∑ Frequencies only for   of 0.5% and 2.0%
  damage localization ∑ No validation with field structure
   ∑ No examination with reduced
    measurements

Contursi et al.  ∑ Capable of damage ∑ Requires 10 to 15 modes for
(1998),  identification and  accurate damage detection
Messina et al.   localization with ∑ Computationally expensive
(1997, 1998)  frequencies alone ∑ No validation with field structure

Hassiotis ∑ Only frequencies required ∑ Unable to determine damage
(2000)  to evaluate stiffness matrix  severity of structure
  of the system ∑ Dependent on number of
 ∑ Capable of damage   sensors and sensor locations
  identification and  (i.e. requires large amount
  localization  of data for accuracy)
 ∑ Able to identify damage  ∑ No validation with real 
  with 0.8% signal noise  structures 

Ray and Tian ∑ Increased frequency  ∑ Tailored to smart structures, not
(1999)  sensitivity to damage by   applicable to existing structures
  change in control gain ∑ Sensitivity to damage dependent
 ∑ Capable of damage   on vicinity of sensor and actuator
  identification ∑ No validation with real structures
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damage. Matrix update methods are typically sensitivity-based matrix 
updating techniques, optimal matrix update procedures, or control-based 
algorithms. Matrix update methods generally vary amongst the following 
three considerations (Doebling, et al., 1996): (1) objective function to be 
minimized; (2) constraints placed on the problem; (3) numerical scheme 
used to implement the optimization.
 Escobar et al. (2001) proposed a transformation matrix method that reduces 
the global stiffness matrix of a structure to a condensed state with only the 
primary degrees of freedom, which correspond to the rigid body movements 
of a structure. Sivico et al. (1997) developed a damage detection algorithm 
that utilized a discrete state-space representation of the time domain structural 

Table 6.5 Damage detection utilizing mode shapes

Method Positive aspects Negative aspects 

Law et al. (1998) ∑ Capable of identifying,  ∑ Presence of signal noise results
Shi et al.  locating, and quantifying   in severity estimate errors from
(1998, 2000)  damage  0% to 30%.

  ∑ Contains modal expansion ∑ No field evaluation on bridge
  procedure addressing   structure
  reduced measurements
 ∑ Able to expand additional 
  modes from 2–3 
  experimentally measured 
  modes

Stubbs et al.  ∑ Capable of identifying, ∑ Dependent on experimentally
(2000)  locating, and quantifying  calibrated numerical model
Stubbs and   damage ∑ Valid only for damage
Park (1996) ∑ Applies statistical model   severity levels up to 30%
  (hypothesis testing) to  ∑ Effect of signal noise or not
  differentiate between   explicitly addressed
  damaged and undamaged  ∑ No definition of required
  areas  minimum number of mode
 ∑ Damage characterization   shapes for accurate damage
  using individual mode   characterization
  shapes
 ∑ Field application and 
  verification of methodology
  on reinforced concrete 
  bridge structures
 ∑ Procedure for acquiring 
  baseline modal properties
  of existing structure
 ∑ Method for evaluation of 
  system reliability
 ∑ Most developed and 
  applied damage detection 
  procedure  
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response to evaluate stiffness and damping parameters with the eigensystem 
realization algorithm.
 Park and Reich (1998) suggested a flexibility-based approach using the 
partitioned flexibility equation in order to detect changes in substructural 
characteristics by identifying changes in the measured global flexibilities 
before and after damage. The global flexibility matrix of a structure was 
determined from experimentally acquired modal parameters. A substructural 
flexibility matrix was determined from the relationship between measured 
global and local FRFs. Damage was identified, localized, and quantified 
from an increase in flexibility from comparison of localized flexibilities of 
the undamaged and current state of a structure. Table 6.6 provides a list of 
positive and negative aspects of matrix based damage detection methods.

Table 6.6 System matrix-based damage detection methodologies

Method Positive aspects Negative aspects 

Escobar et al. ∑ Transformation to rigid ∑ Increases in signal noise results
(2001)  body modes reduces   in increase of severity estimate
  computational costs ∑ Accurate damage detection
 ∑ Capable of identifying,   requires a minimum of 8 modes
  locating, and quantifying ∑ Decrease in damage severity
  damage  estimate with decrease in
    number of measured modes
   ∑ Assumes stiffness matrix of
    structure is readily available 
    from analytical model
   ∑ No field evaluation studies

Sivico et al. ∑ Capable of identifying,  ∑ Computationally expensive
(1997)  locating, and quantifying  ∑ Minimum detectable reduction
  damage  in stiffness and/or damping is
 ∑ Evaluates changes in   10%
  damping ∑ Number of actuators or multiple
    single input systems must be
    same as degrees of freedom
    in problem
   ∑ No field evaluation studies 

Park and ∑ Capable of damage ∑ Does not address the effects of
Reich (1998)  identification, localization   signal noise and reduced
  and quantification  measurements
 ∑ Flexibility determined  ∑ No severity validation
  directly from modal   provided from field data
  identification procedure  application 
 ∑ Identification and 
  localization of damage
  using field data 
 ∑ Increased sensitivity 
  to damage

www.EngineeringBooksPDF.com



189Vibration-based damage detection techniques for SHM

 Machine learning is the development of computing systems, or expert 
systems, with learning capability (Adeli and Hung, 1995). Computational 
intelligence methods such as neural networks and genetic algorithms are 
attractive processes in the area of structural damage detection because of 
their effectiveness and robustness in coping with uncertainty, insufficient 
information, and noise (Adeli and Hung, 1995). The application of machine 
learning techniques to structural damage detection is typically observed under 
the classification of inductive learning, or learning by examples. Specifically, 
artificial neural networks (ANN) and genetic algorithms (GA) are used 
for the characterization of damage in vibration based damage detection of 
structures.
 Zang and Imregun (2001) applied a principal component analysis, which is 
a linear data compression technique achieving dimensionality reduction, with 
the principal components of the FRF as input in a neural network. Hung and 
Kao (2002) developed a neural damage detection network (NDDN) that was 
trained to recognize the partial derivatives of the accelerations, velocities, 
and displacements from a finite element update using experimental data. It 
was assumed that some a priori information about the system is available.
 Chou and Ghaboussi (2001) utilized static displacement measurements 
for structural damage detection posed as an optimization problem solving 
for unknown stiffness variables of the structure. GA was employed here 
so as to find the best-fit solution of the unknown stiffness parameters. Hao 
and Xia (2002) suggested using GA to compare changes in measured modal 
parameters from the undamaged and damaged structure with those of an 
analytical model with the goal being to estimate the stiffness reduction 
factor for each element structural element such that the objective function 
is minimized. Table 6.7 provides a list of positive and negative aspects of 
machine learning techniques. Although, no specific damage detection procedure 
displays a significant advantage over their respective counterparts, it is 
observed that those methods utilizing mode shapes are the most developed 
in terms of displaying the ability to identify, locate, and estimate the severity 
of damage. 
 It is important to note, a number of methodologies that have been discussed 
in this section demonstrate the ability to identify, locate, and estimate the 
severity of damage in structures using numerical simulations. However, the 
absence of field validations detracts from their performance due to signal 
noise thus limiting their potential for damage detection of FRP rehabilitated 
bridge structures. Machine learning techniques continue to receive a significant 
amount of attention in the area of structural damage detection also showing 
ability to identify, locate, and estimate damage severity; however, training of 
the network or quantity of input information necessary for GA and ANN are 
still unresolved issues with no methods demonstrating robustness with field 
measured data. The advantages and disadvantages of features for damage 
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detection methods discussed in this section are summarized in Table 6.8. These 
global NDE algorithms are developed with the intent to identify changes 
in a system regardless of improvement or degradation. Since degradation is 
a more critical aspect to the safety of structures, the severity of damage is 
typically estimated by defining damage as a loss in stiffness with the inherent 
assumption that damage affecting the performance of a structure is realized 
by losses in stiffness.

Table 6.7 Damage detection utilizing machine learning techniques 

Method Positive aspects Negative aspects 

Zang and ∑ Capable of identifying  ∑ Unable to estimate damage
Imgruen (2001)  and locating damage  severity
 ∑ Damage localization in the  ∑ Increasing the number
  presence of 5% signal noise  of principal components in
 ∑ FRF data reduction to   analysis does not improve
  reduce computational costs  results because of increased
    susceptibility to signal noise 

Hung and Kao ∑ Use neural network for ∑ Systems identification requires 
(2002)  system identification   displacement, velocity, and 
  approach to acquire   acceleration in addition to
  characteristics of   quantification of input source
  undamaged and damaged  ∑ Incapable of severity
  states of structure  estimation
 ∑ Capable of damage  ∑ Signal noise and reduce
  identification and   measurements not addressed
  localization
 ∑ Able to detect damage 
  scenarios for which 
  specific training has 
  not been implemented   

Chou and ∑ Capable of damage  ∑ Increase in signal noise
Ghaboussi  identification and   increase scatter of severity
(2001)  localization  estimation
 ∑ Does not require solving ∑ No application to real structures
  system of equations in 
  finite element method 
 ∑ Uses measured 
  displacements without 
  the need for additional
  processing   

Hao and Xia ∑ Flexibility in terms  ∑ Signal noise causes false-
(2002)  of accuracy of FEM  positive indications
 ∑ Capable of damage  ∑ Underestimates damage severity
  identification, localization,  ∑ Weighting factors for 
  and quantification  contribution of frequencies and
    mode shape measurements
    unclear
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6.4 Application to a fiber reinforced polymer 

rehabilitated bridge structure

The Watson Wash Bridge, located on California Interstate 40 was constructed 
in 1968 and consists of two parallel structures each of which is a skewed, 
two-lane bridge 225.9 m long. The superstructure consists of a cast-in-place 
reinforced-concrete deck and girder structural system with sixteen 12.8 
m central spans and two shorter spans of 10.5 m at each abutment. The 
15.6 cm thick deck spans transversely across six girders at 2.13 m centers. 
The bridge consists of 18 spans and five bays in each span. Frame 3 of the 
southern bridge component, denoted Frame S-3, is the primary substructure 
of interest and is shown schematically in Fig. 6.3.

Table 6.8 Summary of advantages and disadvantages

Technique Advantages Disadvantages 

Frequencies ∑ Capable of damage ∑ No spatial information provided
  identification  by frequency measurements
 ∑ Simplest derived modal  ∑ Qualitative damage severity
  parameter  estimation 
   ∑ Low sensitivity to damage

Mode shapes ∑ Contains spatially related ∑ Large number of measurement
  information, thus  locations required to accurately
  damage location is  characterize mode shapes
  readily available

Matrix update ∑ Resolving system matrix  ∑ Most precise solution is an
methods  provides damage location   approximation since all modes
  and severity  of a structure cannot be
    measured 

Artificial neural ∑ Able to solve complex  ∑ Uncertainty in assigning weights
networks  problems difficult to  to connections between layers
  model and explain by  ∑ Training of networks requires 
  classical mathematics  prior knowledge of damage
 ∑ Flexibility available in  mechanisms in the system
  feature used for damage  ∑ Potential convergence instability
  detection  with large quantities of data

Genetic ∑ Capable of solving large  ∑ Dependent on validity of the
algorithms  complex problems for   objective function
  optimal solutions ∑ Appropriate size of population,
 ∑ Optimization begins from   crossover rate, and mutation
  a population unlike   rate not clearly defined for
  traditional methods   structural problems
  which initiate from a 
  single point  
 ∑ Operates in the presence
  of uncertainty and 
  insufficient information 
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 A visual inspection of the bridge showed the development of transverse 
and longitudinal cracks on the soffit of the bridge deck caused by increased 
traffic loads and steel reinforcement deficiencies. Transverse cracks were 
spaced at approximately 14 cm corresponding to the spacing of bottom 
transverse steel reinforcement. Longitudinal cracks were observed at 24.4 cm 
centers corresponding to bottom longitudinal steel reinforcement distributed 
in the deck slab. A global inspection of the structure was conducted using 
a vibration-based damage detection procedure in order to identify stiffness 
losses in the structure. The global evaluation indicated that spans 8 and 9 
contained damage as a result of which flexural rehabilitation of the deck was 
conducted with the application of carbon fiber reinforced polymer (CFRP) 
composites to the soffits of spans 8 and 9 so as to extend the service-life of 
the bridge. In this specific case the extension was to enable a new bridge to be 
built in the next 5 years. Utilizing computed steel reinforcement deficiencies; 
an equivalent CFRP design was determined. The number of CFRP strips 
corresponding to the deficiency of the #5 steel rebar was determined for both 
composite strips manufactured via wet lay-up and pultrusion techniques. The 
minimum requirement for the deck rehabilitation was prevention of punching 
shear failure. Locations 8-1, 9-1, and 9-4 were rehabilitated with pultruded 
CFRP composites for the punching shear load criterion. Locations 8-2, 8-3, 
9-2, and 9-3 were rehabilitated considering the permit truckload requirement 
of 106.8 KN with wet lay-up CFRP in 8-3, 9-3 and pultruded CFRP in 8-2 
and 9-2. Locations 8-5 and 9-5 were strengthened for the permit truckload 
with a nominal safety factor applied.
 SHM of the structure was conducted using output-only modal tests 
both before rehabilitation and at intervals of time after completion of 
the rehabilitation to assess both the efficacy of the rehabilitation and the 
progression of damage. Standard capacitive accelerometers were used for the 
data acquisition procedure of the modal test, since accelerometers are able 
to operate over a wide range of frequencies and are typically easy to install. 
Accelerometers were mounted onto the soffit of the RC bridge structure 
using aluminum mounting plates attached to the structure. For the modal 
tests of the Watson Wash Bridge structure a sensor grid of six lines in the 
longitudinal deck directions and 11 lines in the transverse deck direction 
is used. Effectively, the longitudinal and transverse lines represent the row 
and column numbers of a matrix, respectively. For girder lines 1, 2, 5, and 
6, accelerometers are attached at the hinges, at bent locations, and at mid 
span of spans 8, 9, 10, and 11. For girder lines 3 and 4 sensors are applied at 
hinges and midspan, sensors are not applied at the bent locations. Therefore, 
sensor lines 1, 2, 5, and 6 contain 11 sensors each, while sensor lines 3 and 
4 are composed of 6 sensors locations. The total number of sensor locations 
is 56. Accelerometer locations are shown in Fig. 6.4. All sensors are bonded 
to the soffit of longitudinal girders in the bridge structure. Sensors are placed 
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along the line of the girders at midspan since the primary regions of interest 
are bays or deck slabs between girders. It is desired to assess the performance 
of each bay, or the slab between girders, as components, which assemble the 
deck area of the bridge structure. In essence the deck slab between bents 8, 
9, 10, and 11 are divided into 20 elements, with each element representing an 
area of the deck slab between girders. As shown in Fig. 6.4 each deck slab 
location is identifi ed by span and bay number, i.e. span 8, bay 3 is denoted 
S8, B3.
 As normal traffi c traverses the bridge structure, acceleration data are recorded 
at 200 samples/sec at each sensor for a total duration of approximately 1 
minute per sensor confi guration/setup. The sampling rate of 200 Hz corresponds 
to a Nyquist frequency of 100 Hz or half the sampling frequency.
 A procedure for output-only experimental modal analysis in the time 
domain referred to as time domain decomposition (TDD) (Kim, 2002) is 
implemented under the premise that any vector can be spanned by its basis. 
Similarly, the basis of the output of a linear structural dynamic system consists 
of its mode shapes. An acceleration time history response of a structure is 
the multi-output response of a multi degree of freedom system. For a time, 
t, the acceleration response of the structure is approximated as,

  

r&& &&y t
i

n

i i( )t  ≈ ( )tt
= 1
S cccc

 
6.1

where n, is the number of modes in the measured acceleration signals; ci(t), 
is the ith modal contribution factor at time, t, and i, is the ith mode shape 
vector from the measure acceleration response. Each measured time signal 
contains n modes within the Nyquist frequency; however, it is diffi cult to 
decipher the exact frequency of the mode. Nonetheless, a frequency band 
for the ith mode is obtainable by visual inspection of power spectral density 
(PSD) plots for use in digital fi lter design. Then a digital band pass fi lter 
for the measured acceleration time history is designed to isolate each target 
mode of the structure. The fi ltered acceleration time history represents a 
multi-output single degree of freedom system for identifi cation. If N samples 
are measured the fi ltered acceleration time history containing the ith mode 
is described by the following equation.

  [Y c] = cccii ]] = i
T

 6.2

where, [Yi] is a p x N matrix containing fi ltered acceleration time history 
information for the ith mode; p is the number of sensor locations, and N 
is the number of measured sample points at the time of test. Next, a p x p 
output energy correlation matrix, [Ei], is computed from a multiplication of 
the fi ltered time history data and its transpose.

  [Ei] = [Yi] [Yi]
T 6.3
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Substituting, equation 6.2 into equation 6.3, results in,

  [ =E c] = c ccc ccci ]] = i
T

i
T

i
Tqcc ccc ccci i i i iq&& r rT r

 6.4

The output energy matrix is a real semi-positive symmetric matrix, which 
can be decomposed into

  [Ei] = [U] [∑] [U]T 6.5

where [ ] [ … ]1U u] = [u …1uu
r r

p  is the singular vector matrix, containing p orthogonal 
vectors and [∑] = diag [ 1… p] is a diagonal p x p matrix of singular values 
of [Ei]. In the case of noise free signals, s1 is the only nonzero singular 
value, and the fi rst column of the singular vector matrix is the mode shape. 
In general, the fi rst column of the singular vector matrix is the ith undamped 
mode shape of the structure and singular values 2 … p are small relative 
to s1.
 The frequency result is attained via a time history result of the ith modal 
contribution factor. The ith modal contribution factor is calculated by 
multiplying both sides of equation 6.2 with the transpose of the ith mode 
shape.
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6.6

The result is analogous to a single output, single degree of freedom system 
representing the ith modal behavior of the structure. Analysis of the 
autospectrum of the modal contribution factor shows a single peak whose 
frequency location is the ith modal frequency of the structure.
 The TDD technique requires the design of a digital band pass fi lter, which 
in turn requires a defi nition of the frequency band for which to fi lter the 
acceleration time history data. Visual inspection of autospectrums of the 
measured data provides the frequency range, which then allows for computation 
of mode shapes and frequencies. The primary computational component of 
the TDD does not require the discrete Fourier transform. The technique does 
require the use of a singular value decomposition (SVD), but the number 
of analyses using a SVD is limited to the number of modes desired in the 
structure. Thus, for cases where n << p, the method is computationally 
effi cient and is able to extract unbiased mode shapes from closely spaced 
modes by adjusting the pass band range of a fi lter.
 The TDD methodology is extended during the vibration testing of the 
Watson Wash Bridge by using a simple patching procedure based upon 
normalizing the partial mode shape to a single reference sensor location. 
For each setup of sensor locations the modal amplitudes for each location 
are acquired then incrementally joined with respect to the reference location. 
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For 56 sensor locations of Frame S-3, five setups are used to resolve the 
entire mode shape of the structure.
 The frequency results per setup from each modal test are averaged together 
to gain an indication of the frequency of the entire structure. Use of the TDD 
allows for a real-time evaluation of the frequencies and mode shapes with 
a simple programming language, such as the one available in Matlab, thus 
providing an immediate indication as to the quality and consistency of the 
data. The efficiency with which the TDD technique computes mode shapes 
and frequencies of the test provides a check of each partial mode shape 
and is advantageous for testing of large structures, as opposed to collecting 
data and merely examining acceleration time history plots, where such data 
quality assessments are subject to operator judgment.
 However, patching of partial mode shapes of a large structure is not 
without its limitations or assumptions. The reference sensor locations must 
be selected away from vibration nodes, so as to avoid normalization by zero 
or a number near zero; this implies that prior knowledge of mode shapes is 
necessary prior to placing sensors. The application of the TDD technique for 
a single setup is applicable to damage detection algorithms since the mode 
shape extracted does not require the normalization process to join partial 
mode shapes.
 The modal parameters of the ambient vibration tests on Frame S-3 of the 
Watson Wash Bridge are extracted using the TDD technique. Acceleration 
time histories are recorded from all sensor locations of the bridge structure. 
From the acceleration time history, the power spectral density plots are 
generated to determine the frequency bands that act as input into the TDD 
technique. Selection of frequency bands is based on peaks observed from 
PSD plots.
 The frequency bands are ranges input into the TDD to filter acceleration 
time history data in order to isolate a response of the structure. The frequency 
ranges are used as input into a low pass filter such as a Butterworth filter 
(Lathi, 2002) to isolate a single frequency within a visually identified range. 
For each of the ambient vibration tests the same band of frequencies are used 
since frequencies do not exceed the band range during the monitoring period 
of the structure. From the PSD plots provided in the previous sections, the 
frequency bands were determined. Applying the TDD technique a vibration 
mode shape for a given frequency band can be extracted using the TDD 
technique; however, the mode shape must be verified. Verification is determined 
utilizing the modal assurance criterion, to determine if correlation between 
mode shapes of different sets exists. A common method used to compare any 
two sets of vibration mode shapes is the modal assurance criterion (MAC). 
The MAC value indicates the correlation between two sets of mode shapes 
(Ewins, 2000). The MAC value between the qth mode of the first data set 
A and rth mode of second data set B is defined as follows:
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where { A}q is the mode shape vector for mode q of data set A and { B}r 
is the mode shape vector for mode r of data set B. A MAC value close to 
1 indicates that the two modes are well correlated and a value close to 0 is 
indicative of uncorrelated modes.
 Plotting the surface of the fi rst vibration modes from the modal tests 
shows the fi rst bending mode of vibration of the bridge structure in Fig. 6.5. 
The identifi ed mode shapes of the structure are used as input parameters for 
the vibration-based damage detection procedure to determine if increases or 
decreases in stiffness can be detected and if stiffness changes can be related 
to the wheel load capacity of the deck slab over time.
 With the identifi ed mode shapes from output-only modal tests, the damage 
detection algorithm is implemented. In order to locate stiffness changes in the 
bridge deck a beam element formulation is applied to the damage detection 
model (Stubbs et al. 1997). For the beam element formulation the damage 
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where ′′ffffi  and ′′ffffi
*,  are the undamaged and damaged ith modal curvature, 

xj is the initial coordinate of element j; Dxj is the length of element j. The 
vibration-based damage detection procedure compares two sets of mode shapes 
of a structure to identify and locate changes in stiffness of the structure. If 

j > 1, indicates a stiffness loss in element j; j < 1 indicates a stiffness 
increase in element j; and j = 1 indicates no stiffness change in element j. 
The procedure is applied according to the following steps:

1. Calculate mode shape curvatures using a cubic spline curve fi t of the 
mode shape and numerical derivatives (computations are conducted 
using commercial programming languages such as in Matlab).

2. Calculate the damage index, j, for each element, j.
3. The fractional stiffness change, j, (loss or gain) is determined. If j 

> 0, then an increase in stiffness has occurred; if j < 0, then a loss in 
stiffness is deemed to have occurred.

 The damage indicator results are used to identify locations where increases 
or decreases in stiffness have occurred during normal service operation of the 
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6.5 Progression in the first bending mode; (a) prior to rehabilitation; 
(b) immediately after rehabilitation; (c) one year after rehabilitation; 
(d) two years after rehabilitation.
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structure. For the monitoring of spans 8, 9, 10, and 11 of the Watson Wash 
Bridge, the structure is divided into 20 elements. Each element represents an 
area of the deck slab between girders and bents of the span; Fig. 6.6 shows 
the elements representing the deck slab of the bridge. One element represents 
a single bay of the Watson Wash Bridge. Of these elements, those that are 
rehabilitated with CFRP composites are denoted with the color blue; locations 
that are not rehabilitated are denoted in the color orange. Each element is 
identified by its span and bay location, i.e. span 9, bay 5 is element S9B5.
 Figure 6.7(a) shows damage index results from equation 6.10, comparing 
mode shapes measured before and after rehabilitation of spans 8 and 9 
with CFRP composites. A damage index, j, value less than one indicates 
that stiffness has increased in a location or element; a j value greater than 
one indicates that a decrease in stiffness in a location has occurred. In Fig. 
6.7(a), damage index values less than one are measured in spans 8 and 9 
as expected since CFRP composite rehabilitations are constructed in those 
locations. A damage index value less than one in S8B4, an unrehabilitated 
location, is attributed to the stiffening effects in adjacent locations. In the 
unrehabilitated locations of spans 10 and 11, damage index values greater 
than one are observed, indicating stiffness losses in the region.
 Figure 6.7(b) shows damage index results comparing mode shapes measured 
before and 12 months after rehabilitation. In bays 3, 4, and 5 of spans 8 
through 12, a uniform distribution of damage index values is observed, which 
suggests that stiffness redistribution occurs in those locations in the right 
lane of traffic where heavier truck loads are observed. Bays 3 and 5 of spans 
8 and 9 correspond to regions surrounding the unrehabilitated location of 
S8B4, as well as wet lay-up manufactured CFRP composites. In bays 1 and 
2 of spans 8 through 12, the damage index results show a similar pattern 
as compared to Fig. 6.7(a). The rehabilitated locations S8B1, S8B2, S9B1, 
and S9B2 continue to show damage index values less than one, indicating 

 Span 8 Span 9 Span 10 Span 11

 S8B1 S9B1 S10B1 S11B1

 S8B2 S9B2 S10B2 S11B2

 S8B3 S9B3 S10B3 S11B3

 S8B4 S9B4 S10B4 S11B4

 S8B5 S9B5 S10B5 S11B5

Bent 8 Bent 9 Bent 10 Bent 11 Bent 12

Girder No. 6

Girder No. 5

Girder No. 4

Girder No. 3

Girder No. 2

Girder No. 1

6.6 Division of elements corresponding to bays in the bridge 
structure.
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the stiffness increase is maintained at 12 months. S8B1, S8B2, S9B1 and 
S9B2 are rehabilitated using pultruded CFRP composites.
 Figure 6.7(c) shows damage index results comparing mode shapes measured 
before and 20 months after rehabilitation. Bays 3, 4 and 5 of spans 8 through 
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6.7 Representation of damage severity; (a) damage indices after 
rehabilitation; (b) damage indices one year after rehabilitation; (c) 
damage indices two years after rehabilitation.
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12 show similar results as compared to Fig. 6.7(b). Furthermore, bays 1 and 
2 of spans 8 through 12 also show similar damage index results. At twenty 
months, damage index results in spans 10 and 11, compared to Fig. 6.7(a) 
indicate stiffness increases have occurred although no rehabilitation measures 
were conducted in the regions.
 The severity estimation in terms of fractional stiffness loss or increase, j, is 
given for each potentially changed element, j, by the following equation.

  
aaaa bbbbj

j j

j jbbbb
k kj

k
=

*
= 1 – 1

 
6.9

where j is the damage index. Tables 6.9(a)–(c) show fractional stiffness 
losses measured in each element after, 12 months after, and 24 months after 
CFRP composite bonding to spans 8 and 9 of the Watson Wash Bridge. Table 
6.9(a) shows an average stiffness increase of 16.63% in span 8 and 13.10% in 
span 9. In spans 10 and 11, average stiffness losses of –3.48% and –19.64% 
are calculated, respectively. All bays of span 8 show increases in stiffness 
with the greatest increase occurring in location S8B1 at 28.77%. The lowest 
stiffness increase is observed in S8B5 at 9.77%. It is important to note that 
location S8B4 is unrehabiltiated and its stiffness increase is attributed to the 
stiffening provided by adjacent bays of the bridge structure. In span 9, the 
highest stiffness increase occurs in S9B1 opposite S8B1. The lowest stiffness 
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increase of span 9 is measured in S9B5 at 7.27%. The stiffening of spans 8 
and 9 results in measured stiffness losses in spans 10 and 11.
 Table 6.9(b) shows stiffness changes 12 months after rehabilitation 
with CFRP composites. Average stiffness increases of 6.18% and 8.7% are 
calculated for spans 8 and 9, respectively. In bays 3, 4, and 5 of spans 8 
and 9 the effect of the CFRP rehabilitation is reduced. More specifically, a 
redistribution of stiffness is observed in bays 3, 4, and 5 of all spans that 
correspond to the right wheel load of traffic and with rehabilitation locations 
influenced by the unrehabilitated state of S8B4. As deterioration in span 
8 and span 9 occurs a stiffening effect is observed in spans 10 and 11 for 
bays 3, 4, and 5. The pultruded CFRP composites applied in bays 1 and 2 
of spans 8 and 9 continue to show increases in stiffness as compared to wet 
lay-up constructed CFRP composites.
 Table 6.9(c) shows stiffness changes 20 months after rehabilitation with 
CFRP composites. Average stiffness increases of 7.26% and 7.55% are 

Table 6.9 (a) Fractional stiffness changes after FRP rehabilitation by location; (b) 
stiffness changes 12 months after FRP rehabilitation by location; (c) stiffness 
changes 20 months after FRP rehabilitation by location

(a)

Span No. Fractional stiffness change by location 

 Bay 5 Bay 4 Bay 3 Bay 2 Bay 1 

Span 8 9.77% 10.43% 10.46% 23.71% 28.77% 
Span 9 7.27% 13.72% 10.65% 13.47% 20.41% 
Span 10 –10.35% –3.24% 0.22% –3.03% –1.01% 
Span 11 –25.24% –23.14% –14.82% –18.00% –16.98%

(b)

Span No. Fractional stiffness change by location 

 Bay 5 Bay 4 Bay 3 Bay 2 Bay 1 

Span 8 0.08% –4.00% –1.82% 8.07% 28.58% 
Span 9 –1.92% –4.32% 4.34% 17.27% 28.09% 
Span 10 1.05% 2.89% 9.47% 12.11% 12.26% 
Span 11 2.25% 8.42% –2.64% –15.48% –18.09%

(c)

Span No. Fractional stiffness change by location 

 Bay 5 Bay 4 Bay 3 Bay 2 Bay 1 

Span 8 1.48% –2.67% –0.93% 8.70% 29.72% 
Span 9 2.27% –1.20% –2.73% 9.95% 29.47% 
Span 10 –1.39% 0.33% –0.76% 3.14% 9.34% 
Span 11 –8.70% 4.03% 4.02% –10.67% –18.46%
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calculated for spans 8 and 9, respectively. The stiffness changes are similar 
to the those measured 12 months after rehabilitation, where the stiffness 
distributions occur in bays 3, 4, and 5 of spans 8 through 12. These locations 
correspond to the right lane of traffic on the Watson Wash Bridge where 
heavier truck traffic is observed and the wet lay-up constructed CFRP 
composites exist in spans 8 and 9.
 These results can be shown graphically in terms of stiffness changes 
and Figs 6.8(a) and (b) illustrate stiffness changes in spans 8 and 9 after 
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6.8 Changes in stiffness as a function of time; (a) stiffness change in 
span 8 vs. time after rehabilitation with CFRP; (b) stiffness change in 
span 9 vs. time after rehabilitation with CFRP.
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rehabilitation with CFRP composites. As observed previously, a decrease in 
stiffness occurs in locations adjacent to S8B4 at 12 months and 20 months 
after rehabilitation.

6.5 Extension to prediction of service life

A methodology to estimate the remaining service life of a structure, which 
includes measurements from the global NDE procedure, is necessary 
for completion of the bridge management approach. A condition-based 
monitoring approach is considered for service life prediction, which involves 
the following, (1) acceptance that damage is present or will occur, (2) an 
adequate method of inspection is available, and (3) adequate strength is 
retained in the damaged structure (Sierakowski and Newaz, 1995). Damage 
and degradation are measured in terms of a cumulative stiffness loss in the 
system, and then correlated to a measure of performance. The reliability, , 
defi ned by system probability of failure is used as the performance measure 
of the structure. A time-dependent measure of reliability, (t), is developed 
for service life estimation by introducing time-dependence to variables within 
the second moment reliability equation (Sarja and Vesikari, 1996):

  
b

m m
s

( ) =
[ ] [ , ]

( [s , ] [ , ])2 2s[ ] + 1/

S t, 

S t, 22
 

6.10

where (t), denotes time-dependent reliability of the system,  denotes the 
mean value, 2 is the variance, R is resistance, S is demand, and t is time. The 
remaining service life of the system can then be determined by solving for 
time, t, at the minimum acceptable reliability of the structure. Assuming the 
demand on the structure does not vary with time, the reliability of an element 
in terms of moment resistance and moment demand can be expressed as
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6.11

where My(t) is the mean moment resistance as a function of time; MT is the 
mean demand on the structure.
 The theoretical reliabilities of the rehabilitated Watson Wash Bridge 
can be calculated; for example, for the two different rehabilitation designs. 
In span 8, bay 1 (8-1), the rehabilitation is specifi ed for prevention of 
punching shear without increasing capacity of the structure, i.e. the scheme 
is designed to sustain the design load of 71.2 KN only. Span 9, bay 5 (9-5) is 
rehabilitated to prevent punching shear failure and to increase the capacity of 
the slab to sustain a wheel load of 106.8 KN, corresponding to permit loads. 
Theoretical reliabilities of locations 8-1 and 9-5 after FRP rehabilitation can 
be determined to be 2.403 and 3.271, respectively. The service life of the deck 

www.EngineeringBooksPDF.com



207Vibration-based damage detection techniques for SHM

slabs can then be calculated using results of an investigation into accelerated 
degradation of carbon fiber reinforced composites fabricated using the wet 
layup process similar to the method used in the field for externally bonded 
rehabilitation. Figure 6.9 shows plots of estimates of the remaining life of 
the deck slabs for a limit reliability of 2.33, or 1% probability of failure. The 
result indicates that in approximately 13 years, the reliability of the system 
degrades to 2.333 or a 1% probability of failure.
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6.9 Results of service life prediction (a) location 8-1 (b) location 9-5.
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 Introducing the time dependence to the reliability following each damage 
case and time superposition an estimate of the change in reliability with 
respect to time can be determined incorporating measured stiffness loss 
within the system. Following each systems level inspection an update can 
be provided for the system reliability relative to the baseline reliability. The 
bridge management paradigm is a practical tool for evaluation of existing 
structures; in addition, it provides the necessary components to evaluate 
the durability of FRP rehabilitation designs prior to implementation on the 
structure. Figure 6.10 provides an example of a design chart for flexural 
rehabilitation of the Watson Wash Bridge T-girder RC bridge deck with a 
simple FRP degradation model based on accelerated tests conducted through 
immersion of the FRP composite. This is developed by plotting the FRP area 
required to meet design truckload demands as a function of service life for 
fixed reliability levels. Only a flexural failure mode, defined by yielding of 
steel reinforcement, is considered. The inclusion of additional failure modes 
and mechanisms introduces additional complexity, since interaction and 
boundaries to the design are considered. Nonetheless, Fig. 6.10 illustrates 
the potential to evaluate different FRP systems and select various designs 
for specific classes of bridge decks with designer input as the reliability and 
desired service life extension.

6.6 Future trends

While SHM currently provides a means of monitoring health of a structure, its 
real potential is in changing the entire paradigm for design itself. For bridge 
structures that are appropriately monitored, and where data from monitoring 
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6.10 CFRP design chart for Watson Wash deck slab.
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are linked to established and validated service-life models, engineers/owners 
will have the ability to determine remaining life and capacity on a real-time 
basis thereby enabling much better allocation of resources for maintenance 
and construction. It is anticipated that this will enable appropriate decisions 
to be made by operators/owners as related to not only when maintenance/
rehabilitation should be conducted, but also the level that needs to be conducted 
to ensure full operability for the anticipated period of service at a pre-defined 
level of reliability. In addition design itself will be re-envisioned since the 
large factors of safety used traditionally to encompass all unknown effects 
may not be needed since reliability can be determined in real time through 
the data obtained from the SHM system. 
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Abstract: Work to date on structural health monitoring systems for civil 
structures has been useful, but resembles existing bridge management 
systems. These management systems focus on processing collected data, 
but are unable to measure or evaluate the rate of structural deterioration 
for a specific bridge. In the last decade and a half or so, starting from the 
early 1990s, Operational modal analysis (OMA) has drawn significant 
attention in the civil engineering field as an attractive way to tackle this 
problem. OMA utilizes only response measurements of the structure under 
operational or ambient conditions to identify modal parameters. Compared 
with traditional experimental modal analysis (EMA), OMA does not require 
expensive excitation sources and can be applied to structures while they are 
in operation. The latter attribute is particularly attractive for vibration-based 
bridge health monitoring applications because the target bridge does not 
need to be closed to traffic to perform the modal parameter identification. 
This chapter discusses the use of OMA in long-term vibration-based 
structural health monitoring applications.

Key words: operational modal analysis, bridge, accelerometers, vibration, 
frequency, finite element modal.

7.1 Introduction

All structures, including critical civil infrastructure facilities like bridges 
and highways, deteriorate with time. This deterioration is due to various 
reasons including fatigue failure caused by repetitive traffic loads, effects of 
environmental elements, and extreme events such as an earthquake. In recent 
years, the situation of aging infrastructure has become a global concern. This 
is especially true in the case of highway bridges in the United States, because 
a large number of structures in the current bridge inventory were built decades 
ago and are now considered structurally deficient (Chase and Laman 2000). 
In order to maintain the safety of the these ‘life-line’ structures, the States 
are mandated by the National Bridge Inspection program to periodically 
inventory and inspect all highway bridges on public roads. The National 
Bridge Inspection Standards (NBIS 1998), implemented in 1971, prescribe 
minimum requirements for the inspection of highway bridges in the United 
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States. A substantial amount of research has been conducted in this area in 
order to improve the speed and reliability of such inspections. According to 
a recent survey performed by the Federal Highway Administration (Moore 
et al. 2001), visual inspection is still the primary tool used to perform these 
inspections. The implementation of these inspections consists of scheduled 
field trips to bridge sites at routine intervals, usually once every several 
years. If a significant increase in distress between inspections is noted 
the period between inspections is decreased and the level of inspection is 
increased till such time that the distress has been corrected by replacement or 
repair. Research has shown that such inspections have limited accuracy and 
efficiency (FHWA 2001). Not only is this method of time-based inspection 
inefficient in terms of resources, because all bridges are inspected with the 
same frequency, regardless of the condition of the bridge, but there is also a 
potential danger that serious damage could happen to the bridge in between 
two inspections, thus posing a hazard to public safety. Furthermore, rapid 
assessment of structural conditions after major events such as earthquakes 
is not possible using such an approach.
 With the increasing importance of life-lines, such as highways, to the 
national economy and the well-being of the nation, there is a need to 
maximize the degree of mobility of the system. During inspections, issues 
such as serviceability, reliability and durability need to be answered in precise 
terms. More specifically the owners (the Federal Highway Administration, 
State Departments of Transportation, etc.) need to be able to answer the 
following questions: (a) Has the load capacity or resistance of the structure 
(serviceability) changed? (b) What is the probability of failure of the structure 
(reliability)? and (c) How long will the structure continue to function as 
designed (durability)? (Sikorsky et al. 1999). This requires not just routine, 
or critical event (such as an earthquake) based, inspections, but rather a 
means of continuous monitoring of a structure to provide an assessment of 
changes as a function of time and an early warning of an unsafe condition 
using real-time data. 
 Over the past decade, the implementation of Structural Health Monitoring 
(SHM) systems has emerged as a potential solution to the above challenges. 
Housner et al. (1997) provide an extensive summary of the state of the art 
in the control and monitoring of civil engineering structures, and the link 
between structural control and other forms of control theory. They also define 
structural health monitoring as ‘the use of in-situ, nondestructive sensing 
and analysis of structural characteristics, including the structural response, 
for detecting changes that may indicate damage or degradation.’
 Work to date on structural health monitoring systems for civil structures 
has been useful, but resembles existing bridge management systems. These 
management systems focus on processing collected data, but are unable to 
measure or evaluate the rate of structural deterioration for a specific bridge. 
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While most ongoing work related to structural health monitoring conforms 
to the definition given by Housner et al. (1997), this definition also identifies 
the weakness associated with these methods. ‘A health monitoring system, 
which detects only changes that may indicate damage or degradation in the 
civil structure without providing a measure of quantification, is of little use 
to the owner of that structure’ (Sikorsky et al. 1999). While researchers 
have attempted to integrate quantitative non-destructive testing (NDT) with 
health monitoring, the focus to date has primarily been on data collection, 
not evaluation. It could be concluded that these efforts have produced better 
research tools than approaches to bridge management. What is needed is an 
efficient method to collect data from an in-service structure and process the 
data to evaluate key performance measures, needed by the owner, such as 
serviceability, reliability and durability. For the current work, the definition 
by Housner et al. (1997) is modified and structural health monitoring is 
defined as the use of in-situ, nondestructive sensing and analysis of structural 
characteristics, including the structural response, for the purpose of estimating 
the severity of damage and evaluating the consequences of damage on the 
structure in terms of response, capacity, and service-life (Guan et al. 2006). 
More simply, structural health monitoring represents the implementation of 
a Level IV (Rytter 1993) non-destructive damage evaluation method. 
 Based on this, a more effective ‘condition-based’ approach could conceivably 
be implemented, in which, the condition of the bridge is constantly monitored 
using an appropriate non-destructive evaluation (NDE) technique without 
requiring the inspector to actually be on site, with the ‘in-person’ visual 
inspection being only performed when necessary. The word ‘constantly’ is 
used to indicate that the assessment of bridge condition would be performed at 
much shorter intervals than would be possible using current visual inspection 
procedures. More importantly, the condition assessment could include more 
quantitative contents than could be provided by a visual inspection. The 
following assessment, for example, would be typically desired by the bridge 
management authority: (a) damage to the structure and changes in structural 
resistance, (b) probability of failure or of the structure’s performance falling 
below a certain threshold, and (c) estimation of the severity of damage and 
the remaining service life. Condition-based monitoring can thus not only 
reduce resources needed for inspection, but when combined with advances 
in sensors, computational and telecommunications technology, could also 
provide for continuous and autonomous assessment of structural response.
 On the other hand, structural health monitoring systems can also contribute 
to rapid post-extreme-event condition screening. With automated monitoring 
systems in place on critical life-line structures, the condition of these structures 
can be evaluated shortly after an extreme event has occurred. This rapid 
evaluation would not be possible using traditional inspection techniques. 
Necessary decisions to best utilize the remaining intact life-lines can be 
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made based on these evaluations. This could potentially give the authority 
faster access to the affected areas and thus improving public safety. 
 Of the various structural health monitoring techniques proposed to date, 
vibration-based structural health monitoring (VBSHM) has drawn significant 
attention. The basic premise of vibration-based structural health monitoring is 
that changes in structural characteristics, such as mass, stiffness and damping, 
will affect the global vibrational response of the structure. Thus, by studying 
the changes in measured structural vibration behavior and in essence solving 
an inverse problem, the unknown changes of structural properties can be 
identified. In cases where the changes in structural properties that adversely 
affect the performance of the structure are defined as ‘damage’, the process 
of identifying such changes is also referred to as vibration-based damage 
identification (VBDI) or vibration-based damage detection (VBDD). 
 The global nature of the vibrational characteristics of interest to VBSHM 
provides advantages compared to other health monitoring techniques. 
Utilization of global vibration signatures such as natural frequencies and 
mode shapes leads to the monitoring of the entire structural system, not just 
each structural component, which means a large civil engineering structure 
can be monitored effectively with a relatively small set of sensors and 
equipment.
 Conceptually, the general procedure of the proposed VBSHM system 
consists of five steps, as shown in Fig. 7.1, namely: 

(1) measurement of structural dynamic response, e.g. in terms of accelerations 
or displacements, 

(2) characterization of an initial bridge model through dynamic and static 
tests, 

(3) continuous monitoring and damage localization of the structure, 
(4) performing finite element model updating in order to obtain up-to-date 

structure model, and 
(5) evaluation of structural performance using the updated finite element 

model.

 The measurement of structural dynamic responses is achieved with an 
instrumentation system handling the sensing, transmission and storage 
of dynamic response data. Various characteristics of the instrumentation 
system, such as sensor types, sampling rate, and storage capacity, etc., need 
to be customized based on each unique application. Acceleration, velocity 
and displacement are the most common types of measurement for dynamic 
response. It should be noted that in order to achieve continuous monitoring 
of the bridge structure, large amount of dynamic data need to be collected 
and processed. The instrumentation system must be designed to handle such 
types of data throughput.
 In order to identify structural properties, the raw dynamic response of the 
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structure such as acceleration time history can be utilized. However, it is more 
common that vibrational features such as modal parameters are extracted from 
the raw dynamic response. Modal parameters contain important characteristics 
of the structural dynamic response but are highly compressed compared to 
raw data, easing further analysis and storage. Operational modal analysis is 
typically used to identify the modal model in terms of modal parameters of 
the structure from the dynamic responses under operational conditions.
 The initial characterization of the structure provides a baseline model 
that adequately predicts the structural behavior in its pristine state. Through 
continuous monitoring, an up-to-date modal model reflecting the current 
dynamic characteristics of the structure can be maintained. Finite element 
model updating can then be performed to obtain an up-to-date representative 
model of structure based on the changes in modal parameters observed. The 
purpose of the finite element model updating is to make certain that the model 
accurately represents the structure and is able to predict structural behavior. 
Damage localization based on modal data can be utilized to facilitate the 
process of finite element model updating by reducing the number of unknown 
structural parameters in the updating process.
 Finally, by comparing the baseline model with the current model of the 
structure, information regarding the location and magnitude of the damage that 
the structure has experienced can be deduced. Current structural performance 
can be evaluated and a prediction regarding the remaining life of the structure 
can be made.
 The last three decades have seen a great increase of interest in the field of 
structures of vibration-based structural health monitoring. Research papers on 
the theory and application of damage identification using structural dynamic 
properties, pioneered by the research in the field of offshore oil platforms, 
began emerging in the late 70s. On the other hand, development in some 
of the related fields, such as modern modal testing techniques and system 
identification theory, can be dated back to the early 60s. As a result, there 
has been a tremendous amount of literature published in these fields.
 The basic premise of vibration-based structural health monitoring is 
that changes of structural properties, such as mass, stiffness and damping, 
will affect the vibrational response of the structure. Thus, by studying the 
changes in measured structural vibration behavior and in essence solving 
an inverse problem, the unknown changes of structural properties can be 
identified. In cases where the changes in structural properties that adversely 
affect the performance of the structure are defined as ‘damage’, the process 
of identifying such changes is also referred to as vibration-based damage 
identification (VBDI) or vibration-based damage detection (VBDD). The 
integration of VBDI with an appropriate damage prognosis technique can 
lead to the estimation of the effect of damage on structural response.
 There are two integral components of vibration-based damage identification: 
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feature extraction and damage identification. The first step of VBDI is the 
identification and extraction of vibration-related features. Many features 
can be used to characterize a structure’s vibrational response. For example, 
acceleration time history measured by accelerometers mounted on the structure 
during its vibration can be directly used as a feature. Modal parameters 
of the structure, such as natural frequency, damping, mode shape and its 
derivatives, can also be used as features. Other candidate features include 
model parameters of the autoregressive moving average (ARMA) models 
fitted to the response time-history, system frequency response functions and 
transfer functions, residual modal forces in the formulation of equations of 
motion, the stability and dimension of attractors in the state space, analytic 
signal generated by Hilbert transform, etc. A large amount of research effort 
has been devoted to identifying vibration-related features that are sensitive 
to changes of structural properties and the experimental techniques to extract 
those (see, for example, Doebling et al. 1996).
 The second step of VBDI is the correlation of features to the structural 
properties, i.e. using vibration-related features to infer the condition of the 
structure. The most straightforward method is to compare the features at two 
different states. It is customary to define one of the structural states as the 
‘baseline’ or ‘undamaged’ state, and use it as the level that all subsequent 
states will be compared with. The change in the features can reveal information 
about the occurrence, location (if the feature contains spatial information, for 
example, mode shape), type and relative severity of the damage (if data about 
more than one damage states are available). More sophisticated techniques 
have been developed to statistically discriminate the features for the purpose 
of damage detection. Statistical pattern recognition and neural networks 
are two commonly used techniques. Through supervised or unsupervised 
learning, these techniques can successfully distinguish changes in specific 
features between undamaged and damaged states and thus obtain information 
about change of structural properties. Sohn et al. (2003) provide an extensive 
review on these areas which is hence not repeated herein. 
 Another approach that has been adopted by some researchers directly 
relates features to the changes in structural properties. The finite element 
model updating technique is commonly used for this purpose. The initial, 
or as-built, finite element model is first updated to reproduce as closely as 
possible the measured dynamic response of the baseline structure. Then the 
updating process is repeated for each set of measured responses from different 
damage stages using the same technique and the changes of finite element 
model properties in-between stages, in theory, should reflect the changes in 
actual structural properties.
 The task of relating certain features to structural properties can also be 
achieved without a finite element model. Such methods usually require the 
features involved to have a direct physical interpretation. One prominent 
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example is that of modal curvature, which is analogous to the deflection 
curvature of structural static response. Modal curvature can be related to the 
stiffness of the structure through a simple moment-curvature relationship. 
The dynamic flexibility matrix is another example. Computed from structural 
dynamic response, the dynamic flexibility matrix is the dynamic equivalent 
of the static flexibility matrix. The elements of the matrix carry information 
regarding the local flexibility of the structure.  
 To date, most of the research found in the existing literature is targeted at 
solving Level I to Level III VBDI problems with very few attempts to address 
the Level IV (i.e., the integration of VBDI with damage prognosis) problem. 
Furthermore, most of existing literature is related to the application of theories 
of damage detection to either numerical or laboratory test examples. Real 
world applications of vibration-based structural health monitoring systems, 
especially applications on civil engineering structures such as bridges, are 
relatively rare. The reviews by Doebling et al. (1996) and Sohn et al. (2003) 
discussed some applications of vibration-based damage detection on civil 
engineering structures. These applications are mostly for the purpose of 
proving the feasibility of vibration-based damage detection techniques and 
were usually carried out for a short period of time. To date, little information 
can be found about long-term application of vibration-based structural health 
monitoring system on civil engineering structures. 
 In the broadest sense, vibration-based structural health monitoring also 
includes applications that utilize wave propagation phenomenon to monitor 
changes in structures, such as lamb wave and ultra-sonic techniques. However, 
the frequencies of vibrational phenomenon used in these applications are 
usually much higher compared with the applications discussed in the earlier 
part of this chapter. The area of investigation of these techniques is typically 
limited to a comparatively small area. As a result, these techniques are usually 
categorized as local non-destructive evaluation (NDE) techniques and will 
not be discussed in detail here. 
 Based on the different types of models used in the second step of the 
damage identification process, the various techniques found in existing 
literature can be classified into two main categories: Physical model based 
(PMB) methods and Data-driven model based (DMB) methods. Physical 
model based methods refer to the techniques that are based on directly relating 
features to structural properties, such as mass, stiffness and damping, with 
or without a finite element model. In this approach, an inherent assumption 
is that the form of the physical model of the structure is known a priori. An 
example of a physical model that can be utilized to model the structure is 
the moment-curvature relationship of a beam. Physical model based methods 
are generally capable of estimating both the location and absolute severity 
of the damage and are thus at least Level III techniques.
 For the case where a finite element model is not available, the physical 
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models are usually expressed in the form of analytical equations containing 
uncertain parameters that need to be identified. The process of damage 
detection is a means of identifying these parameters using experimentally 
measured features. A significant difficulty in such an approach lies in the 
fact that, for complex structures, an analytical model is not always available 
and solutions of the analytical equations may be difficult to obtain. When a 
finite element model of the structure is utilized in the damage identification 
process, such physical model based methods are sometimes also referred to 
as finite element model updating (FEMU) based methods. Typical approaches 
for the finite element model updating based methods include sensitivity-
based approaches (Abdel Wahab et al. 1999), Optimal matrix update based 
approaches (Kaouk and Zimmerman 1994) and optimization-based approaches 
(Teughels et al. 2003). Extensive reviews of finite element model updating 
techniques can be found in Friswell and Mottershead (1995) and Maia and 
Montalväao e Silva (1997). Previous researchers have shown that FEMU 
can be an extremely useful technique for damage identification under certain 
conditions. But it should also be noted that some difficulties still exist 
when implementing FEMU technique in a VBSHM system. Firstly, due to 
the fact that only a small number of degree-of-freedoms can be measured 
experimentally and there exist a large number of uncertain parameters to 
be updated, the updating problem is usually ill-conditioned. This directly 
leads to the second problem of numerical convergence difficulties. A small 
amount of noise in the measured structural response can sometime corrupt 
the result to a great extent.
 Data-driven model based methods refer to techniques that rely on 
comparing features between different states to assess structural conditions 
without a physically meaningful model of the structure. The comparison can 
be made either directly or through more sophisticated techniques such as 
those associated with statistical pattern recognition. For example, methods 
that utilize neural networks to relate changes in frequencies and mode shapes 
to changes in system parameters fall into this category. These techniques 
do not require a known physical model of the structure or a finite element 
model. However, methods in this category often have the drawback that 
they cannot provide information about the type and absolute severity of the 
damage unless incorporated in a supervised learning mode. Here, supervised 
learning refers to the situation when information of the feature from both 
undamaged and damage states is known a priori (Farrar 2005). In contrast, 
unsupervised learning refers to the situation when data are available only 
from the undamaged state. While it is possible to obtain features for each 
damage states in a manufactured environment, it is typically not possible 
for civil structures, due to their complexity and uniqueness. Although some 
researchers have suggested the use of finite element models to simulate the 
structural response under damaged states when experimental data are not 
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available, the applicability and accuracy of such simulations to replicate the 
complex damaged behavior of real world structures are questionable. Hence 
data-driven model based methods are typically limited to Level II techniques 
when applied to civil engineering structure since an unsupervised learning 
mode has to be used.
 As mentioned earlier, the ultimate goal of structural health monitoring for 
civil engineering structures is the prediction of the capacity and remaining life 
of the structure. This is essentially a Level IV task based on the classification 
discussed earlier. Data-driven model based methods have considerable 
difficulties in accomplishing such a task, because they cannot provide 
estimation of absolute damage severity under an unsupervised learning mode. 
At the same time, physical model based methods, despite the difficulties 
mentioned, appear to be a very promising technique for such applications 
due to their direct physical interpretation and the ability to determine both 
location and severity of damage. Based on this, the scope of the first part 
of the current literature review is limited to physical model based methods 
that are at least Level III techniques. The examples of Level IV techniques 
are relatively rare but will also be included in the discussion. 
 Figure 7.2 shows an overview of the state of the art in terms of both 
theory and application of vibration-based structural health monitoring of civil 
engineering structures. The relative merits and disadvantages of a number of 
commonly used methods described by Fig. 7.2 are presented in Table 7.1.
 Long-term vibration-based health monitoring of bridge structures is still 
in its infancy. This can be clearly seen from the rarity of successful real 
world applications. Many different types of bridge health monitoring systems 
(BHMS) have been developed and implemented. However, it should be noted 
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Table 7.1 Summary and comparison of physical model based methods

Method Feature Merits Disadvantages
 used*

Stubbs and FQ Using sensitivity of  Accurate FE model or
Osegueda  frequency change with theoretical solution needed
(1990a,b)  respect to parameter  for sensitivity matrix; 
  change to determine the numerical ill-conditioning
  size and location of  when number of unknown
  damage. parameter is larger than 
   number of measured 
   frequencies. 

Kim and Stubbs FQ Sensitivity calculated  Require system stiffness
(2003)  theoretically without  matrix to calculate
  numerical perturbation. sensitivity matrix; same 
   numerical ill-conditioning
   problem as above. 

Gudmundson FQ Accurate determination Only applicable to crack-
(1982)  of crack size from  type damage.
  frequency change.  

Yuan et al.  FQ/MS Utilizing both frequency  Only applicable to shear
(1998)  and mode shape  building type structure with
  information to estimate lumped mass; damping not
  mass and storey stiffness. considered.

Chakraverty FQ/MS Improved accuracy over Same as the method of
(2005)   method of Yuan et al.  Yuan et al. (1998). 
  (1998).

Udwadia (2005) FQ/MS Adopting the general form Require knowledge of the
  of equation of motion,  form of the system stiffness
  does not depend on  matrix; full mode shape
  specific structural type. measured at all degree-of-  
   freedoms required; also
   require known mass matrix.

Yoshimoto FQ/MS Can identify both stiffness Only applicable to shear
et al. (2005)  and damping of the building type of structure.
  structure.

Ren and De FQ/MS More robust parameter Require knowledge of the
Roeck (2002a, b)  identification based on  form of the system stiffness
  equation of motion using matrix; numerical difficulty
  SVD and non-negative  with complex structure; 
  least squares. damping cannot be
   considered. 

Stubbs and MSE Utilizing more damage  Assuming element modal
Kim (1996)  sensitive features such sensitivity unchanged; 
  as modal strain energy unable to accurately predict
  and modal curvature. the severity of the damage.

Choi and Stubbs MSE Extension of MSE concept Assuming constant element
(1997)  to 2D plate-like structures. modal sensitivity; unable to
   accurately predict the 
   severity of damage. 
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Kim and Stubbs MSE Improved damage Assuming structure having
(2003)  identification accuracy  uniform stiffness at undam-
  compared with Stubbs  aged state; only applicable
  and Kim (1996). for single damage case.

Park et al. (2004) MSE Extension of MSE  Assuming damage is small
  concept to truss type  and internal force state of
  structure. the structure is not changed
   by damage.

Shi et al.  EMSE Correctly estimate the Need relatively large 
(1998, 2000)  severity of the damage number of modes to
  when sufficient number achieve convergence.
  of modes are used.

Shi et al. (2000) EMSE Improved convergence Still need sufficient number
  compared with Shi  of modes to achieve
  et al. (2000). numerical stability. 

Maeck and De MC Conceptually  Only applicable to statically
Roeck (1999),   straightforward calculation determinate structure.
Maeck et al.   of member stiffness. 
(2000) 

Bernal and DF Flexibility can be extracted Two stage process, 
Gunes (2004)  from ambient test data  flexibility only used to
  without measured input,  locate damage. Damage
  less susceptible to noise  severity estimation strategy
  compared with mode based on mode shape.
  shape.

Kim et al. (2002) DF Can accurately identify  Assuming internal force
  location and severity  remain unchanged before
  of damage. and after damage; also 
   assume the flexural rigidity
   of intact structure is 
   uniform.

Kim et al. (2005) DF Extension of above  Assuming internal force
  dynamic flexibility concept remains unchanged due
  to 2D plate-like structures. to small damage; flexural
   rigidity of intact structure
   needs to be uniform. 

Sampaio et al. FC Information at all  No damage severity estima-
(1999)  frequency can be utilized. tion results were given.

Choi and Stubbs SE Direct use of measured  Can locate damage area
(1997)  vibration signature. No  relatively accurately but
  need to extract modal  gives poor severity 
  parameters. estimation.

Choi et al. (2005) MCP Applicable to 2D plate-like No result given for damage
  structures. severity estimation.

* Feature used :  FQ – Frequency; MS – Mode Shape; MSE – Modal Strain Energy; 
EMSE – Element Modal Strain Energy; MC – Modal Curvature; DF – Dynamic Flexibility; 
FC – FRF Curvature; SE – Strain Energy; MCP – Modal Compliance. 

Table 7.1 Cont’d

Method Feature Merits Disadvantages
 used*
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that bridge health monitoring system is not equivalent to vibration-based 
bridge health monitoring system (VBBHMS). The reason for making such 
a distinction is that current bridge health monitoring systems place more 
emphasis on monitoring of local structural behavior such as strain, stress 
and force rather than the global dynamic response of the structure. Although 
local structural behavior can be a useful indicator of the health condition of 
the structure, such a monitoring system provides no information about the 
global behavior of the structure and will face difficulty in accomplishing 
Level IV tasks of estimating remaining capacity and usable life. 
 Ultimately, the Level IV problem must be solved in order to fulfill the 
requirements from bridge owners and administrators. Among the large 
number of papers in the literature on the topic of vibration-based damage 
identification, only a small number of papers deal with Level III and Level 
IV problems. The majority are limited to the modest goal of discovering 
the occurrence and the location of the damage. Physical model based 
damage identification methods seem to be a promising class of approach for 
accomplishing Level III and Level IV tasks. There exist a number of Level 
III and IV physical model based methods proposed for the purpose of VBDI, 
some of which appear to be quite promising in laboratory experiments or 
numerical simulations. However, in the context of integrating such techniques 
in the vibration-based structural health monitoring system, almost all the 
methods in their current formulation suffer from problems of one sort or 
another that will likely limit their applications to real world structures. Some 
are based on theoretical assumptions and simplifications difficult to justify in 
real-world applications, and others face numerical problems that arise from 
the complexity of civil engineering structures, as shown in Table 7.1. New 
approaches with improved performance under real-world situations are thus 
needed.

7.2 Overview of operational modal analysis

From the discussion in the introductory section, it becomes clear that the 
measurement of structural dynamic properties such as modal parameters is 
an important step in vibration-based structural health monitoring. Modal 
analysis has been widely used for the task of extracting structural modal 
parameters from the response of structural components and systems to vibration. 
Traditional experimental modal analysis (EMA) makes use of measured input 
excitation as well as output response. EMA has made substantial progress in 
the past three decades. Numerous modal identification algorithms, including 
single-input-single-output (SISO), single-input-multiple-output (SIMO) and 
multiple-input-multiple-output (MIMO) techniques, have been developed 
both in the time domain and the frequency domain. Traditional EMA has 
been applied in various fields such as vibration control, structural dynamic 
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modification, and analytical model validation, as well as vibration-based 
structural health monitoring in mechanical, aerospace and civil applications. 
For large civil structures, however, it is typically very difficult to excite 
the structure using controlled input. It is also impossible to measure all the 
inputs under operational conditions, especially those from ambient sources. 
In the last decade and a half or so, starting from the early 1990s, operational 
modal analysis (OMA) has drawn significant attention in the civil engineering 
field as an attractive way to tackle this problem. OMA utilizes only response 
measurements of the structure under operational or ambient conditions to 
identify modal parameters. Compared with traditional EMA, OMA does 
not require expensive excitation sources and can be applied to structures 
while they are in operation. The latter attribute is particularly attractive for 
vibration-based bridge health monitoring applications because the target 
bridge does not need to be closed to traffic to perform the modal parameter 
identification. For these reasons, OMA has become the method of choice 
when it comes to identification of structural modal parameters in long-term 
vibration-based structural health monitoring applications. 
 The development of OMA in the time domain can be classified into three 
main approaches: natural excitation technique (NExT) based approaches, 
autoregressive moving average (ARMA) model based approaches, and 
stochastic subspace identification (SSI) based approaches.
 The Natural excitation technique was first proposed in the early 1990s 
by James et al. (1993) to address the problem of modal identification using 
ambient excitations. The basic idea of NExT is that the cross-correlation 
function of two random responses of the structure that result from an unknown 
white noise excitation can be expressed as a summation of decaying sinusoids. 
These sinusoids have the same characteristics as the system’s impulse 
response function. Therefore, time domain modal identification techniques, 
which are typically applied to impulse response functions, can also be 
applied to these cross-correlation functions to estimate modal parameters. 
Modal identification using NExT is a two-step process: first, the correlation 
function is estimated using measured response data, typically by transforming 
the cross-spectrum function of the response from frequency domain to time 
domain; and then a time domain modal parameter identification technique 
is applied to the correlation function to estimate modal parameters. NExT 
has been paired with various time domain modal identification techniques, 
such as the polyreference complex exponential (PRCE) technique (Vold et 
al. 1982), Extended Ibrahim time-domain (EITD) technique (Ibrahim and 
Mikulcik 1977), and Eigensystem realization algorithm (ERA) (Juang and 
Pappa 1985). A technique that is related to NExT is the random decrement 
signature (RDS) first proposed by Cole (1973). It has been shown that the 
random decrement signature is related to the correlation function when the 
excitation is stationary Gaussian white noise (Asmussen et al. 1998, 1999; 
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Vandiver 1977). Thus, similar to NExT, RDS can be paired with various 
time domain modal identification techniques.
 Autoregressive moving average (ARMA) models are typically applied to 
time series data. Typical system identification techniques based on ARMA 
models such as the prediction-error method (PEM) identify the parameters by 
minimizing the prediction errors. Once the model parameters are identified, 
modal parameters can be computed from the coefficient matrices of the AR 
polynomials (Anderson 1997). 
 The stochastic subspace identification (SSI) method is based on the concept 
of system realization, i.e. recovery or identification of system matrices. It was 
developed for stochastic systems in parallel with deterministic realization 
algorithms such as ERA. In the covariance-driven stochastic subspace 
identification (SSI-COV) method (Arun 1989), stochastic realization is 
calculated by performing the decomposition of the covariance matrix of the 
response instead of the decomposition of impulse response function matrix 
which is typically performed in the deterministic case. Thus the procedure is 
in essence similar to the NExT-ERA method discussed previously. Another 
approach, which is usually called the data-driven stochastic subspace 
identification (SSI-DATA) method (Van Overschee and De Moor 1993), 
makes direct use of the stochastic response without the calculation of the 
covariance matrix. 
 A common difficulty in all time domain based OMA methods is the 
estimation of model order. Under experimental conditions, the order, or 
the number of vibrational modes, of the structure is not known a priori. 
Modal identification in the time domain is thus usually first performed with 
presumed model order much higher than the number of possible structural 
modes. Stabilization diagrams are then used to filter out non-structural or 
‘computational’ modes after modal identification is completed. However, 
the use of a stabilization diagram has a limited effect in distinguishing true 
structural modes from those caused by noise. Over- or under-determination 
of model order results in inaccurate estimation of modal parameters. At the 
same time, user-interaction is needed in order to interpret results from the 
stabilization diagrams.
 The simplest method to estimate modal parameters from operation data in 
the frequency domain is the so-called peak-picking (PP) or basic frequency 
domain (BFD) method (Maia and Montalväao e Silva 1997). In this method, 
the natural frequencies are simply taken from the observation of the peaks 
on the power spectrum plots. The method yields estimations of acceptable 
accuracy when the structure exhibits low damping, and structural modes are 
well separated in frequency. However, a violation of these conditions leads 
to erroneous results. Another disadvantage is that the method does not give 
any estimate of modal damping.
 Another group of OMA methods in the frequency domain consists of 
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methods utilizing singular value decomposition of the cross-spectrum 
matrix. These methods are discussed in many references and are referred 
to as either complex mode indication function (CMIF) method (Ni et al. 
2003) or Frequency Domain Decomposition (FDD) method (Brincker et 
al. 2000). These methods do not rely on the assumptions of low damping 
and well-separated modes. Damping ratios can be obtained by transforming 
the singular values near the peak to time domain (Brincker et al. 2001). 
The resulting time domain function is an approximation of the correlation 
function of a SDOF system and the damping ratio can be calculated by use 
of the logarithmic decrement technique. However, since only truncated data 
are used for damping calculation, the damping estimation may be biased.
 A third group of frequency domain OMA methods are those based on the 
least squares complex frequency-domain (LSCF) approximation. Originally 
intended for finding initial estimates for the iterative maximum likelihood 
(ML) method (Guillaume et al. 1999), it was found these ‘initial estimates’ 
yield accurate enough modal parameters with smaller computational effort. 
The main drawbacks of the LSCF approach, which is based on a common-
denominator transfer function model, are that mode shapes and modal 
contribution factors are difficult to obtain.
 Table 7.2 summarizes time and frequency domain operational modal 
analysis techniques in the existing literature and their limitations. Most of 
the existing time domain based methods rely on user interaction to select 
the correct model order and are clearly not suitable for long-term monitoring 
applications. Although some automatic model order identification algorithms 
have been proposed (Peeters and De Roeck 2000), the effectiveness of 
these algorithms in health monitoring applications is not yet fully verified. 

Table 7.2 Comparison of OMA techniques

Domain Technique1 Limitations 

Time domain NExT based Accurate model order estimation is difficult to
  obtain under noisy conditions
 ARMA model based Accurate model order estimation is difficult to
  obtain under noisy conditions
 SSI based Accurate model order estimation is difficult to
  obtain under noisy conditions 

Frequency Peak-picking Only accurate for structure with low damping
domain  and well-separated modes
 FDD/CMIF Damping estimate biased 
 LSCF Mode shape estimate hard to obtain

1 -- NExT: natural excitation technique; ARMA: autoregressive moving average; 
SSI: stochastic subspace identification; FDD: frequency domain decomposition; 
CMIF: complex modal indicator function; LSCF: least square complex frequency-
domain
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In this aspect, frequency domain based OMA techniques seem to be more 
promising. On the other hand, the accurate localization of damage using 
some vibration-based damage detection techniques such as the modal 
curvature method requires suffi cient spatial resolution of the mode shape. 
An accurate estimation of modal parameters for higher modes also requires 
a higher sampling rate. In such applications, the previously discussed time 
domain and frequency domain OMA techniques may be computationally too 
intensive for continuous monitoring applications. Techniques that are more 
suitable for automation and also computationally effi cient are required.

7.3 The time domain decomposition technique

The vibration response of a linear time-invariant dynamic system can be 
expressed in terms of its mode shapes and generalized coordinates as

  
uu (uu , ) =  ( ) ( )
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x t(( , x( ) q t

r
rr (x q(( )S

•

 7.1
where r(x) is the rth mode shape function and qr(t) is the corresponding 
generalized coordinate at time instant t. Assuming all modes are well separated, 
by applying a bandpass fi lter to the system responses, it is possible to isolate 
the individual modal components in the response time-history (Kim et al. 
2002).

  un(x, t) = n(x)qn(t) 7.2

where un(x, t) is the nth modal contribution to the response, and n(x) and qn(t) 
is the nth mode shape function and generalized coordinates, respectively. 
 Consider a system with Nd degrees-of-freedom and assuming the measured 
response quantity is an acceleration response sampled at Ns discrete time 
points, Eq. (7.1) can be expressed in discrete time as, 
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where, [U] is the Nd × Ns response matrix, r is the Nd × 1 rth mode shape 
vector and &&qqqq r  is the Ns × 1 vector containing values of the rth generalized 
coordinate at each time instant. At the same time, Eq. (7.2) can also be 
expressed in matrix form as
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The autocorrelation of the nth mode-isolated acceleration time history is 
thus given by

  [ ] [ ][ =] [ U Q] = = Qn n] [] [ n
T T
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nnn Qn nQqq qnqq qqq n
T  7.6

where Qn is a scalar. In expanded matrix form this can be expressed as: 
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where [En] is a Nd × Nd symmetric matrix of rank 1. 
 A close examination of the structure of the [En] matrix reveals that each 
column of [En] is a proportional to the modal vector of the nth mode. The 
spectral decomposition theorem (Lay 2003) states that, the symmetry matrix 
[En] can be expanded by its eigenvalues and eigenvectors, 
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where 1 > 2 > … > lNl d  are the eigenvalues of matrix [En] and u1, u2, …,  
uuuu Nd  are its eigenvectors. Comparing Eq. (7.6) with Eq. (7.8), it becomes 
clear that if there is no noise in the measurement response, the spectral 
decomposition of [En] will generate a single non-zero eigenvalue 1, and 
the corresponding eigenvector will be proportional to the modal vector n. 
Considering the fact that the modal vector can be arbitrarily scaled, the 
eigenvector u1 can be effectively treated as the modal vector. 
 When noise is present in the measurement, other eigenvalues of the 
matrix [En] will not be equal to zero. However, the contribution to system 
response from the physical mode will usually dominate the response within 
the frequency range close to the resonance of that particular mode. Thus, with 
appropriate selection of band-pass fi lter parameters, the largest eigenvalue 1 

always corresponds to the physical mode and the corresponding eigenvector 
is same as the modal vector. The existence of noise does not affect the 
identifi cation of the modal vector. It is noted that Eq. (7.8) holds true no 
matter what kind of motion the system is experiencing, either free vibration 
or forced vibration due to some external excitations. 
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 Pre-multiplying Eq. (7.4) with the transpose of the identifi ed nth mode 
shape yields 
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The response of nth mode in generalized coordinates can then be obtained 
as

  
&&qqqqn

T
T

n
n
T

nU= [
T n

T ]1

n
T

 
7.10

Here Eq. (7.10) represents the response of a single degree-of-freedom system 
corresponding to the nth mode. Therefore, the natural frequency and modal 
damping of the nth mode can be readily identifi ed using time-domain modal 
identifi cation techniques such as the complex exponential (CE) method or 
the eigensystem realization algorithm (ERA).
 This technique is subsequently referred to as the time domain decomposition 
(TDD) technique. The general steps of TDD method start with identifying 
the frequency region where a certain mode might be located, typically from 
power spectrum plots of the response signal or from the frequency response 
function if input is measured. The second step consists of applying a band-
pass fi lter to isolate the desired modes while eliminating the contribution 
from other modes. In the third step the matrix [En] is formed and the modal 
vector can be conveniently extracted using Eq. (7.8) and singular value 
decomposition (SVD) algorithm. The last step involves the construction of 
SDOF response using Eq. (7.10) and the identifi cation of natural frequencies 
and modal damping. The process is repeated for each mode within the 
frequency range of interest.
 The computationally intensive part of the process, the singular value 
decomposition, deals with time domain data only and no Fourier transform 
is needed. The size of the matrix used for SVD in the TDD method is Nd × 
Nd, with Nd equals to the number of measurement sites. If n modes are to 
be identifi ed, the SVD process needs to be repeated n times for the Nd × Nd  
matrix. This compares favorably with the time domain based ERA technique, 
where SVD is also used and the size of the matrix used is sNd × s, with s 
equaling to the time lag in the Henkel matrix (Juang and Pappa 1985). For 
civil engineering applications, s is typically much larger than Nd and nNd. 
The computation time required by ERA is thus signifi cant longer than TDD 
when applied to problems where only a few modes are needed. 

7.4 The frequency domain natural 

excitation technique

The Natural Excitation Technique (NExT) was fi rst introduced by James et 
al. (1993) as a technique for modal testing of wind turbines utilizing natural 
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excitation. The basic idea is that a multiple input multiple output (MIMO) 
structural system excited by random input produces autocorrelation and 
cross-correlation functions that have the same form as the impulse response 
functions of the system. Although the original development presented in 
James et al. (1993) used the second order differential equation form of the 
equation of motion, a state-space formulation (Chiang and Cheng 1999) will 
be used below because it helps to clarify the derivation considerably.
 The equation of motion of discrete linear system can be expressed in 
state-space form as

  { ( )} + [ ]{ ( )} = { ( )}A[ ][ { t B)} + [ X ( t(&  7.11
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in which [M]
 
is the mass matrix, [K] is the stiffness matrix, [C] is the damping 

matrix, {f (t)}  is the vector of input forcing functions, {x (t)} is the structure 
response vector. Introducing the modal transformation as
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where [Y]  is the 2Nd × 2Nd complex modal matrix, [F] denotes the Nd × 
2Nd system eigenvector or mode shape matrix, [L] denotes the 2Nd × 2Nd 
complex eigenvalue matrix, {q(t)} is the 2Nd × 1 vector of generalized 
coordinates, Nd is the number of system degree of freedom. Pre-multiplying 
equation (7.11) by the complex modal matrix [Y]T yields

  [Y]T [A] [Y] { ( )}&q t(  + [Y]T [B] [Y]{q(t)} = [Y]T  {F(t)} 7.14

Invoking the modal orthogonality condition gives

  [a] { ( )}&q t(  + [b] {q(t)} = [Y]T  {F(t)} 7.15

in which [a] and [b] are diagonal matrices given by

  [Y]T [A] [Y] = [a], [Y]T [B] [Y] = [b] 7.16

The equation of motion is thus decoupled into a series of equations in terms 
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of each generalized or modal coordinate. For the rth generalized coordinate, 
the decoupled equation can be expressed as:

  a qrq& ( )t  + brqr(t) = { r}
T { f(t)} (r = 1, 2, …, 2Nd) 7.17

in which ar and br are the diagonal elements of diagonal matrices [a] and 
[b], respectively, and { r} is the rth mode shape. 
 Assuming that the system is initially at rest, the solution to Eq. (7.17) 
can be determined as
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where r = –br/ar. The response vector {x(t)} can then be obtained as
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The response xi(t) at the ith degree of freedom (DOF) due input {f (t)} = 
[f1(t) f2(t) … f tff T

d )t ]  is thus given by the expression
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in which, ir and kr are the ith and kth components of rth mode shape, 
respectively.
 The cross-correlation function between the two stationary responses from 
the ith DOF and the jth DOF can be defi ned following Bendat and Piersol 
(1996):

  Rij(T) = E[xi(t + T)xj(t)] 7.21

Substituting Eq. (7.20) into Eq. (7.21) and interchanging the order of expectation 
and integration and summation leads to the following expression
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Assuming that the input { f (t)} is uncorrelated white noise, then 
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where i 
is a constant and (t) is the Dirac delta function. Eq. (7.22) can 

then be reduced to
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Making a change in the variable and changing the limits of integration 
correspondingly, Eq. (7.24) can be further reduced to
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It is noted that the time lag T in Eq. (7.25) must be positive which is required 
by the causal condition of the impulse response function. Evaluating the 
indefi nite integral yields
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For negative time lags (T < 0), the order of xi and xj in Eq. (7.21) can be 
reversed. This results in the cross-correlation function expression:
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where Qjr and Qir represent the double summation inside the bracket. Both are 
complex constants that are only dependent on DOF j, i and mode number r. 
 Comparing Eq. (7.27) with the impulse response function between DOF 
i and j of the original system hij(t), which can be expressed as (Maia and 
Montalväao e Silva 1997)
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where Wir is the modal participation factor. It can be seen that the positive 
lag part of the cross-correlation function Rij(T), i.e., when T ≥ 0, can be 
expressed as the summation of a series of complex exponentials in the same 
form as the impulse response function. Although the scalar constants Qjr ≠ 
Wjr generally, they are constants for a given mode number r and DOF j. If 
all measured channels are correlated to a common reference channel, all the 
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components of the cross-correlation function will then possess the common 
Qjr component for a certain mode r. Thus the value of Qjr will only affect 
the contribution of different modes to the total system response and will have 
no effect on the identifi cation of modal parameters r and ( r).
 Eqs. (7.27) and (7.28) give the relation between the displacement response 
cross-correlations function and system impulse response functions and so 
far the derivation has followed the traditional defi nition of NExT technique. 
However, in practice it is often preferable to measure the acceleration response. 
Although the displacement response can be obtained from the acceleration 
response through numerical integration, the results are not always ideal. It 
is then of interest to fi nd out if similar relations as expressed in Eqs. (7.27) 
and (7.28) also holds for the cross-correlations of acceleration response. The 
following section extends the NExT technique to the case of acceleration 
response.
 The acceleration response at DOF i due to a single input force at DOF k 
can be obtained by taking derivatives of Eq. (7.20) with respect to time
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The cross-correlation between two stationary acceleration responses can 
then be found as

  ¢¢R¢¢ x T tijk ik jk( )T = [E xx (  t ) (x jk )]&&  7.30

in which, ¢¢R¢¢ijk ( )T  represents the cross-correlation of acceleration response. 
If the input is ideal white noise, theoretically the cross-correlation between 
acceleration responses does not exist. However, in practice ideal white noise 
excitation is never achieved. Assuming the input excitation is broad band 
white noise such that the following equation holds

  E[fk( ) fk( )] ≈ k (t – ) 7.31

the cross-correlation in Eq. (7.30) exists under this assumption and can be 
expressed as
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Evaluating the derivatives and integrals in Eq. (7.32) leads to 
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Summing over all input locations and using notations similar to Eq. (7.27), 
Eq. (7.33) can be further written as
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Comparing Eq. (7.34) with Eq. (7.27) shows that the cross-correlation 
between acceleration responses shares the same form as the displacement 
cross-correlation function except for a constant. The constant is different for 
each mode but will not affect the identifi cation of modal parameters r and 
{ r}. Taking derivatives of Eq. (7.29) with respect to t yields 
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Similar reasoning as used for Eq. (7.27) and Eq. (7.28) can be applied 
to Eq. (7.34) and Eq. (7.35) to yield the conclusion that the acceleration 
cross-correlation function ¢¢R¢¢ij ( )T  can be used in place of &&h tij ( )t  for modal 
parameter identifi cation purposes.
 Further extension of the NExT technique can be introduced in the frequency 
domain. By converting both Eq. (7.34) and Eq. (7.35) from the time domain 
to the frequency domain, we obtain

  
G j

jj
r

N
ir

r r

N
rd di

N

( )jj =
= 1

2 2

= 1

2l fQr jr Q rQjQ2

w l–

lS S
j

j ir
+

l fr jQ r

l

22llll
–

Q

j
ir jr

r

f
w l–  

7.36

  
H j

jj
r

N
j ir

r

d

( )jj =
= 1

2 2l fWr jr W r
2

w l– 
S

 
7.37

where Gij( j ) is the cross-spectral density function, or cross-spectrum, of the 
acceleration response. Hij( j ) is the accelerance frequency response function. 
The fi rst term in Eq. (7.36) corresponds to the positive lag portion of the 
cross-correlation function in Eq. (7.34). The second term corresponds to the 
negative lag portion. Note that the second term in Eq. (7.36) (corresponding 
to the negative time lag portion) has poles in the negative frequency range. 
Thus if we limit our discussion to the cross-spectrum function in the positive 
frequency range only, the second term will have little contribution to the 
cross-spectrum. It can be easily seen that, just like the relation between 
cross-correlation functions and impulse response functions, the cross-spectral 
density functions that correspond to the positive lag cross-correlation have 
the same form as the frequency response functions except for a constant. 

www.EngineeringBooksPDF.com



237Operational modal analysis for vibration-based SHM

Thus, the former can be used in place of frequency response functions for 
modal parameter identifi cation when input measurement is not available. 
 Eq. (7.37) is usually referred to as the partial fraction form of the frequency 
response function (Maia and Montalväao e Silva 1997). Correspondingly, 
we should also refer to Eq. (7.36) as the partial fraction form of the cross-
spectrum. Alternatively, the cross-spectrum can be expressed in rational 
fraction polynomial form as
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Here, for clarity, we only retain the part of cross-spectrum that corresponds to 
the positive lag cross-correlation. The part of cross-spectrum that corresponds 
to the negative time lag cross-correlation is omitted due to their insignifi cant 
contribution in the positive frequency range. Further rearranging terms yields 
the following equation that is linear in unknown parameters k and k
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The equation is valid at each frequency of the measured cross-spectrum 
function. The total number of unknowns in Eq. (7.39) is 4Nd – 1, where Nd is 
the number of system degree of freedom. So as long as the cross-spectrum is 
measured at more than 4Nd – 1 discrete frequencies, the unknown coeffi cients 
can theoretically be determined. In most practical conditions, the number of 
measured discrete frequencies is much larger than 4Nd – 1 and thus results 
in a system of over-determined equations. Eq. (7.39) can also be generalized 
to the multiple reference case as
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where [Gij( )] is the No × NRef cross-spectrum matrix, with No denoting the 
number of measured response locations and NRef denoting the number of 
reference locations used to calculate the cross-spectrum function. The size 
of the coeffi cient matrix [ k] will normally be No × No and the size of the 
coeffi cient matrix [ k] will be No × NRef.
 Since Eq. (7.39) is a homogenous equation, one of the unknown coeffi cients 
can be chosen arbitrarily. It is customary to choose a 2 = 1Nd . The resulting 
basic equation is given by
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Defi ning the error vector {E} for L measured discrete frequencies as:

  {E} = [Q]{A} – [X]{B} + [G] 7.42

where, the vectors {E}, {A}, {B} and {G} are given as
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Ǫ̨̂
ÔÔ

 

7.43

and the matrices [Q], [X] as
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The unknown coeffi cient vectors {A} and {B} can be found by minimizing 
the least squares error function J, defi ned as

  J = {E}H {E} 7.46

In Eq. (7.46), the superscript H stands for complex conjugate transpose. The 
minimization of J can be achieved by fi nding the derivatives of J respect to 
vectors {A} and {B} and setting them to zero:
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or, in matrix form:
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where,

  [O] = [X]H [X]

  [P] = –Re ([X]H [Q])

  [L] = [Q]H [Q] 7.49

  {D} = Re ([X]H {G})

  {Z} = Re ([Q]H {G})

In Eqs. (7.47) and (7.49), the term Re () denotes the real part of a complex 
number. By solving Eq. (7.48), which is essentially the normal equations 
of the least square problem in Eq. (7.46), the unknown coeffi cients k and 

k can be found.
 Matrices [Q] and [X] in Eq. (7.42) are of the Vandermonde form (Allemang 
1999) and are known to be numerically ill-conditioned for cases involving 
wide frequency range (Maia and Montalväao e Silva 1997). To solve this 
problem, Richardson and Formenti (1982) proposed rewriting the complex 
polynomials in Eq. (7.38) in the following form:
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where, k( ) are orthogonal Forsythe polynomials given by

  0( ) = a0

  1( ) = a1 (j )

  2( ) = a2 + a3 (j )2 7.51

  3( ) = a4 (j ) + a5 (j )3

  4( ) = a6 +a7 (j )2 + a8 (j )4
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 Once the coefficients ck and dk in Eq. (7.50) are found by minimizing 
error function J, values of coefficients k and k of the ordinary polynomial 
equation can be recovered. Following same procedure as Eq. (7.39) through 
Eq. (7.49), a new set of normal equations can be formed. Solving the equations 
leads to the values of ck and dk. Natural frequencies and modal damping 
can then be calculated by finding the roots of the characteristic polynomial 
in the denominator of Eq. (7.38). Modal vectors can be found by rewriting 
Eq. (7.38) in partial fraction form.
 The computationally intensive part of the modal parameter identification 
process outlined above involves solution of the systems of linear equations. 
There exist many efficient algorithms for the solution of such system of 
equations (Lay 2003). Compared with NExT based techniques discussed 
in Section 7.3, the FNExT method does not require the transformation of 
cross-spectrum functions into time domain, which might introduce error in 
the calculated cross-correlation functions. At the same time, FNExT technique 
also does not involve singular value decomposition of a large matrix as utilized 
in the ERA and FDD method, which can be computationally intensive. 

7.5 Application of operational modal analysis 

techniques to highway bridges

In this section, the two OMA techniques discussed in the previous sections – 
the time domain decomposition technique and the frequency domain NExT 
technique – are applied to the real world cases of two highway bridges.

7.5.1 Application to the Watson Wash Bridge

The Watson Wash Bridge is a reinforced concrete T-girder bridge located 
on the California section of Interstate Highway 40. The bridge site is west 
of the city of Needles and approximately 10.3 km east of Essex Road in the 
Mojave Desert. The superstructure consists of a cast-in-place reinforced-
concrete deck and girder system with sixteen central spans of 12.8 m each 
and two shorter end spans of 10.5 m each. Each span consists of five bays 
separated by six girders at 2.13 m center. The spans are further grouped into 
five frames connected with shear transfer hinges. A series of modal tests were 
performed on the bridge in between July 2001 and June 2003. The purpose 
of these tests was to monitor the change of dynamic characteristics, such as 
modal parameters, of the structure resulting from rehabilitation performed 
on the bridge, using fiber reinforced polymer (FRP) composites, during the 
same time period. The resulting modal parameters are then used as the inputs 
for vibration-based damage detection algorithms to provide quantitative 
evaluation of the effect of FRP rehabilitation. Detailed discussion of the FRP 
rehabilitation and monitoring of the Watson Wash Bridge can be found in 
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Lee (2005). All modal tests were conducted in the Frame S-3 consisting of 
spans 8 through 12, as shown in Fig. 7.3 
 During the test carried out in June 2003, normal traffic over the bridge 
structure was used as the source of ambient excitation. The use of traffic 
induced ambient excitation was mainly dictated by the physical constraint 
that the bridge must remain open to traffic during the test. Since input 
force was not measured, the use of OMA to identify modal parameters was 
warranted. 
 PCB 3701G2FA3G capacitive accelerometers were used to measure 
the vertical acceleration of the structure during the modal test. The usable 
frequency range of the accelerometers is 0~100 Hz and amplitude range is 
± 3 g. Accelerometers were mounted on the bridge structure using aluminum 
mounting plates attached to the soffit of longitudinal girders. A sensor grid of 
six lines in the longitudinal deck directions and eleven lines in the transverse 
deck direction is used. For girder lines 1, 2, 5 and 6, accelerometers are 
attached at the hinges, at bent locations, and at mid span of spans 8, 9, 10 
and 11. For girder lines 3 and 4 accelerometers are only applied at hinge 
and mid span locations but not the bent. Therefore, lines 1, 2, 5, 6 consist 
of 11 sensor locations each, while lines 3 and 4 are composed of 6 sensor 
locations, giving a total of 56 sensor locations.
 Owing to limited availability of sensors and data acquisition equipment, only 
15 sensor locations could be monitored simultaneously and hence the modal 
test was conducted using multiple setups. For each setup, 15 accelerometers 
were used. Among the 15 accelerometers, 3 were used as ‘reference’ 
accelerometers and their location remained unchanged throughout the test. 
The rest of the 12 accelerometers were used as ‘roving’ accelerometers and 
were moved from setup to setup in order to cover all sensor locations. The 
test procedure starts with installing the accelerometers at sensor locations 
for the current setup. Measurement of the structure response due to ambient 
traffic excitation is then performed for a duration of approximately 2 minutes. 
The Roving accelerometers are then detached from their current location and 
moved to the next set of locations. A total of five setups were needed to cover 
all sensor locations. Ambient vibration response data were collected with a 
sampling rate of 200 samples/sec. The total number of data points collected 
for the duration of one setup is approximately 24000 points/channel. Typical 
acceleration time histories recorded during the modal test are plotted in Fig. 
7.4. A significant amount of noise can be observed on several channels of the 
time history. Five ambient vibration modal tests were carried out during the 
period between 7 June and 10 June 2003. The date and time when each test 
was carried out are listed as follows: Test 1 was carried out in the morning of 
7 June. Tests 2 and 3 were carried out in the morning of 8 June. Tests 4 and 
5 were performed in the afternoon and evening of 10 June, respectively. Each 
test consists of all five setups and takes approximately 3~4 hours to finish.
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7.3 Configurational overview of Watson Wash Bridge and numbering of spans.
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 The time domain decomposition technique presented earlier was implemented 
in Matlab and used for the identification of modal parameters of the Watson 
Wash Bridge during the ambient vibration modal test. The graphical user 
interface (GUI) of the program used during the test is presented in Fig. 7.5. 
Data from each setup are analyzed independently using the TDD method 
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7.4 Typical acceleration time history recorded during the modal test.
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7.5 Graphical user interface of the modal analysis program.

to retrieve natural frequency and mode shape information. The frequencies 
from each setup are then averaged to obtain the natural frequencies of the 
entire structure. The partial mode shapes obtained during each setup are 
normalized with respect to one reference sensor location. Therefore, the 
modal amplitude at the chosen reference location is always unity for every 
setup. The partial mode shapes for different setups are then ‘glued’ back 
together based on the information of the common reference location.
 As discussed earlier, the first step of the TDD method involves the 
isolation of the modal response of each mode using a digital bandpass filter. 
A 3rd order Butterworth filter is chosen for the present investigation due to 
its sharp roll off outside the passband. The selection of the initial estimates 
of the passband frequencies is carried out by inspecting the power spectral 
density (PSD) plots of the measured response and noting respective peaks 
within the frequency range of interest. Typical power spectral density of the 
response signal is plotted in Fig. 7.6 for the frequency range of 0~10 Hz. Three 
distinctive peaks are immediately observed in the frequency range between 5 
and 5.5 Hz, 5.5 and 6 Hz, and 7 and 8 Hz. These frequency ranges are thus 
selected as the initial estimate of passband ranges. A closer examination of 
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the PSD plot reveals that a number of other frequency bands contain peaks 
which may correspond to vibration modes of the bridge structure. However, 
only the first two modes are identified consistently throughout all tests.
 Table 7.3 lists the identified modal frequencies for the first and second 
mode. The first mode is dominated by longitudinal bending of the bridge 
where the vibration of adjacent spans is out-of-phase. The second mode is 
a combined bending and torsion mode. It should be noted that although the 
ambient vibration data exhibit strong non-stationary features, TDD method 
is still able to consistently identify both modes in all four tests. Both the 
identified natural frequencies and mode shapes show very good consistency. 
Results from field tests of Watson Wash Bridge show that the TDD method is 
a fast and efficient way to extract modal parameters from ambient vibrations 

Table 7.3 Natural frequencies of 
ambient vibration tests

Test No. Frequency (Hz) 

 Mode 1 Mode 2 

1 5.33 5.76 
2 5.44 5.69 
4 5.39 5.71 
5 5.44 5.74
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7.6 Typical power spectral density of the response.
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in situations where the natural modes of the structure are well separated. 
Although each modal test took about 3 to 4 hours to complete, most of the 
testing time was accounted for by the time spent on moving roving sensors and 
necessary cables from one location to another, which was made necessary by 
the multiple setup nature of the test. The task of modal parameter calculation 
took less than a minute for each test when performed using the pervious 
mentioned Matlab program on a Pentium III 1.0 GHz laptop computer. It 
is also noted that the process of modal parameter identification using the 
TDD method does not involve the estimation of model order once the initial 
frequency bands are determined. Also, the TDD method seems to perform 
reasonably well in the presence of noise and non-stationary data. Combined, 
these features make the TDD method very attractive for long-term monitoring 
applications. 

7.5.2 Application to the Vincent Thomas Bridge

The Vincent Thomas Bridge is a suspension bridge located in Los Angeles 
Harbor, San Pedro, California. The bridge superstructure consists of a main 
span of approximately 457 m, two suspended side spans of 154 m each, and 
a 10-span approach of approximately 545 m length on either end. The total 
bridge length is approximately 1850 m. The bridge was completed in 1964, 
and in 1980 was instrumented with 26 accelerometers as part of a seismic 
upgrading project. The strong-motion instrumentation was installed and is 
maintained by the California Division of Mines and Geology. Figure 7.7 
shows the elevation and plan view of the sensor locations. A summary of 
the sensor locations and numbering is presented in Table 7.4.
 As an example of the frequency domain NeXT method, two sets of 
acceleration data collected from the bridge on occasions two months apart due 
to ambient excitation were used. Ambient excitations to the bridge are mainly 
caused by wind load and traffic load. The total length of the time history 
was 380 seconds for Set 1 and 360 seconds for Set 2. The 26 accelerometers 
installed on the bridge to measure accelerations in three different directions, 
namely, vertical, lateral and longitudinal directions. For the purposes of the 
current discussion, it was surmised from previous inspection records that 
deck vertical vibration was of the primary concern as related to structural 
health. Six sensors measuring the deck vertical acceleration were thus chosen 
for analysis. The six sensors chosen are sensors 15, 16, 17, 18, 21, and 22 
as shown in Fig. 7.7.
 The time histories pertaining to data from Set 1 are plotted in Fig. 7.8 as an 
example. It should be noted that the time histories shown in Fig. 7.8 exhibit 
some non-stationary features. Direct current (DC) shift is also observed on 
some of the channels. Similar features were also seen in Set 2. After detrending 
the data, the cross spectra between sensor 15 and sensors 16, 17, 18, 21, 22 
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Table 7.4 Numbering and locations of sensors

Sensor No. Location 

1, 14, 23 West tower, base of south column 
2 West tower, top of deck truss 
3 Center of main span, bottom of deck truss
4 Center of main span, top of deck truss
5 Main span, 1/3rd Pt., top of deck truss
6 East tower, top of deck truss 
7 Center of side span, top of deck truss
8, 10 East tower, top of south column 
9,13, 19 East tower, base of south column 
11 East tower, top of north column 
12 East tower, top of deck truss 
15 Center of main span, N. edge of deck
16 Center of main span, S. edge of deck
17 Main span, 1/3rd Pt., N. edge of deck 
18 Main span, 1/3rd Pt., S. edge of deck 
20 East tower, base of north column 
21 Side span, center, N. edge of deck 
22 Side span, center, S. edge of deck 
24, 25, 26 East anchor, base
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7.8 Acceleration time history from Set 1.
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together with 15 itself are calculated. The FNExT technique described in the 
earlier section was used to identify modal parameters from ambient vibration 
data. Previous studies have shown that the dominant modes of vibration of 
the bridge concentrate in the frequency range between 0.2 Hz and 1.1 Hz. 
Focus is thus placed on this frequency range during the FNExT technique 
identification process. The selection of model order in FNExT technique can 
be facilitated by directly observing the peaks in cross-spectrum plots or by 
using more sophisticated frequency domain indicators such as the modal 
indicator function and complex modal indicator function. 
 A comparison of results obtained through the use of the proposed technique 
with those from two previous studies is presented in Table 7.5. Niazy (1991) 
studied the dynamics of the Vincent Thomas Bridge using both FEM based 
and ambient vibration based experimentally identified modal parameter. Luş 
et al. (1999) used the Observer/Kalman filter Identification (OKID) technique 
to identify modal parameters of the Vincent Thomas Bridge using response 
data from the 1987 Whittier earthquake and 1994 Northridge earthquake. 
As can be seen from Table 7.5 the results from the proposed method show 
good agreement with previous results. In particular, all modes identified using 
ambient vibration reported by Niazy (1999) are identified using the proposed 
method with good accuracy with the exception of a single mode around 
0.579 Hz. Figures 7.9 and 7.10 show the measured and synthesized (using 
identified modal parameters) cross spectrum function of sensors 15, 16, 17, 
18, 21 and 22 pertaining to Sets 1 and 2, respectively. The agreement between 
the measured and synthesized cross spectrum function is excellent.

Table 7.5 Modal frequencies of vertically dominant modes as reported by Niazy 
(1991) and Luş et al. (1999) and Identified by FNExT technique using only deck 
vertical response (Unit: Hz)

FNExT FNExT Luş et al. – Luş et al. – Niazy –  Niazy – 
Ambient1 Ambient2 Whittier Northridge Ambient FEM
  earthquake earthquake  

0.226 0.227 0.234 0.225 0.216 0.201
0.242 0.242 – – 0.234 0.223
0.366 0.369 0.388 0.304 0.366 0.336
– – – – – 0.344
0.464 – 0.464 0.459 0.487 0.422
0.537 0.540 0.576 0.533 0.579 0.526
– – 0.6170 0.600 – – 
0.637 0.637 0.6174 0.632 – – 
0.773 0.767 0.769 0.791 – 0.772
0.804 0.805 0.804 0.811 0.835  
0.853 0.859 0.857 – – – 
0.974 0.965 0.947 0.974   
1.088 0.068 – 1.110 – 1.065

 1: Set 1       2: Set 2
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7.9 Measured and synthesized cross spectrum function pertaining 
to Set 1. The solid line represents the measured data whereas the 
dashed line represents the synthesized data.

7.6 Future trends

While the area of SHM is gaining increased attention as related to civil 
infrastructure, and especially bridges, there is lack of a comprehensive 
understanding of the needs for a viable system in the field, often leading to 
inadvertant ommissions, which cause the system to either not be viable or 
to provide significantly less data than is essential. The following steps are 
suggested for the design and implementation of future vibration-based health 
monitoring systems for highway bridges:

1. The target structure should be surveyed and studied carefully in order 
to establish its baseline structural and response characteristics. Dynamic 
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responses should be measured at appropriate locations on the structure 
during its typical operational conditions during the initial survey. Mobile 
instrumentation should be used in order to investigate as many locations as 
possible. These locations will form the basis of potential sensor locations 
for a long-term health monitoring system. Currently, acceleration is usually 
the preferred type of measurement in terms of dynamic response. The 
magnitude and frequency content of the acceleration collected during 
typical operation conditions of the structure will dictate the type and 
parameters of the sensors to be used in the health monitoring system. For 
example, the maximum amplitude range of the sensor at specific locations 
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7.10 Measured and synthesized cross spectrum function pertaining 
to Set 2. the solid line represents the measured data whereas the 
dashed line represents the synthesized data.
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should be able to accommodate the largest acceleration the structure is 
expected to experience at that particular location. Also, the accelerometers 
selected should be able to accurately measure the frequency range over 
which the structural modes of interest are located. Or more generally, 
the accelerometer should be able to accurately measure the frequency 
range where most of the signal power of the response is located. For 
many large civil engineering structures, the dominant structural modes as 
well as the majority of the signal power in the response due to ambient 
excitation exist in the lower end of frequency spectrum – less than 1 
Hz in many cases. Traditional piezoelectric accelerometers have limited 
accuracy operating in such low frequency ranges. Capacitive or resistive 
accelerometers are thus more suitable for such types of applications. In 
cases where the health monitoring system is also expected to collect 
data during extreme events such as earthquakes or hurricanes, actual 
structural response induced by extreme events might not be available 
during the design and implementation stage of the health monitoring 
system. Predicted response based on finite element models of the structure 
and past knowledge of the excitation due to extreme events can be used 
in place of this data. 

2. Modal analysis should be performed to identify the initial modal 
parameters. Operational modal analysis can be used for identification 
when responses caused by ambient excitation are used. The excitation 
and response level used for identification should correspond to those 
typical of normal operation of the structure in order to minimize the 
effect of nonlinearity. Alternatively, forced excitation sources such as 
an impact hammer or an electromagnetic shaker can also be utilized. 
In the case where forced excitation source is utilized, attention must 
be paid to make sure that the amplitude and frequency characteristics 
of the forced excitation is similar to that of the ambient excitation the 
structure is likely to be subjected to during its daily operations. The 
characteristics of the identified dominant modes should be studied 
carefully in order to determine the number and location of the sensors 
needed to effectively characterize these modes. The minimum number 
of sensors needed to successfully identify a mode can be determined 
by Shannon’s sampling theorem. The density of the sensor network will 
also be determined by the intended spatial resolution of the damage 
localization. In order to successfully identify localized damage, the 
number of sensors needed is usually much larger than that dictated by 
Shannon’s sampling theorem. 

3. Once the type, number and location of the sensors in the sensing system 
are determined, the data acquisition, transmission and archiving system 
can be designed accordingly in the third step. Apart from the necessary 
requirements imposed by the need to interface with the sensing system, 
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another important characteristic of the data acquisition system is the 
sampling rate. The sampling rate should be determined by the frequency 
range of interest identified in the second step. Generally speaking, 
the Nyquist frequency, or half of the sampling frequency, should be 
larger than the highest frequency of interest. But due to some practical 
considerations such as avoiding aliasing effects, the Nyquist frequency is 
usually selected to be at least two times the highest frequency of interest. 
The amount of data collected is directly proportional to the sample rate 
and the number of sensors or channels simultaneously measured. For 
large civil engineering structures, tens of thousands of samples may 
be recorded every second and the data acquisition, transmission and 
archiving system must be designed to accommodate that.

4. A baseline finite element model, initially built based on design documents, 
should then be updated using the identified modal parameters by 
means of a finite element model updating method. Uncertain structural 
parameters should be identified using sensitivity analysis. The finite 
element model updated with identified values of structural parameters is 
a better presentation of the baseline structure. Depending on the modal 
parameter used in the model updating process, the ‘baseline’ model 
can represent the pristine state of the structure or its state at a selected 
point in time. The latter case usually happens when an existing structure 
needs to be monitored and modal parameters from its pristine state are 
not available. The model updating process can also be augmented by 
the static response measured during load tests.

5. Once the hardware of the monitoring system is in place, continuous 
monitoring of the structure should be performed. Operational modal 
analysis can be used to extract modal parameters from the measured 
structural response using algorithms presented in this chapter.

6. Damage localization should then be performed utilizing the identified 
modal parameters and techniques. The baseline finite element model 
needs to be constantly updated, using an appropriate method. The 
change between each updated model can be considered as a record of 
the changes that the actual structure has been experiencing.

7. Estimation of present structural capacity and remaining life can be 
performed at each stage of service-life of the structure enabling the 
SHM system to be truly effective.

 It is noted that operational modal analysis is becoming a relatively mature 
technology with a broad array of standard techniques. However, some of 
the inherent assumptions that underlie all techniques, such as the white 
noise excitation assumption, remain to be verified. Moreover, there exists 
no uniform framework to evaluate the statistical properties of the modal 
parameters identified through various methods. Further, the performance of 
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different methods cannot be easily compared. The study of environmental 
effects has gradually drawn more attention but much work still remains to 
be done.
 Damage identification is one of the key components in a structural health 
monitoring system. Currently, there is a significant lack of research in terms 
of evaluating the statistical characteristics of the various damage detection 
algorithms proposed to date, including the one proposed in this chapter. In 
contrast to the already well-accepted probability-based design philosophies, 
most damage identification methods are still based on a deterministic 
framework. Future research should lead to the integration of a statistical 
framework into the damage identification process. Operational variability 
must be quantified and confidence bounds given. Extreme value statistics 
and Bayesian statistical models can be utilized to provide valuable insights 
to the statistical properties of the identification results.
 Finite element model updating has been shown to be an efficient technique 
for damage diagnostics. However, it is not always an easy task to guarantee 
the accuracy and validity of a finite element model. Some of the current 
challenges involve the non-uniqueness of the solution, ill-conditioning of the 
identification problem, and numerical convergence problems of the optimization 
algorithm. Although some of these challenges are inherent to the inverse 
identification problem to which the FEMU problem belongs, others can be 
solved or alleviated through the use of appropriate techniques. For example, 
dense sensor networks could be used to improve the spatial dimension of 
measured data, thus reducing the ill-conditioning of the problem. Dynamic 
properties other than mode shapes and frequencies could also be used to 
provide higher sensitivity to structural changes. Globally robust optimization 
algorithms can be adopted to alleviate the convergence problem. 
 Lastly, on a broader scale, the current approach to the structural health 
monitoring problem can be divided into two distinct areas: (1) using structure 
dynamic properties to detect structural changes at global level, and (2) using 
local NDE methods to locate and quantify damages in local components. 
Both approaches have their own advantages and limitations. Neither alone 
can satisfy all the stringent requirements from the end users. A new multi-
level structural health monitoring system integrating global- and local-level 
diagnostics needs to be developed. Global-level techniques can be used to 
provide rapid condition screening, locate the proximities of the anomalies 
and evaluate their influence on global structural behavior, while local 
NDE techniques can be applied to the identified damage region in order to 
better define the location and severity of the damage and its effect on local 
components. Mission-tailored new sensor technologies such as piezoelectric 
and fiber-optic sensors with wireless communication capabilities will be 
essential to reduce the system cost and improve efficiency. 
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Fiber optic sensors for structural health 

monitoring of civil infrastructure systems

F ANSARI, University of Illinois at Chicago, USA

Abstract: From the very beginnings of time mankind has been intrigued 
with the potential applications of light and the possibilities that it could 
bring about. The origins of optical fibers probably go back to mid 19th 
century when the scientists tried to guide, bend, and transmit the light from 
one location to another. Now, optical fibers have found widespread usage 
in telecommunications as well as in medical and sensing applications. This 
article provides a summary review of principles involved in sensing with 
optical fibers and specific methods more prevalently employed in industrial 
applications. In particular, the focus will be on the specific applications of 
fiber optic sensors to civil structures.

Key words: bridges, cracks, fiber optic sensors, FBG, SHM, CSHM, strain, 
structures, inspections, construction, monitoring.

8.1 History

Physicists throughout the history considered light a fascinating subject of 
study for investigating its fundamental properties and to learn of potential 
applications. How fast does the light travel? How far can it go? Can it bend 
and get transmitted around corners? And how is it transformed and modulated? 
Mid to late nineteenth century is considered the renaissance years for optics. 
Measurement of the speed of light is credited to two scientists, Jean Bernard 
Léon Foucault, the French physicist, and then Albert Abraham Michelson 
in USA. Foucault in 1850 performed the famous Foucault–Fizeau rotating 
mirror experiment to measure the speed of light. This same experiment also 
contradicted the Newton’s corpuscle theory of light (Cassidy, 2002). Later on, 
during a two-year period of experimentation (1877–1878), Albert Abraham 
Michelson refined the rotating-mirror method of Foucault for measuring the 
speed of light.
 During the same period in 1850s, John Tyndall, the British physicist, was 
the first to demonstrate that light could be bent and transmitted around a 
corner. In his experiments at the Royal Society of London, Tyndall showed 
that light could be guided through a curved flow of water without escaping 
contour (Allan, 1973). This discovery proved that light could be bent around 
corners. In essence, the experiment was the first step towards development 
of optical fibers and guiding the light by way of total internal reflection. 
According to the Snell’s law, at the interface between two optically different 
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media for a certain angle of incidence, the light totally refl ects into the fi rst 
medium (Fig. 8.1). This is mathematically demonstrated in Eq. (8.1), where 
for two media with different refractive indices when the angle of incidence, 

, becomes suffi ciently large,  increases and approaches the interface and 
the signal totally refl ects back to medium 1: 

   
sin =

sin

1

q b
n n1 2  

8.1

In the case of Tyndall’s experiment, a careful selection of the water channel 
dimensions for considerations pertaining to the angle of incidence at the 
bends and the refractive index differences between the water (n1 = 1.33) 
and air (n2 ≈ 1), light was totally contained within the water and followed 
its contour. 
 Early applications using plastic rods for transmission of light from one 
point to another were in the medical fi eld. In early 20th century (1930s), 
Heinrich Lamm, a medical student in Germany worked on the idea of 
guiding the light through a number of fi bers (optical fi bers) in order to be 
able to see the internal organs of human body. The medical applications 
took center stage through the 1950s, when the researchers invented devices 
such as gastroscopes for examination of inside the stomach. Despite these 
advances, until this time period, optical fi bers merely consisted of a glass 
or plastic rod that relied on the total internal refl ection at the interface with 
air or oils and waxes. The fi rst glass-clad fi bers were developed in 1956 by 
an undergraduate Physics student, Lawrence E. Curtiss, at the University of 
Michigan (Hecht, 1999). Basically the refractive index of the glass cladding 
is designed to be less than the refractive index of the glass core and therefore, 

Incident wave Refl ected wave

Medium 1

Medium 2

Refracted wave

8.1 Snell’s law.
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it assures that the light launched into the core is contained in the core (Fig. 
8.2). To protect the fiber against brittle fracture during handling another 
layer of soft protective coating is used to coat the optical fiber (not shown 
in Fig. 8.2). Typical single-mode fibers have a core, cladding, and protective 
coating diameters of respectively 5, 125, and 250 microns. 
 Introduction of glass cladding paved the way for efficient transmission of 
light through the optical fibers over short transmission lengths. However, the 
attenuation issues did not allow the technology to be used for transmission of 
light over long distances. It was generally understood that the attenuation in 
fibers available at the time in the 1960s was caused by impurities, which could 
be removed, rather than fundamental physical effects such as scattering. The 
crucial attenuation level of 20 dB was first achieved in 1970, by researchers 
Robert Maurer, Donald Keck, Peter Schultz, and Frank Zimar at Corning 
Incorporated in USA. They eventually produced a fiber with only 4 dB/km 
using germanium dioxide as the core dopant. These developments had an 
exponential effect in expanding the field of telecommunications and enabled 
internet.

8.2 Fiber optic sensors

The early applications of optical fibers were in the field of medicine, but in 
time they found their niche in telecommunications. It is difficult to map out 
the origins of optical fiber sensors. However, survey of technical literature 
reveals mid 1970s as the period in which optical fibers were considered to have 
potential for use as sensors and not just media for delivery of signal. The earliest 
research demonstrating the capability of optical fibers to interferometrically 
measure the strain fields in structural mechanics can probably be attributed 
to Butter and Hocker (Butter, 1978). This is the period of time during which 
fiber reinforced composites were being increasingly employed in aeronautics. 
High strength to weight ratio and their invulnerability to corrosion made 
these composites materials of choice in structural applications. Despite their 
excellent strength, weight and corrosion-resistant characteristics, not much 

Cladding n1

Cladding n2

Light ray

8.2 Light transmission at the core-cladding.
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more was known about fiber reinforced composites. Brittleness and transverse 
vulnerability to stress concentrations as well as long-term stability were the 
issues to reckon with.
 The subject of smart structures, a buzzword which was created then, at 
some point specifically referred to the composites with embedded optical 
fibers as sensors. This was considered an important area of research and 
development in order to establish a database for the in-service as well as 
long-term monitoring of composites. Moreover, optical fibers possess superior 
attributes. They are geometrically adaptable and can be configured to arbitrary 
shapes. Optical fibers are small in size, typically 250 microns in diameter, 
and immune to electric and electromagnetic interference. Moreover, optical 
fibers are inherently capable of serving as both the sensing element and the 
signal transmission medium, allowing the electronic instrumentation to be 
located remotely from the measurement site. Raymond Measures referred to 
composites with embedded optical fiber sensors as structures with nerves of 
glass (Melle, 1993). Measures devoted a great deal of time to development 
of a number of fiber optic sensors at the institute for aerospace studies at the 
University of Toronto. The results of many years of his research have been 
enumerated in a number of publications and in an in-depth compendium 
(Measures, 2001).
 The emergence of optical fibers for monitoring of composite materials 
led to an outburst of new applications in the aeronautics industry. However, 
it was not until the late 1980s when the civil engineering discipline started 
experimenting with the idea of using optical fibers in conjunction with 
construction materials. In 1988, under a contract from the Federal Highway 
Administration, Ansari developed a fiber optic sensor for determination of 
the air content in freshly mixed concrete (Ansari, 1990). The kinematics of 
relative motion between the sensor tip and individual constituents of varying 
refractive indices in concrete will give rise to a reflectivity pattern indicative 
of the air content (%) in the concrete (Fig. 8.3). Figure 8.4 is representative 
of a reflected signal pattern as received from an optical fiber for a period 
of 10 seconds in concrete. The horizontal axis in Fig. 8.4 corresponds to 
the number of data points scanned for the ten seconds period during which 
the experiment was performed. The vertical axis represents the intensities 
of the reflected signals. Larger reflectivities correspond to air bubbles, and 
the percentage of air in the fresh concrete is determined from statistical 
analysis of data in Fig. 8.4. This application demonstrates the direct use 
of signal intensity modulations in an optical fiber for sensing the presence 
of air bubbles. Other intensity based optical fibers can be developed. For 
instance, intensity modulation in optical fibers through micro and macro 
bending effects can be related to strains or deformations through proper 
calibrations. Micro-bend effect sensors are referred to as the types of sensors 
that are extrinsically modulated by way of finely spaced gratings (Fig. 8.5). 
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Macro-bend sensors take advantage of smooth changes in the fiber optic 
curvature for sensing (Fig. 8.6). This type of sensor has been employed in 
monitoring of crack opening displacements in concrete subjected to impact 
loading (Ansari, 1993).
 Most of the current sensor designs are wavelength- or frequency-based. 
These include fiber Bragg gratings (FBG) and interferometric sensors based 
on Fabry Perot, white light, and others (Maaskant, 1998, Claus, 1993, Vohra, 
1998, Yuan, 1997, Zhao, 2001). Principle of operation in FBG-based sensors 
is based on interrogation of strain-induced wavelength shifts in optical fibers 
(Fig. 8.7). Introduction of Bragg gratings in optical fibers can be achieved 

Air bubble Paste Aggregate

8.3 Reflection and refraction at the tip of the optical fiber (Ansari, 
1990).
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either by exposing the core of the optical fiber to intense UV laser through 
a mask to achieve specific wavelength reflectivity, or by holographic means 
using UV lasers. These sensors are highly sensitive and practical for many 
applications. They can be also serially multiplexed by writing several Bragg 
gratings of different wavelengths on one length of optical fiber. These sensors 
have capability for dynamic measurements.
 Interferometric sensors cover a broad range of optical phenomena for 
sensing purposes. A number of different configurations can be employed 
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8.5 Extrinsic micro-bend pressure sensor.

8.6 Macro-bend sensor (Ansari, 1993).
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for measuring the change in the phase of light by an interferometric sensor. 
They are highly sensitive for measuring strains. However, these sensors 
require the interference of light from two identical single-mode fibers, one 
of which is used as a reference arm and the other is the actual sensor. An 
exception to a two-arm interferometric sensor is a single-fiber Fabry-Perot 
type sensor (Fig. 8.8). In a Fabry-Perot type sensor, the fiber is manipulated 
in such a way as to form two parallel reflectors (mirrors), perpendicular to the 
axis of the fiber. The interference of the reflected signals which are formed 
in the cavity by the two partial mirrors creates the interference pattern. A 
Fabry-Perot sensor is only capable of providing localized measurements at 
the cavity formed by the two mirrors. The interference pattern generated at 
the output end of the phase sensors is sinusoidal in shape and is directly 
related to the intensity of the applied strain field. The period of this waveform 
constitutes a fringe and, if properly calibrated, it relates the optical signal 
to the magnitude of the measurand (i.e. strain). These sensors are highly 
sensitive and most of them have capability for dynamic measurements. A 
special class of interferometric sensors, white light sensors also referred to 
as long gage sensors, have found widespread applications in a number of 
civil engineering applications. Long gage sensors are briefly described here 
as well as in the section pertaining to multiplexing technologies.

8.3 White light interferometric sensors

A white light source such as an LED produces broadband emissions. In a 
Michelson white light interferometer arrangement, light from an LED is split 
into two beams (Fig. 8.9). One of the beams travels in the sensing fiber until 
it is perturbed by an external event such as pressure. The path length of the 
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8.7 Strain-induced wavelength shift in FBG sensors.
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other beam is allowed to change by a moving mirror (reference arm). Then 
the beams are recombined, and if the path length of the variable beam is 
made equal to that of the sensing arm an interference pattern or a fringe is 
generated. With further perturbations in the sensing arm the fringe is lost 
and the moving mirror scans the length to find a new fringe position. The 
optical length change (OLC) which is the distance between the two fringes, 
is the perturbation sensed by the optical fiber (Fig. 8.10). Displacement 
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8.8 Interferometric fiber optic sensors (Ansari, 1997).
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resolutions of one micrometer or better are achieved by this technique. The 
sensor in this case can be of any length in the order of centimeters or meters. 
Calibration and determination of gage factors in these sensors are described 
in the following sections. 

8.4 Strain optic law and gage factors

External perturbations such as strains modulate the propagating lightwave 
in the core of the optical fiber by changes in length and the refractive index. 
The modulated lightwave is then transmitted to an interrogation system for 
detection and demodulation. Calibration is required to convert the optical 
change into strain. In a manner similar to strain gages, calibration of optical 
fibers is related to the strain and temperature sensitivities of the fiber by 
appropriate gage factors. Measures (2001) provide a complete review of 
theoretical basis in formulating strain and temperature sensitivities. The basic 
principles are given here for completeness (Ansari, 2007).
 The opto-thermo-mechanical process involved in fiber optic sensing relies 
on the optical path length, Ln, which is the product of the gage length, L, 
and the core refractive index, n: 

  Ln = Ln 8.2

While L corresponds to the gage length of the interferometric sensor, for 
FBG, L corresponds to the period of the Bragg and not the length of grating. 
The change in optical path length due to the changes in strain, ∆  and in 
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8.10 Fringe shift in long gage sensors.
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temperature ∆T can be represented by strain and temperature sensitivities,
, and T, respectively:
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Where F is the coeffi cient of thermal expansion for optical fi ber and the rest 
of the parameters were defi ned earlier. The relationship between the induced 
strain and the refractive index of the fi ber is governed by the strain optic 
principle through photoelastic constants (Pockel’s constants). In the case of 
uniaxial strain fi eld and the absence of thermal gradients, the strain sensitivity 
in terms of the photoelastic coeffi cients takes the following form:

  
y e e e= e = 1 –

2

2
Gee

n p
 

8.6

where, G  is the gage factor, and:

  p  = p12 – (p11 – p12) 8.7

In Eq. (8.7) , p11, and p12 are the Poisson’s ratio, and the pockel constants 
for the fi ber optic core, respectively. Therefore, for the isothermal condition, 
in a uniaxial fi eld, Eq. (8.3) is reduced to the following form:
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8.8

Eq. (8.8) is independent of the sensor transduction mechanism, i.e. FBG or 
interferometric:
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8.9

where,  and ∆  are the Bragg wavelength, and the wavelength shift in FBG, 
respectively. ∆  is the phase change due to strain, and  is the reference 
phase in the interferometric sensor:

  
f l= 2 =π nLn

 
8.10

Therefore, the gage factors for FBG and interferometric sensors are defi ned 
as:   
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8.11

and,
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8.12

 The calibration process for any of the sensors described above is determined 
by mounting of the sensor to a calibration beam which is defl ected to produce 
a known strain . The wavelength change, or the phase change is measured 
and the corresponding gage factors are determined by Eqs. (8.10) and (8.11). 
Although, the gage factors for typical optical fi bers are also computed 
through known properties of the optical core, calibration is necessary to 
alleviate errors. For instance for a typical optical fi ber with n = 1.458, p11= 
0.113, and p12 = 0.252, and,  = 0.17, G  is 0.8. However, in most direct 
calibrations values of 0.7 to 0.8 have been reported for G  (Alavie, 1995, 
Russell, 1996)

8.5 Multiplexing and distributed sensing issues

Ideally for civil structures it is desirable to monitor all the critical and highly 
stressed regions. Clearly, cost and efforts associated with monitoring are 
directly related to the multiplicity of sensors employed. This is especially 
true when several sensors have to be multiplexed in parallel increasing the 
costs of the optical interrogation unit, data acquisition, and labor for dealing 
with large arrays of lead lines for the sensors in the structure. Fiber optic 
sensors provide advantages over the conventional sensors in this respect as it 
is both possible to use the optical fi ber sensors for distributed monitoring or 
by serially multiplexing a number of sensors on one line of optical fi ber. 
 Several technologies have become available for serial or parallel 
multiplexing of sensors using Brillouin scattering, Bragg gratings, and 
interferometry (Brooks, 1985, McGarrity, 1995, (Davis, 1997, Murray and 
Krishnawamy, 2001, Zhao, 2001, Wu, 2002, Zeng, 2002). Current state-
of-the-art in distributed sensing with Brillouin scattering provides spatial 
resolutions in the order of 1m which is suffi cient for civil engineering 
applications. FBG based systems have the capability for both serial as well 
as parallel multiplexing at sampling rates of 1000 Hz or more (Fig. 8.11). 
The maximum number of FBG sensors that can be used in series is dependent 
on the strain requirements, considering that the strains can only vary within 
the scanning bandwidth of the system which is around 60 nm. A wavelength 
shift of ± 1.2 nm corresponds to about ± 1000 , and therefore, for strains 
in the order of ± 4000 , the number of serially multiplexed sensors is 
limited to fi ve or six. 
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 Similar limitations hold for long gage interferometric sensors where 
the strain measurement limits correspond to the scanning range of the 
displacement scanning stage employed to balance the interferometer arms. 
Because of long gage sensing capability, when several sensors are connected 
along a single line they basically act as a distributed or better said a quasi-
distributed sensor. Development of the quasi-distributed long gage sensor 
has been detailed elsewhere (Zhao, 2001). A brief description of the system 
is given here for completeness. 
 An example of a serially multiplexed sensor consisting of m-segments 
in series is shown in Fig. 8.12. The system consists of two parts: sensing 
interferometer module, and the receiving interferometer. The sensor comprises 
a number of individual single-mode fibers coated on both ends and of desired 
gage lengths. The individual fibers are mechanically connected through ferrules 
and a portion of the beam is reflected when the light wave passes through 
them. Individual sensor segments, starting from sensor 1 all the way to the 
last sensor in the series act as reference arms for the adjacent sensors. Since 
every sensor shares a common pathway through the coupler and other fiber 
segments, possible errors due to disturbances caused by the lead fiber phase 
variations are automatically compensated for. The receiving interferometer 
consists of a Michelson white light interferometer with a scanning translation 
stage, signal processing and the system control unit.
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1 2 3
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8.11 Serial multiplexing of FBG sensors (Ansari, 1997).
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 White light from a wide-band LED is fed into the sensor by way of a 
2X1 coupler. The power is transmitted through the entire sensor system and 
returned to the interferometer by way of a coupler. The returned optical fi eld, 
E, from the individual sensor segments is expressed in the following form: 

  

E E j vt k L nL
i

m

i
h

h i

hexp
= 1

0
= 1

SLS E vt ki exp – 2j
Ê
ËËË

ˆ
¯̃̃
ˆ̂̂̂
¯̄̄̄

È

ÎÎÎÎÎÎÎ

˘

˚
˙
˘̆

˚̊
˙̇
˚̊̊̊

Ï
Ì
ÔÏÏ

ÓÔ
ÌÌ
ÓÓ

¸
˝
Ô̧̧
˝̋
Ǫ̂
˝̋
˛̨  

8.13

where Ei is the amplitude of the refl ected beam, v is the mean frequency 
of the signal, k  is the mean wave number in vacuum, L0 is initial optical 
path length, Lj is gage length of each strain sensor, n is the effective index 
of refraction of the sensing fi ber, m is the number of the sensors, i = 1, 
2, 3,…m and h = 1, 2, 3,…i. The individual refl ected signals that contain 
the information pertaining to the measurand. The generalized strain–optic 
relationship between the optical length change (OLC) and the axial strain, 

xx, induced over the gage length of a single segment of the optical fi ber is 
given below:

  
OLC =
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8.14

where P11 and P12 are Pockels constants, vf  is the Poisson’s ratio as described 
earlier, ∆xi is the fringe shift in the i-th sensor, and L is the length (gage 
length) of the optical fi ber. For single-mode silica optical fi bers at a wavelength 
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8.12 Serially multiplexed long gage sensor (Zhao, 2001).
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of 1300 nm, the refractive index, n = 1.46. For P11 ≈ 0.12, P12 ≈ 0.27, vf  = 
0.25 Eq. (8.14) can be re-written as:

  
e xx

ix
L

= 
2.38

Dxx

 
8.15

 The scanning time required for interrogation of all the sensors in one line 
will depend on many factors including the number of sensors, gage lengths, 
speed of the scanning system in the reference arm of the interferometer, 
and the effi ciency of the hardware or the software employed for detection 
of the fringe patterns. For instance, in an eight-sensor serially multiplexed 
assembly, with one-meter gage sensors, the scanning time for the system 
described in (Zhao, 2001) is 0.03 Hz. Therefore, this technique is not suitable 
for dynamic monitoring applications. 
 Techniques based on optical time domain refl ectometry (OTDR) provide 
distributed sensing capabilities based on measurement of propagation time 
delays of light traveling in the fi ber based on the measure and induced change 
in the transmission of light. Several sensing techniques have been developed 
based on this principle. In one method a pulsed light signal is transmitted 
onto one end of the fi ber, and light signals refl ected from a number of partial 
refl ectors along the fi ber length are recovered from the same fi ber end. By 
using this concept, it is possible to determine the distance to the strain fi eld, 
d, by way of the two-way propagation time delay, 2, through the simple 
relationship (relating velocity and distance):

  d = 2tv 8.16

where v is velocity of light in the fi ber, and 2t is the time required for the 
two-way travel of the signal from individual refl ectors. Since the velocity of 
light is known, an OTDR is capable of detecting the location of strain fi elds 
(d1, . . . , dn) through measurement of refl ected time signals (Fig. 8.13).
 Sensing based on the Brillouin scattering phenomenon provides the 
opportunity for distributed monitoring of strain and temperature. Brillouin 
scattering, named after Leon Brillouin, the French physicist, occurs when 
light in a medium such as an optical fi ber interacts with time dependent 
density variations in the core of the optical fi ber which in turn changes its 
frequency and path. The density variations are due to the quantized modes of 
vibrations that occur in the lattice structure of crystals. This is at the atomic 
scale with vibration amplitudes much smaller than lattice spacing. These 
quantized atomic scale vibration modes are called phonons or in the literature 
are referred to as the acoustic modes of the optical fi ber. Interaction of light 
(photons) with the acoustical modes of the optical fi ber (phonons) result in 
a scattering process in which it either gives rise to new acoustical modes 
or creation of new phonons (Stokes process) or annihilating the modes or 
phonons (anti-Stokes process). The energy and, therefore, the frequency of 
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the scattered light are slightly changed, that is decreased for a Stokes process 
and increased for an anti-Stokes process. This shift in energy (or frequency of 
the scattered light) is referred to as Brillouin scattering. External perturbations 
such as strains results in interatomic changes to the lattice structure and the 
related Brillouin shift due to changes in the acoustical modes of the optical 
fiber can be captured using different techniques including stimulated Brillouin 
scattering techniques. In general an OTDR is employed for monitoring of the 
Brillouin scattering (BOTDR) from several locations along the optical fiber 
length giving rise to distributed sensing (Fig. 8.14). This technique allows 
for simultaneous measurement of strain and temperature and eliminates the 
need for temperature compensation. The spatial resolution for distributed 
sensing is currently in the range of 5 to 10 meters which is sufficient for 
applications involving miles of pipelines. Significant amount of research 
efforts are on the way to reduce the range to meters and centimeters.

Laser

CouplerPulse generator

Log 
converter

Photo detector

Crack locations

Fiber optic sensor

Displacement field

8.13 Distributed sensing with an OTDR (Ansari, 1997).
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8.14 BOTDR distributed sensing principle.
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8.6 Applications

The geometric adaptability of optical fibers allows them to sense strains and 
other parameters of importance in structural engineering. This is accomplished 
by proper packaging of the sensors for transduction of the parameters of 
interest (Fig. 8.15). Moreover, the civil structural applications of bare 
optical fibers are limited mainly due to the fact that they easily damage 
during placement and integration within large structural components and 
materials either during construction operations or under routine service load 
environment. Therefore, sensor package design needs to satisfy two criteria: 
(1) to properly sense the parameter of interest; and (2) to protect the optical 
fiber against damage in the structure. It is beyond the scope of this article to 
discuss packaging of all the sensor types described here. For completeness, 
a few examples are provided where FBG-based sensors were packaged and 
employed in structural applications. Sensor packaging is, however, not limited 
to FBG-based sensors and similar designs can be configured for other sensor 
types (Ansari, 2007, Gu, 1999).

Surface adhered Deformation

Pressure

Shear Embedded sensor

Dynamic loading

8.15 Configuration of optical fibers for sensing of structural 
parameters (Ansari, 2007).
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8.7 Monitoring of bridge cables

An example of a specially designed fiber optic sensor for sensing of 
bridge cable strains and deformations for the pedestrian Lingotto Bridge 
in Turin, Italy is shown in Fig. 8.16 (Talebinejad, 2007). Lingotto Bridge 
was constructed in 2005, in time for the Winter Olympics, connecting the 
general market area to the Lingotto exhibition center. The bridge goes over 
the railroad tracks over a total length of 365 meters with a main span of 
150 meters. It is 69 meters above the ground and it has a single arch that 
supports the suspended deck by the cables. The deck is curved and provides 
an aesthetically pleasing but structurally challenging situation in terms of 
vibrations under pedestrian and wind loads (Fig. 8.17). The cable sensors 
were constructed using an individual FBG. The FBG was pre-tensioned and 
protected inside a PVDF tube. A fiber reinforced polymer composite cable 
was employed for strengthening the optical fiber and the FBG was attached 
to steel angle supports. The steel angle supports were then attached to the 
cables with a tension clamp (Fig. 8.18). 
 The deformation and dynamic characteristics of this bridge were investigated 
by using a pendulum type loading mechanism shown in Fig. 8.19. Typical 
dynamic strain data as measured by the FBG cable sensor are shown in Fig. 
8.20. It can be seen that the sensors are highly sensitive with strain resolving 
capabilities in the order of few micro-strains. 

8.8 Monitoring of cracks

Fiber optic sensors can be used for monitoring of cracks using innovative 
configurations. The arch sensor shown in Fig. 8.21 is shaped with a specific 

Fiber optic 
cable sensor

8.16 Fiber optic sensor on one of the pedestrian Lingotto Bridge’s 
cables (Talebinejad, 2007).
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8.17 Aerial view of the Lingotto Bridge’s single arch suspended deck.

Quick-held clamp Protecting wire Pre-tensioning 
abutment

FBG

8.18 Schematics of the FBG cable sensor (Talebinejad, 2007).

8.19 Pendulum swing on the Lingotto.
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parabolic curvature in order to increase the dynamic range of the fiber adhered 
to the arch (Bassam, 2008). The sensor is protected by a soft PVC material. 
A number of these sensors can be spliced along a single cable in series in 
order to monitor many sections of structures. The fiber optic crack sensors 
have been employed in a number of applications including monitoring of 
bridge pier plastic hinge zones under seismic loadings and monitoring of 
masonry cracks in vaulted structures (Figs 8.22–8.23). Typical time domain 
crack sensor data for a bridge pier subjected to shake table tests are given 
in Fig. 8.24.
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8.20 Typcial dynamic strain data as measured by the fiber optic 
bridge cable sensor.

8.21 Fiber optic crack sensor.
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8.22 Crack sensor installed for monitoring a cracked masonry vault.

8.23 Crack sensors on a bridge pier.
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8.9 Conclusions

Sensors are essential elements of structural health monitoring systems. 
Optical fiber sensors when properly utilized provide superior structural health 
monitoring capabilities for structural health monitoring of civil structures. The 
primary advantage of optical fiber sensors in structural health monitoring is the 
geometric conformity and capability for sensing of a variety of perturbations. 
Properly configured sensors will be able to sense the structural effect of 
importance without affecting the structural behavior. This article provides a 
summary of basic principles pertaining to the structural health monitoring 
of civil engineering structures with optical fiber sensors. The general areas 
covered included fiber optic sensors types and representative applications. 
It is possible to design optical fiber systems for measurements of myriads 
of perturbations including strain, cracks, deformations, accelerations, cable 
dynamics, etc. Other issues include protection of fibers against damage by 
design of proper sensor packaging systems. 
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9
Data management and signal processing for 

structural health monitoring of civil  
infrastructure systems

D K MCNEILL, University of Manitoba, Canada

Abstract: In order for measurements collected via structural health 
monitoring (SHM) to provide a meaningful indicator of a structure’s 
performance over the long-term, it is important that the data be collected 
and managed properly. This chapter provides guidance in collecting useful 
sensor measurements, presents the basics of connecting SHM systems to the 
Internet, discusses the use of standard database systems to store and organize 
measurements, and presents methodologies for data archiving. In addition, 
basic SHM data processing is discussed in the context of noise reduction and 
novel event identification.

Key words: data acquisition, SHM data management, novelty detection, 
competitive learning, noise reduction.

9.1 Introduction

Structural health monitoring (SHM) systems can, in general, be split into 
four main steps or stages (Fig. 9.1). These are:

1. The direct measurement of one or more structural properties using sensors 
and their associated measurement equipment.

2. The communication or transportation of the collected measurements from 
the structure to a location where they will be analyzed or processed.

3. Storage of the measurements in a suitable manner that ensures data 
integrity and which facilitates efficient, reliable and robust access.

4. Finally, analysis or examination of the measurements so as to deliver 
the end objective of the monitoring activity, that being the evaluation 
of the structure’s health. 

 These four operations can take on a variety of forms depending on the 
equipment being used, the extent to which a structure is being monitored, 
and whether that monitoring is being performed on a periodic or continuous 
basis. In addition, the complexity and cost of the overall monitoring process 
grows with the number of observations to be taken and the time period over 
which those measurements are to be retained.
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9.1.1 Documenting the measurement process

While it is true that the collection of data and its subsequent analysis is 
the main objective of the monitoring activity; for that to be successful it 
is equally important that good records are kept of what was monitored and 
how that monitoring was carried out. Failure to do so can easily render the 
collected data unusable, particularly in situations where there is a significant 
delay between the time of collection and the time at which the data are to 
be examined.
 The measurement process for any SHM installation necessarily begins 
with the decision on the part of engineers as to what aspects of a structure’s 
state or performance are to be observed. These typically include information 
such as strain, vibration/acceleration, displacement, or temperature of various 
structural components. Once those decisions have been made, it is then 
possible to select sensors and the data acquisition system that will interface 
to those sensors. Detailed records should be kept at this early stage that 
include:

Measurement of structural properties

Electronic transmission of measurements Physical transportation of measurements

 units

measurement unit

)

9.1
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1. a brief description of the objective of the monitoring activity;
2. the locations on the structure where the sensors are to be placed;
3. the manufacturer and model number of the sensors to be used;
4. the manufacturer and model number of the data acquisition system to 

be used;
5. the input channel on the acquisition equipment to which each sensor is 

connected;
6. configuration information for the data acquisition system;
7. calibration information for each of the sensors.

Documenting the objective and the placement of the sensors ensures that it is 
clear why a specific sensor was chosen and what is actually being measured 
as a consequence of using those sensors. The placement information should 
not only include the general position of each sensor on the structure, but 
also how they are affixed to the structure and their specific location on the 
structural component being observed. The purpose of this is to ensure that 
should it be necessary to examine the collected measurements months or years 
after they are taken, that one can be confident of what physical properties 
of the structure have actually been recorded in the data.
 Keeping account of the manufacturer and model numbers of the sensors 
and data acquisition equipment also helps to ensure that the measurements 
taken with those instruments are interpreted properly. Furthermore, it 
is advisable that technical detail, such as datasheets for the sensors and 
documentation for the acquisition equipment, be retained as well. While 
such information may be easily accessible from the manufacturer of those 
components today, there is no guarantee that the technical documentation 
will continue to be accessible after several years. This is particularly crucial 
in the case of continuous monitoring, since it is a certainty that sensors will 
fail over the monitoring period and will therefore need to be replaced. The 
ability to properly evaluate the long-term performance of a structure based 
on the collected data requires that we are aware of the specific properties and 
performance of the sensors that were used to gather those data throughout 
the entire monitoring period.
 While the technical characteristics of the sensors and acquisition equipment 
are important, it is also essential that records are kept that describe which input 
on the equipment was used to measure which sensor. Different manufacturers 
of measurement equipment will have different native formats for how the 
acquired measurements are stored. These may range from a simple text file 
containing columns of raw measurements, one for each sensor channel, to 
a more compact binary file format. In either case the ability to provide a 
meaningful label to each sensor channel within the data files will be limited, 
so it is critical that additional information is kept which clearly associates 
each measurement channel with its corresponding sensor. Care should also 
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be taken to assign as meaningful a label as possible to the sensor channels 
within the equipment to help in matching the sensors to the data.
 In addition to the labeling of each input channel, the data acquisition 
equipment will also have a variety of configuration parameters. Depending 
on the sophistication of the unit these configuration parameters may be 
extensive. The configuration used in setting up the equipment should be 
recorded in detail. This information is likely to include items such as the 
sampling frequency of the input channels, the resolution of the measurements 
being taken, detail of any signal conditioning that is performed on the 
measurements (such as filtering component settings), sensor type selection 
in the case where inputs may accept a variety of different sensors, network 
configuration options such as hostname or network address and associated 
passwords for access control.
 Finally, each sensor channel will be calibrated at the time of installation 
to establish a baseline for subsequent measurements. This calibration 
information should also be recorded for each of the individual sensors and 
sensor channels. Should the data acquisition system itself require replacement, 
both the aforementioned unit configuration information and the sensor 
calibration information will be required to setup a replacement acquisition 
unit and ensure consistency in the recorded measurements. Sensor cables 
should be labeled with the corresponding calibration information for that 
sensor, where possible, or records should be kept with the sensors to describe 
the calibration. Some equipment, such as the fibre-optic strain measurement 
equipment manufactured by SHM Systems, assist with this process by 
providing electronic tagging in the form of a hardware data key which is 
physically attached to the sensor cable to store the calibration information 
for that sensor (Fig. 9.2). Failure to accurately record calibration or the loss 
of calibration information will result in the inability to properly interpret 
the signals coming off the sensors and thereby reduce the quality of the 
measurements or render them useless.

9.2 Data collection and on-site data management

9.2.1 Obtaining meaningful measurements

In order for the data collected from an SHM installation to be of use, it must 
provide a true representation of a structure’s actual physical behavior. If the 
measurement system is configured incorrectly, the data collected may be 
meaningless, or may include measurement artifacts that were not present in 
reality. Clearly, if the data themselves are unreliable due to errors made in 
their collection, then any conclusions that might be drawn from those data 
can not be viewed with confidence. In order to address these concerns, it is 
important that any sensor be interrogated properly to ensure that conversion 
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of the sensor signal into a digital measurement gives a result that is both 
true and meaningful.
 Many SHM systems make use of general purpose data acquisition equipment 
that is used to interrogate sensors, such as strain gages and accelerometers. 
The sensors themselves consist of electromechanical transducers that 
transform the physical phenomena being observed into an analog electrical 
signal. This signal is then further converted into a digital measurement 
for the convenience of storage, communication and analysis. The theory 
underlying the process of digital conversion imposes the strict requirement 
that any analog signal be sampled at a rate that is at least twice that of the 
highest frequency component present within the signal (Shannon, 1949). Or, 
alternatively, that the signal to be converted must only contain frequencies 
that are less than half of the selected sampling frequency. Failing to satisfy 
this requirement will result in measurements being taken too infrequently 
to accurately reconstruct the original signal. As a consequence, the poorly 
reconstructed signal may appear to be entirely different in shape from the 
signal originally measured.
 A simple illustration of this phenomenon is outlined in Fig. 9.3. Here a 
hypothetical sinusoidal input signal of 9 Hz is shown. If the signal is sampled 
at a frequency of 12 Hz (instead of the minimum theoretical requirement 
of 18 Hz), the resulting sample points clearly do not capture the shape of 
the 9 Hz waveform in any meaningful way. As well, the sample points are 
identical to those corresponding to a sinusoid of 3 Hz. There is no way to 

9.2
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determine from the data that the points came from a 9 Hz signal. They appear, 
instead, to come from a 3 Hz signal because of the error in sampling. This 
effect is known as aliasing.
 To avoid this problem, any frequencies above those that can be accurately 
represented by the selected sampling rate of the system must be removed. 
The data acquisition system accomplishes this by introducing filters at each 
sensor input that are configured (tuned) to discard unwanted frequencies 
present within that signal, before the digital conversion process takes place. 
The filtered signal can then be properly digitized with no risk that aliasing 
will occur.
 However, as a consequence of the fact that the filtering operation is 
being performed on an analog signal, the filters themselves are constructed 
using analog electronic components. Thus, it is not normally possible to 
select an arbitrary cut-off or rejection frequency for each input (above 
which all frequencies are eliminated and below which the signal is passed 
unaffected). Instead, these systems provide a range of electronic filters with 
pre-determined cut-off frequencies. The user is able to choose the filter 
that is most appropriate for the task at hand from amongst those available. 
It should be noted, however, that the range of cut-off frequencies that are 
available may not match the sampling requirements of the task particularly 
well. In such cases, it is important to choose a filter frequency and sampling 
rate that are high enough to correctly capture the desired components of the 
input signal. Having done so, the digital measurements may be processed 
further in software by applying a digital filter to remove other unwanted 
frequencies. A software filter can be programmed to use an effectively 
arbitrary cut-off frequency. In this way the frequency content of the digital 
signal can be reduced to precisely the range desired for the SHM task. Once 
digitally filtered, the number of stored measurements can be subsequently 
reduced, provided that the sampling requirement is maintained.
 For example, a standard commercial data acquisition system might offer a 
choice of analog filters for each input channel that will discard signals above 
either 10 Hz, 100 Hz, 1 kHz, 10 kHz, or 100 kHz. If it is determined that 
the important frequencies to record from a sensor are those below 25 Hz, 
then the most appropriate selection, given the limitations of the acquisition 

9.3
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equipment, is a filter with cut-off frequency of 100 Hz. The resulting analog 
signal should then be sampled at a frequency of 200 Hz (or above). This 
will insure that the information up to 25 Hz will be captured correctly. It 
will, however, result in the information from 25 Hz to 100 Hz also being 
captured. That additional information can be discarded through the use of a 
software filter, programmed with a cut-off frequency of 25 Hz, which is then 
applied to the sampled data. Once this secondary filtering operation has been 
performed, the recorded data may be down-sampled from 200 Hz to as low 
as 50 Hz to reduce the quantity of stored information. Commercial systems, 
such as those manufactured by National Instruments, provide digital filtering 
and down-sampling components as easily configurable software elements.

9.2.2 Obtaining measurements from multiple sources

Some SHM installations may require an extensive array of sensors or may 
make use of different sensor technologies that will require the simultaneous 
use of more than one data acquisition unit in order to capture all the desired 
measurements. For example, fiber-optic measurement equipment from 
manufactures such as SMARTEC or Micron Optics might be used together 
with units from National Instruments that record data from metal-foil strain 
gages, accelerometers and/or thermocouples. The data collected using these 
separate pieces of measurement equipment will need to be merged together 
so as to facilitate analysis of the combined data. To make this possible, the 
equipment associates a time-stamp with each measurement that is taken. These 
times are obtained from a real-time clock present within each instrument. 
When data from multiple acquisition sources are to be combined, it is essential 
that the individual clocks be synchronized to a common reference so that 
measurements that are obtained simultaneously by different units are given 
the same timestamp.
 The ideal situation is to have the clocks in each of the measurement 
units accurately synchronized to coordinate universal time (UTC). If the 
equipment is connected to the Internet, either periodically or continuously, 
it is possible to achieve this level of synchronization using the network time 
protocol (NTP). NTP enabled devices communicate with other networked 
systems that are themselves set-up as NTP time servers. Time servers are 
available world-wide and it is best to select a server which is geographically 
close to the location where the monitoring system is to be used so as to 
improve the accuracy of the synchronization. By its very nature, NTP is 
designed to maintain clock synchronization in spite of variability in network 
communication. Further information on NTP and a list of publicly accessible 
time servers can be obtained through www.ntp.org.
 If the instruments are not network connected, then it will be necessary 
to synchronize the times manually. While this is not as precise as NTP 
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synchronization, for most SHM applications it is sufficient. It should be 
noted, however, that the real-time clocks in any computer system, while 
relatively accurate over the short term, do drift by a small amount each 
day. This introduces an error in the recorded time that accumulates over an 
extended period. In the case of installations involving continuous monitoring 
in particular, it will be necessary to periodically resynchronize the individual 
clocks to maintain agreement in the recorded timestamps.

9.2.3 On-site data management

SHM installations may employ either periodic or continuous monitoring. 
In the case of periodic monitoring, all data collected during the monitoring 
process will ordinarily be stored on-site as it is unlikely that an economical 
communication infrastructure will be available to facilitate off-site 
communications. In this situation the SHM equipment will take on one of 
two configurations. If measurements are being taken over a short time period 
of days or weeks, and from a small number of sensors using a single data 
acquisition unit, then the unit itself may be all that is required to both collect 
and store the measurement data. If multiple acquisition units are to be used, a 
large number of sensors are to be monitored, or the monitoring is to continue 
for an extended period of time, then it is likely that additional computing 
and storage resources will be required. A laptop or other portable computer 
will normally serve this purpose. The determining factor in deciding whether 
a computer is required is the quantity of data to be collected relative to the 
storage capacity available within the acquisition unit itself.
 One of the inherent challenges of SHM is the volume of data that is 
produced by the monitoring system. In the majority of cases, sensors are 
sampled at a frequency of 100 Hz and at a resolution of 16 or 24 bits per 
sample. The result is a daily volume of approximately 26 MB of data from 
a single sensor channel. Even a modest installation of a dozen sensors being 
recorded for one week accumulates nearly 2.2 GB of measurements. Some 
acquisition systems do provide on-board storage on the order of 1–2 GB, 
but the majority of systems offer far less. The units do, however, provide 
the capability to connect to a PC through either a standard Ethernet network 
interface, a serial interface, or both. This connectivity, together with the 
manufacturer’s or third party software, allows the measurements to be 
transferred to the PC for storage. When a system is made up of multiple 
acquisition units, external data storage on a single computer offers a convenient 
means of bringing together the separate data sources into one location. 
 For sites with continuously monitoring and reliable external communications 
capabilities, it is possible to transfer the data directly from the acquisition 
units to a data server located off-site. However, should the communication 
infrastructure be subject to occasional service interruptions, such an 
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arrangement may result in data loss in situations where the on-board storage 
is insufficient to buffer all measurements until communication is restored. In 
these instances, an on-site computer can again act as an intermediate storage 
location for measurements prior to their communication off-site. 

9.3 Issues in data communication

9.3.1 Connecting an SHM site to the Internet

This section is intended to provide the background needed to set-up basic 
network communications between data acquisition equipment located onsite 
and a remote data server located offsite. Most acquisition units now provide an 
Ethernet network interface for communications and control. As a result, it is 
possible to set-up local network connectivity on-site in the same manner, and 
using the same equipment, available for deploying a small home network.
 The computer networking infrastructure is built upon the Internet protocol 
(IP), which is a protocol for exchanging data between two networked 
computing systems across the Internet. Each system on the network has a 
unique numerical address (IP address) assigned to it. Information is exchanged 
between any two computers using a series of small messages called packets. 
IP packets sent between systems include both the address of the sender and 
the address of the intended recipient. The networking equipment to which 
the computers are connected, accepts and delivers packets based on these 
two addresses. If the data to be transferred are larger than can be transmitted 
using a single packet (which is almost always the case), it is broken down 
into several packets which are then sent independently. These packets are 
later reassembled at the receiving system to recover the original data. 
 For a computer to be individually accessible to others across the Internet, 
it needs to be assigned its own unique IP address. However, doing so for 
every computing system that might be attached to a network would mean 
that all the numbers that are possible under the most widely adopted version 
of the IP protocol (IPv4) would be used up. In actual fact, such a practice 
would be wasteful since many systems do not require their own unique 
network-wide address. Instead, what is commonly done is to have multiple 
computers or systems on a local network share a single connection to the 
Internet using the same public IP address. When communicating on the local 
network, these systems use a separate group of private internal IP addresses 
to communicate. This local group of private addresses can then be used 
over and over again by many local networks, since they are never used to 
communicate with the wider Internet.
 IP addresses are made-up of four 8-bit numbers separated by decimal 
points (i.e. 192.168.1.42). The range of addresses beginning with 192.168.
xxx.xxx is one group of addresses reserved for use on private local networks 
only. Computers that are connected to a private network can be assigned any 
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address from within this range, as long as the address used by each system 
is unique from all the others. If only two systems need to communicate, 
they could be physically connected to each other through a single cable. If, 
however, more than two systems must communicate, then an extra piece of 
networking equipment is required. For a private network, a network switch (or 
simply ‘switch’) offers this basic capability. It provides a series of connection 
ports, typically for four or eight computers in the case of small networks, 
although switches with much larger capacity are also available. Multiple 
switches can themselves be connected together to build larger networks. The 
job of the switch is to accept packets from one computer and deliver them 
to the other computer to which they are addressed. They provide the basic 
communications support needed for local networks, but can not be used to 
connect a private network to the wider Internet in most cases. To accomplish 
that, a separate networking component, called a router, is needed.
 Routers perform all the functions of a simple network switch, but provide 
the added capability of allowing machines on the local network to share a 
single public IP address when communication across the Internet. When 
a computer on the private network communicates with a computer on the 
Internet, the router keeps track of which local machine is communicating 
with which external system and passes the appropriate messages back and 
forth between them. It also modifies packets as they move from the local 
network through to the public Internet and vice-versa by replacing the internal 
address of the local computer with the shared public address. In this way, 
all communications between computers on the local network and systems 
on the Internet appear, from the perspective of the Internet, to be coming 
from one machine addressed using the public IP address.
 Figure 9.4 illustrates how this is applied in the organization of systems 
in an SHM installation. Here the data acquisition equipment and any on-site 
computers form the local (private) network. They are connected through a 
router to the Internet via a connection supplied by a commercial Internet 
service provider (ISP). In many situations, the ISP is a cable television 
company that also offers computer networking services. In this situation, the 
ISP will provide another piece of equipment, a cable modem, that convert 
the signals from the local network into a form that can be sent over the 
ISP’s coaxial cable network. Using the basic network configuration shown 
in Fig. 9.4, a data acquisition system can be made accessible from any other 
computer with Internet connectivity. One thing to keep in mind, however, 
when arranging a connection through an ISP is the volume of information 
that must be transferred through that connection. ISPs offer a variety of 
connection services with increasing data capacity (bandwidth) and price. It 
is important to take the time to determine exactly how much data will need 
to be transferred through the network and to arrange for a connection that 
can support your needs.
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9.3.2 Transferring SHM data off-site

Having a data acquisition system connected to the Internet now makes it 
easy to transfer data from the monitoring site to another location for both 
storage and analysis. There are several mechanisms that can be used to 
accomplish this. Some manufacturers of data acquisition equipment, such as 
National Instruments, SMARTEC and others, provide their own software for 
communicating with equipment over a network connection. This software can 
be used to both configure and control the acquisition of measurements, as 
well as to transfer the measurements off the instrument. The actual method 
of communication may involve a proprietary protocol, but it will nonetheless 
use IP for its low-level data exchange. In this case it will be necessary to 
rely upon the manufacturer’s own software for data transfers.
 Equipment manufacturers may also offer the ability to communicate with 
their equipment using other standard high-level protocols. These include 
the ability to control and configure the instrument through a regular web 
browser. This web interface may also provide the ability to download copies 
of measurement data stored on the equipment. In addition, many instruments 
implement the file transfer protocol (FTP), which is a general protocol for 
transferring data between computer systems. Many standalone applications 
exist that provide FTP capabilities for whatever brand of PC and operating 
system you might happen to prefer. While most of these will be intended for 
the manual transfer of files, some can be configured to monitor a specific 
location for files and to download those files when they appear. In this way, 
automatic transfer of measurements can be performed. In other cases, the 
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operating system itself can provide the capability to schedule regular tasks, 
one of which can be the downloading of files through an FTP application.

9.3.3 Data security

One final network-related issue to consider is that of data security. Having a 
system, even a data acquisition system, connected to the Internet means that 
it is potentially vulnerable to attack from any computer on the network. For 
this reason it is important to follow some basic steps to help keep access to 
your data and your equipment secure.
 The first of these is to be aware of the security features that are provided 
to you by the equipment manufacturers to help lock-down the equipment, 
and to use as many of them as possible. In most cases, security will involve 
the setting of passwords to limit access to the equipment. Manufacturers 
often set default passwords for their equipment that are documented in the 
system manuals and are, therefore, easy for anyone to find. It is important 
to change these passwords from their default value and to choose a new 
password that is difficult to guess. The best passwords use both uppercase 
and lowercase letters, numbers, and symbols, and avoid the use of words 
that can be found in a dictionary. They should also be as long as possible.
 The second method of improving your security is to keep the software 
that runs your equipment and computers up-to-date. No computer system is 
completely secure, and from time-to-time security vulnerabilities will come 
to light. Manufacturers will occasionally offer upgrades to their software 
to add new features and to fix security issues. By keeping your software 
up-to-date, you help to ensure that the only software vulnerabilities your 
system might have are the ones that are yet to be discovered. In addition to 
watching for updates to software for the instruments and computers on the 
network, also keep an eye out for software updates offered for routers as 
well. These will have their own updates to install and passwords to set.
 Finally, while your system may be secure when it comes to someone 
attempting to gain unauthorized access to your equipment, the data that you 
are transferring between that equipment are traveling across the wide-open 
Internet. As a result, there is a small possibility that information, such as 
passwords or measurement data, can be captured as it moves between the 
monitoring site and a remote computer. To remove this risk, equipment 
manufacturers may provide the option to encrypt the data being transmitted. 
There is a secure version of the FTP protocol (SFTP), for example, which 
operates identically to the regular version, but which encrypts the information 
being transmitted before it is sent off to the intended recipient. Only the 
true recipient will be able to decipher the data received. If the data to be 
transferred are considered to be of a sensitive nature, you may wish to make 
use of this or other forms of encrypted communications.
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9.4 Effective storage of structural health 

monitoring data

9.4.1 Organizing SHM data for efficient access

Once the measurement data have been transferred away from the monitoring 
site to the location where they will be analyzed, it is of great value to store 
the data in such a way that facilitates easy examination and backup. The best 
approach for meeting both those needs is to load the data into a commercial 
database system. Database software is specifically designed to meet the 
challenges of efficiently storing very large amounts of data, while making 
it easy to examine any portion of that data quickly. There are a variety of 
database packages which are available and may be suitable for a given SHM 
application. SMARTEC, for example, has integrated a database system 
directly into their data acquisition and monitoring software.
 Even if the equipment manufacturer does not provide their own integrated 
database system, a system from a third party can be used. One of the most 
popular choices of database system is MySQL (www.mysql.com). This 
software was developed as an open-source database system, meaning that 
the computer source code that runs the database was produced through a 
collaborative effort by a large number of software developers from the wider 
Internet community. The source code is free to be read and improved upon 
by anyone who wishes to participate in its development. As a result, there 
are a large number of programmers who have worked and continue to work 
with the software and improve its operation and security.
 MySQL was acquired in 2008 by Sun Microsystems, who offer two 
versions of the software depending on the needs of the user. The MySQL 
Community Server is a freely available version of the database software 
that can be downloaded and installed on a range of computers running a 
variety of operating systems. This free version comes with all the basic 
functionality but no technical support. It is intended for use by software 
developers or other individuals with the background to comfortably install 
and maintain it themselves. For customers who require more support and 
management assistance, a commercial version of the system, the MySQL 
Enterprise Server is available. As well, an alternative open source database 
PostgreSQL (www.postgresql.org) is also available.
 Whichever database system is used, they commonly implement SQL which is 
an abbreviation for structured query language. SQL is a standardized language 
for communicating with database systems to retrieve and manipulate the 
data stored within them. Some manufacturers of data acquisition equipment, 
such as National Instruments, provide the capability for their instruments 
to communicate directly with the database software running on a server, 
immediately storing measurements in the database as they are collected. In 
other cases, it will be necessary to take the data files saved by the measuring 
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instrument and have these loaded into the database through an additional 
step. The process for accomplishing this step will vary depending on the 
format of the files produced by the data acquisition equipment. Although it 
is not very efficient in terms of storage, most acquisition systems provide 
the option of saving measurements as text files, which can then be easily 
loaded into the database.

9.4.2 Archiving SHM measurements

In addition to the need to efficiently store measurements, there is also the 
need to backup those measurements to protect against data loss and also for 
long-term archiving. The approach undertaken to achieve this very much 
depends upon the goals of the monitoring project being undertaken. Generally 
speaking, the motivation for data archiving is to maintain a historical record 
of a structure’s behavior so as to facilitate further comparative analysis in 
the future when new inspections and measurements are performed. There 
are several factors that will affect the decision of what and how much data 
should be archived.
 The first factor is, quite simply, the volume of measurements being 
collected. As discussed previously, at a typical sampling rate of 100 Hz, a 
single sensor will produce 720 kB to 1.1 MB of data every hour. In the case 
of periodic monitoring where data are only collected over a limited time 
period it is not unreasonable to consider an archiving approach for a single 
SHM application that would retain all of this data. Attention is then directed 
to selecting a suitable storage technology to use for the archive. There are 
two approaches one might consider – online versus offline archives.
 An online archive would involve the long-term storage of the measurement 
data on a file server, which essentially translates into storage using hard 
drive technology. This type of storage is extremely mature and provides fast 
access to the archived information. Current device capacities are in the range 
of hundreds of gigabytes to a few terabytes and can be purchased at very 
low cost.  Such storage choices can easily accommodate large quantities of 
periodic data. A hard drive with a modest capacity of 100 GB could store 
the equivalent of 15.85 years of raw (unprocessed) measurements from a 
single sensor. Even if a database system is used to provide online storage 
and access to measurement data, it is important to regularly backup/archive 
those data to avoid data loss.
 The alternative archiving approach is to use offline storage, where the data 
are copied to some form of removable storage media. Currently the most 
ubiquitous offline option is optical storage on DVD. A standard recordable 
(single layer) DVD has a capacity of 4.7 GB of information, which would 
permit approximately 270 days of measurements for one sensor or the 
equivalent volume spread across multiple sensors. This type of storage option 
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is commonly available on most computing platforms. If dual layer DVD 
technology is used, the storage capacity per disc increases to 8.5 GB, which 
is equivalent to approximately 490 days of measurements from one sensor. 
While dual layer media does offer increased capacity, the discs themselves 
are currently four to five times the cost of the single layer media. However, 
it is reasonable to expect a reduction in this cost with dual-layer recording 
capabilities now becoming standard on new computing systems. While the 
capacity of DVD media is far less than that of hard drive storage, it is still 
sufficient to serve as a reasonable storage option for periodic monitoring 
applications. Larger capacity storage using newer disc technology, such as 
Blu-ray, is also becoming available.
 In contrast to periodic monitoring, SHM installations performing continuous 
monitoring of many sensors will quickly accumulate vast amounts of data. In 
these situations, one sensor, sampled at 100 Hz, would be responsible for 6.3 
GB of data in a year. It is common for SHM installations to include tens to 
hundreds of sensors, which easily increases the data volume to hundreds of 
gigabytes of data per year for a single structure. While the storage capacity 
of hard drive technology is comparable with this volume over the short-
term, it does not provide a realistic option for long-term data storage for 
most structures. Offline storage using DVD media is similarly impractical 
for storing all measurement data over the long-term.
 It is arguable whether there is any advantage in storing the entire history of 
measurement data for a structure that is being continuously monitored, even 
if a suitable storage option were available. The goal of monitoring, overall, 
is to provide an economically effective means of assessing the health of 
structures. To retain a vast archive of measurements from a structure so as to 
permit the potential future analysis of all data is inconsistent with this goal. 
One can easily argue the merits of keeping a much smaller, representative, 
selection of measurements that would be useful as a comparative reference 
for future data analysis without the need to retain all data. This leads then 
to the approach of selective data archiving.
 Selective data archiving would involve the retention of a small subset of 
raw measurements taken at regular intervals. For example, measurements 
covering only a couple of minutes of activity each hour, or every couple of 
hours, would reduce the data volume significantly. Furthermore, the fact that 
the structure is being monitored continuously implies that the data that are 
not being archived are still subject to analysis and interpretation using a data 
analysis scheme, but once examined the data are not necessarily retained. 
As a result of selective archiving, performance issues that are captured in 
the measurement data may be identified and acted upon, while data that 
indicate no unusual performance issues can be discarded without the loss 
of important operational information.
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9.4.3 Integrity of archived data

In addition to identifying a suitable method of data storage, it is also 
important to consider one’s ability to access the stored data in the future. 
It is the intention of the civil engineering community to extend the useful 
life of structures from 50 to upwards of 100 years. This time frame greatly 
exceeds the practical lifetime of the current computing equipment used for 
data acquisition and analysis, as well as the storage devices on which data 
would be archived. In the case of online storage, this means that the archived 
information will need to be moved to newer systems as current equipment 
becomes obsolete. It is also important to remain cognizant of the need to 
ensure the online systems being used include redundancy in the event of 
failure of storage components. Various options are available in the case of 
online storage that involves the duplication of data across multiple hard 
drives to provide redundancy that protects against data loss.
 For offline storage, it is expected that DVD media would provide reliable 
storage on the order of 100 years (Bryers 2003). However, one must remain 
aware of the fact that future computing systems may lose the ability to 
access that media type. For example, consider the difficulties one might 
encounter reading data stored on 3.5 inch floppy disks, or worse yet 5.25 inch 
disks or magnetic tape. Based on experience with these and earlier storage 
technologies, it is reasonable to anticipate the need to migrate the data from 
one storage technology to another to ensure the continued accessibility of 
the information (Rothenberg 1995).
 In the case of both online and offline archiving, access to the data files 
alone may not be sufficient to insure long-term availability of the data. It 
is also important that the format in which the data are stored remains one 
that is readable to current computing systems. File formats from different 
programs and data acquisition hardware are often specific to that equipment. 
While there is a good deal of interoperability between existing programs 
in terms of their ability to read several different formats, even those from 
competing sources, this can not be assured in the long term. If knowledge 
of the form of those file types is not retained, or the data are not converted 
to newer formats, the data may become effectively unreadable (Rothenberg 
1995, Clausen 2004).

9.5 Structural health monitoring  

measurement processing

The final stage of the SHM process involves the analysis of the collected 
data. Interpretation of measurements will generally be specific to the structure 
under investigation and will draw upon documentation and the expertise of 
civil engineers familiar with the structure of interest. However, even before 
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expert analysis is undertaken, it is important to perform checks on the collected 
data to ensure the measurements are meaningful. There are several sources 
of error which may be introduced into the measurement process that can 
corrupt the resulting data to varying degrees. Several of these are outlined 
by Zhang and Aktan (2005).

9.5.1 Noise

It is common for researchers to speak of ‘noisy data,’ but what does that mean 
in the context of SHM? In general terms, noise refers to variations in the 
observed input signal which are not due to the phenomenon being measured, 
but rather are introduced into the measurements from other sources. These 
unwanted signals interfere with the desired signals to varying degrees and in 
extreme situations may completely overwhelm them. In many cases, the noise 
will be due to electromagnetic interference from other electronic equipment 
or electrical sources in the vicinity of the structure when the measurements 
are taken. The measurement equipment itself may also contribute to the 
observed noise, depending on how well it is designed.
 Most commonly, noise takes the form of random variations in the sensed 
signal over time. The extent of noise introduced from external electromagnetic 
sources can be reduced through the use of sensor cables and leads which 
include internal shielding, and where this shielding is properly grounded at 
the data acquisition equipment. Using cables comprising pairs of twisted 
conductors will assist in reducing the impact of electrical noise. It will, 
however, not be possible to completely eliminate noise from the input signal. 
What is important is that the magnitude of the noise be reduced, relative to 
the magnitude of the desired input signal, so as to minimize the impact of 
the noise on the data interpretation. 
 To further assist in reducing the effects of residual noise on measurements, 
it may be possible to compensate for the presence of noise by oversampling 
the input signal and performing a local average of the resulting data. 
Oversampling involves the collection of measurements at a sampling rate that 
is significantly higher than the minimum required by the sampling theory. If 
the noise has characteristics which are indeed random and with zero mean, 
then averaging a series of consecutive measurements would be expected to 
reduce the magnitude of the noise-induced variation. The data may then be 
down-sampled to an appropriate data rate for the application.
 While beneficial, oversampling of sensors may not always be possible 
for a variety of reasons. These may include the data acquisition equipment’s 
inherent inability to collect measurements at a higher rate from any given 
sensor, an inability of the equipment to handle a higher total volume of data 
from multiple sensors simultaneously, or an inability to support higher data 
volumes due to limited communication bandwidth. In other situations, the 
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data may have been collected at some earlier time, limiting the processing 
to the rate used at the time those measurements were collected. Nonetheless, 
a form of windowed averaging could still be applied to these readings. Such 
averaging must be used judiciously, however, as it will smooth features of 
the input signal itself, a fact that may have a serious impact on later analysis. 
To minimize this impact, the size of the averaging window should cover 
only a small number of samples.
 Other forms of noise present within the data may not be random, but 
instead may be systemic in nature. This type of interference introduces regular 
variations in the sensed signals that can not be removed with averaging 
because the mean of the noise would not be expected to be zero over a short 
averaging window. An example of such a signal is noise introduced from 
an AC power (mains) source or from within the power supply components 
of near-by equipment. Interference from the mains supply manifests itself 
as a sinusoidal variation at a frequency of 60 Hz (or multiples thereof) in 
North America or 50 Hz in Europe. These types of unwanted signals may be 
removed using additional digital filtering. This is accomplished by applying 
a notch filter to the measurements that is tuned to the frequency of the noise. 
A notch filter attenuates signals over a narrow range of frequencies while 
leaving the signal at other frequencies unaltered. In addition, as was the 
case with random noise, proper shielding and grounding of sensor leads and 
cables will also help to reduce the effects of external systemic noise.
 Lastly, measurements may include spurious readings or outliers that 
are neither systematic, nor random with zero mean. In such situations, 
more sophisticated approaches must be sought to isolate these spurious 
measurements and to eliminate them from the subsequent analysis. Huang 
(2007) explores this problem in the context of structural health monitoring 
of the Confederation Bridge in Canada, using a technique proposed by Basu 
and Meckesheimer (2007).
 The goal of any noise reduction methods is to decrease the impact of the 
noise while ideally leaving the important underlying sensor signal intact. 
Doing so increases the integrity of the signal and therefore its usefulness as 
a source of information for data interpretation and mining operations.

9.5.2 Unreliable or failed sensors

A further source of potential error in interpreting SHM measurements comes 
about from the failure of individual sensors. It is a certainty, in the case of 
long-term monitoring, that some sensors will cease operation. Even in the 
case of periodic monitoring, some unexpected failures may occur. Since 
SHM systems employ an array of sensors to monitor a structure, it should 
be possible to make use of this fact by performing tests on the consistency 
of data across a series of sensors. For example, if there are several strain 
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gages installed in the transverse direction within a bridge deck or on the 
girders supporting that deck, it is reasonable to expect that the time-series of 
measurements from those sensors would show strong similarity. If a single 
sensor produces readings that are inconsistent with its neighbors, this is a 
strong indication that there is a deficiency in that sensor. Perhaps it has come 
detached from the structure, or the connection between the sensor and the 
data acquisition system has been damaged or degraded in some way. It is 
less likely, though not impossible, that the difference in reading is the result 
of a structural issue. Were that the case, one might expect the structural 
degradation to affect several sensors to varying degrees.

9.5.3 Novel measurement detection

The final aspect of measurement processing to be explored here is that of 
novel measurement detection. As a consequence of the high volume of data 
collected from continuous monitoring installations, it is helpful to provide 
basic techniques for reducing the data to a more manageable size. One 
method of achieving this is to use statistical regularities of the data to serve 
as the basis of a model for those data. Once the parameters of that model 
are established, it is possible to compare new measurements against those 
predicted by the model and thereby to separate new measurements of interest 
from those which are simply repeated instances of past data. In so doing, it is 
possible to significantly reduce the quantity of data that must be examined in 
detail. Our past studies (McNeill and Card, 2005) have found that applying 
this approach to SHM measurements, with no explicit information pertaining 
to the nature of the structuring being monitored, resulted in a 97% reduction 
in the quantity of data needing to be retained and examined.
 The technique used here was frequency sensitive competitive learning 
(FSCL) (Krishnamurthy et al., 1990), which is a type of neural computing 
algorithm or neural network. While the name reflects the biological motivation 
for this type of information processing, it is, in fact, simply a self-adaptive 
approach for modeling the basic structure of a large collection of data based 
upon statistical regularities recorded within it. This makes FSCL well suited 
to SHM applications where the quantities of data are very large.
 For the structures we examined, small windowed portions of time-domain 
measurements of strain, temperature and acceleration were transformed into 
the frequency-domain. The resulting spectrum was then provided as input to 
the FSCL modelling algorithm. In our studies, windows of four seconds were 
used with 50% overlap with the previously encoded window. The output of 
the system is a continuously variable quantity, which is a measure of the 
similarity between the current input and that of the modeled data distribution. 
We refer to this output as a novelty index, since it is an indication of how 
novel the current input is in comparison to past data. Figure 9.5 is an example 
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of the output novelty value for a structure in Victoria, Canada. The greater 
the magnitude of the novelty index, the more atypical the current input. By 
simply thresholding the novelty value, it is possible to quickly separate novel 
data from the mundane.

9.6 Future trends

One of the most significant future trends relating to the collection and 
management of SHM data is the emergence of wireless sensing and 
communication technologies. Considerable research is underway to produce 
accurate and economical sensor nodes that can be attached to structures 
to form portions of an SHM installation. This eliminates the need to run 
an extensive network of conduits and cabling from the sensor locations to 
the cabinetry in which the data acquisition equipment is housed. This in 
turn reduces the overall cost of an SHM installation, with a corresponding 
reduction in installation time. The drawback, though, to such an approach is 
the need to provide battery power to operate each individual sensor. This is 
not a significant disadvantage for periodic monitoring applications, but can 
result in reducing performance in the case of continuous monitoring.
 A further development in wireless technology that is certain to affect 
SHM is the development and anticipated widespread adoption of WiMAX. 
WiMAX is a next generation wireless communication technology designed 
to provide significantly increased data communication capacity to cellular 
telephone users. Given the difficulties and cost associated with providing 
on-site communications at many SHM locations, a generally available and 
high-speed wireless communication infrastructure would facilitate simple 
setup and operation of both a period and continuously monitored SHM 
installation. WiMAX is still in the early stages of its adoption, so it remains 
to be seen to what extent it gets deployed and what the associated costs will 
be for the cellular service providers.

9.7 Sources of further information and advice

The International Society for Structural Health Monitoring of Intelligent 
Infrastructure (ISHMII) was founded in 2003 with the goal of promoting the 
development and deployment of SHM technologies. Its website (www.ishmii.
org) and related conferences, workshops and publications provide a source 
of further reading on SHM related topics, including data management.
 The ISIS Canada Research Network grew out of a highly successful 14-year 
research initiative of the Canadian government involving academics from 
across the country. It continues to apply innovative materials, methods and 
health monitoring to improve civil infrastructure in Canada and worldwide. 
Its website (www.isiscanada.com) contains numerous publications and design 
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manuals relating to monitoring of civil infrastructure. As well, it provides 
links to demonstration projects and examples of live monitoring projects 
that are ongoing.
 The International Society for Weigh-in-Motion (ISWIM) was established 
to support the development and deployment of weigh-in-motion system for 
both bridges and pavements. Its website (iswim.free.fr) contains information 
relating to advances in vehicle weigh-in-motion, links to weigh-in-motion 
vendors, conferences and workshops. Weigh-in-motion systems may form 
one part of an SHM system and, even when not used in the context of SHM, 
are subject to many of the same data management issues associated with 
SHM.
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Statistical pattern recognition and damage 
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of civil infrastructure systems
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Abstract: The main problems of structural health monitoring (SHM) can 
be cast or regarded as problems in pattern recognition (PR) or machine 
learning. This approach makes use of the availability of appropriate data to 
learn the relationship between measured quantities and a diagnosis of state-
of-health. This chapter describes how PR provides a natural framework for 
addressing questions of SHM from basic detection to damage location and 
quantification. The basic theory and practice are illustrated via the use of 
two experimental case studies; the first concerns the classification of acoustic 
emission data as part of a damage assessment of a bridge box girder and the 
second considers the problem of damage location within an aircraft wing. 
A number of PR algorithms are illustrated, based on both statistical and 
neural network approaches. A modern approach to machine learning based 
on concepts of statistical learning theory is also illustrated using the aircraft 
wing data.

Key words: pattern recognition, machine learning, statistical pattern 
recognition, neural networks, statistical learning theory, support vector 
machines.

10.1 Introduction

The fundamental problem of structural health monitoring (SHM) concerns 
the question of damage detection, and this question is very simply posed. 
The objective is just to identify if and when the system departs from normal 
condition; this is the most basic level of damage identification which can be 
addressed. Generally speaking, there are two approaches to damage detection. 
Model-driven methods establish a high-fidelity physical model of the structure, 
usually by finite element analysis, and then establish a comparison metric 
between the model and measured data from the real structure. If the model is 
for a system or structure in normal (i.e. undamaged) condition, any departures 
indicate that the structure has deviated from normal condition and damage is 
inferred. Data-driven approaches also establish a model, but this is usually 
a statistical representation of the system, e.g. a probability density function 
of the normal condition. Departures from normality are then signalled by 
measured data appearing in regions of very low density. The algorithms that 
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have been developed over the years for data-driven approaches are mainly 
drawn from the discipline of pattern recognition, or more broadly, machine 
learning. The objective of this chapter is to illustrate the utility of the data-
driven approach to damage identification by way of two case studies. The 
first is an analysis of acoustic emission data from a component of a bridge; 
the second is concerned with damage location on an aircraft wing. 
 As the title of this chapter suggests, it is concerned with a specific class 
of algorithms that are applicable to damage detection problems and more 
generally, problems of damage identification. Because of space limitations, 
the chapter will not attempt to discuss the desirability of SHM – the interested 
reader will be directed elsewhere within this book. The assumption here is 
that SHM is a good thing and one should only be concerned with how it is 
to be accomplished. Even within this philosophy, the remit of this chapter 
will be limited to a discussion of pattern recognition and machine learning 
algorithms. 
 At a more sophisticated level than damage detection, the problem of 
damage identification can be approached. This seeks to determine a much 
finer diagnosis and can even address issues of prognosis. The broader problem 
can be regarded as a hierarchy of levels (Rytter, 1993).

• Level 1. (Detection) The method gives a qualitative indication that 
damage might be present in the structure.

• Level 2. (Localization) The method gives information about the probable 
position of the damage.

• Level 3. (Assessment) The method gives an estimate of the extent of 
the damage.

• Level 4. (Prediction) The method offers information about the safety of 
the structure, e.g. estimates a residual life.

 Many people would add an extra level – that of classification – to this 
scheme. This would give information about the type of damage experienced 
by the system or structure. This could be of significant importance for the 
later levels in the hierarchy. For example, consider a composite material 
which may sustain damage of several different types: matrix cracking, fibre 
snapping, delamination, etc. If one were to attempt prognosis, i.e. predict 
how the damage were to evolve, one would need to know the type of damage 
in order to apply the appropriate damage evolution model.
 This chapter will argue that the fields of pattern recognition and machine 
learning theory offer a natural framework in which to address the problems 
of damage identification (at least at levels one to three). Before this can 
begin, it is necessary to specify the remit of machine learning. This is a 
body of knowledge that attempts to construct computational relationships 
between quantities on the basis of observed data and rules. It is characterized 
by the fact that computational rules are inferred or learned on the basis of 
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observational evidence. This contrasts with the ‘classical’ view of computation 
where the algorithmic rules are imposed in the form of a sequence of serially 
enacted instructions. It is sometimes stated that learning theory is designed 
to address three main problems (Cherkassky and Mulier, 1998):

• Classification, i.e. the association of a class or set label with a set or 
vector of measured quantities. The set of observations may be sparse 
and/or noisy.

• Regression, i.e. the construction of a map between a group of continuous 
input variables and a continuous output variable on the basis of a set of 
(again, potentially noisy) samples.

• Density estimation, i.e. the estimation of probability density functions 
from samples of measured data.

 The classical field of pattern recognition (PR) is essentially that part of 
machine learning concerned with classification. The case studies in this 
chapter are only concerned with classification. A further division of learning 
algorithms may be made between unsupervised and supervised learning. The 
former is concerned with characterizing a set on the basis of measurements 
and perhaps determining underlying structure. The latter requires examples of 
input and output data for a postulated relationship so that associations might 
be learnt and errors corrected. Although it is not universally so, regression 
and classification problems usually require supervised learning, while density 
estimation can be conducted in an unsupervised framework. 
 In general, the actual PR or machine learning step may only be a part of 
the required analysis. It is usually necessary to convert measured data into 
features, i.e. quantities that make explicit the rule to be learned. Alternatively, 
feature selection can be regarded as a process of amplification. In the context 
of damage detection, one transforms the data in such a way as to retain only 
the information necessary for a diagnosis, any other redundant information is 
discarded. This is clearly desirable. Another frequent aim of feature selection 
is to produce quantities with low (vector) dimension. The reason for this is 
that the data requirements of learning algorithms usually grow explosively 
with the dimension of the problem – the so-called curse of dimensionality. 
Before feature selection it may be necessary to clean the data or attend to 
it in other ways: filtering might be employed as a means of noise rejection, 
missing values may need to be estimated, etc.
 The point of the foregoing discussion is that the classification or regression 
step is not necessarily the most complex part of the problem, data pre-
processing or feature selection themselves may prove very difficult. For 
example, careful feature selection may yield a simple classification problem 
that yields to an elementary algorithm.
 The objective of this chapter is to illustrate the application of PR classification 
algorithms to two damage identification problems. In broad terms, there are 
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three different approaches to PR: statistical, neural and syntactic (Schalkoff, 
1991); because of the greater conceptual difficulties presented by the syntactic 
approach, only the statistical and neural approaches will be illustrated here. In 
illustrating the different problems and approaches, the authors will draw only 
on their own work; this is purely for convenience – the material is readily 
available. In order to convince oneself of the widespread application of these 
techniques, one need only consult the current literature. A good summary of 
the initial efforts in the field is in Doebling et al. (1996) that exhaustively 
surveys the field of damage identification (using vibration data) up to 1995, 
citing 20 papers that apply neural networks alone. The sequel to this survey 
is also available (Sohn et al., 2003) and shows that more research effort has 
been expended in the field between 1995 and 2001 than was expended up 
to 1995. It also shows that researchers are now exploiting a considerably 
greater range of algorithms; neural networks are still popular, but systems 
like support vector machines from statistical learning theory are beginning 
to appear more regularly. Their use will be discussed later in this chapter. 
 As mentioned above, this chapter is restricted to PR solutions. There are 
many competing approaches to damage identification which have different 
formulations, e.g. schemes based on finite element updating. These approaches, 
when used with care, are the equal of those from learning theory. They are 
usually based on the concept of an inverse problem and employ solution 
methods drawn from computational linear algebra. Again, Doebling et al. (1996) 
is an excellent place to find out about these other methods. Another compact 
source of reference is Worden (2003), which describes the benchmarking 
activities of the European COST F3 Action on Structural Dynamics. Within 
this action, Working Group 2 concerned itself with SHM and carried out 
benchmarking work on two large-scale civil structures. Both machine learning 
and inverse problem approaches are shown and compared.
 The layout of this chapter is as follows: the next section describes the 
background for the first of the two case studies, it is concerned with acoustic 
emissions in a bridge box girder. Section 10.3 describes how classical 
statistical and neural pattern recognition approaches are used to classify the 
acoustic emission data from the first case study. Section 10.4 describes the 
second case study which is concerned with damage location on an aircraft 
wing. Section 10.5 introduces the concepts of statistical learning theory and 
support vector machines and then applies the latter to the aircraft wing data. 
The chapter is rounded-off in Section 10.6 with some conclusions. 

10.2 Case study one: an acoustic  

emission experiment

This study concerns the classification of experimental acoustic emission data 
obtained from a box girder of a bridge. The data here were obtained from a test 
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at Cardiff University concerned with the classification of Acoustic Emission 
(AE) data from the box girder of a bridge. Five sensors (WDI-PCA Ltd.) 
of resonant frequency 100–1000 kHz were attached around the diaphragm 
using magnetic clamps as shown in Fig. 10.1. The surface of the box girder 
was smoothed by light sanding to remove irregularities, prior to installation 
of the sensors. Grease was used as an acoustic couplant and the integrity 
of the sensor was checked using an Hsu-Nielson (H-N) source. Digitized 
AE signal waveforms were recorded using a 12-channel Physical Acoustics 
Corporation (PAC) MISTRAS system under cyclic loading of 0.1–85 kN.
 Figure 10.2 shows one of the AE samples from the box girder. Each 
sample comprised 2048 points sampled at a frequency of 4 MHz. 
 The object of the exercise was to distinguish the various AE sources, in 
particular, to distinguish the AE from crack growth from the others. This 

Sensor

Test 
piece

Restraints

Bracing

Actuator

10.1 Schematic of the box girder experiment.
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would be a prerequisite for carrying out any damage prognosis on the basis 
of AE activity.
 The AE bursts were separated from the background by establishing a 
detection threshold on initial data, known to be free of AE activity. The 
threshold is then set at the mean plus six standard deviations for the initial 
data, and any activity above this threshold is then considered to be burst 
activity. Each signal contained one AE burst, and as each burst was identified, 
the basic features were recorded. Figure 10.2 illustrates these traditional AE 
features, namely: rise time, peak amplitude, duration and ring down count.
 Ninety-one AE bursts were available for classification based on tabulated 
values of the four aforementioned parameters. The tabulated values for each 
burst are known as the signal feature vector.

10.3 Analysis and classification of the AE data

The first analysis applied to the AE data was for dimensionality reduction 
and visualization. 

10.3.1 Principal component analysis (PCA)

Theory
As a means of dimension reduction, PCA is a classical method of multivariate 
statistics and its theory and use are documented in any textbook from that 
field, e.g. (Sharma, 1996). A brief introduction will suffice here. The PCA 
algorithm can be used as a tool for data dimension reduction by projecting, 
through a linear transformation, the data into a new set of Cartesian 
coordinates. The new variables are referred to as the principal components 
and the values of these variables are called the principal component scores. 

0e+00 1e–04 2e–04 3e–04 4e–04 5e–04
Time (s)

V
o

lt
ag

e

0.15

0.10

0.05

0.00

–0.05

–0.10

–0.15

10.2 Typical AE signal obtained from the box girder.
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Each principal component is a linear combination of the original data and 
is both uncorrelated and orthogonal to all other principal components. 
Furthermore, the fi rst principal component accounts for the maximum variance 
in the data, the second principal component accounts for the maximum of 
the remaining variance and so on. The number of signifi cant components 
to retain is user-defi ned.
 Calculation is as follows, where x and z denote vectors in the measured 
and reduced space respectively:
 Given the data xi = (x1i, x2i, …, xpi) , i = 1,…N, form the covariance 
matrix ∑,

  
S S (( ) ( )

= 1i

N

i ii i) (( Tx xi  – x x – i  
10.1

 where x  is the vector of the means of the x-data, and decompose so,

  ∑ = ALAT 10.2

where L is diagonal. (Singular value decomposition can be used for this 
step). The transformation to principal components is then,

  z x xi
T

i(AT )  10.3
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10.3 Basic features of an acoustic emission burst.
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As a means of dimension reduction therefore, PCA works by linearly 
transforming the data to retain the maximum variance in the principal 
components whilst discarding those combinations of the data that contribute 
least to the overall variance of the data set. There is a caveat associated with 
this transformation. The components of least variance may in practice be 
most relevant for damage identification, and may be erroneously discarded. 
In the more general case of dimension reduction or feature extraction, more 
advanced techniques may be applied in order to preserve the features of 
interest.

Results of PCA on AE data

Principal component analysis was used to reduce the dimension of the 
feature vectors to a level where visualization of the data were possible. 
Before transformation to principal components, the data was standardized 
by dividing the mean-corrected data for each parameter by its respective 
standard deviation. This ensures that all parameters receive equal weighting. 
The technique was used to reduce the dimension of the four AE parameters 
to two principal components. The first two principal component scores of 
the standardized AE feature vectors are shown plotted in Fig. 10.4.

Plot of first two principal components of standardized AE data
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10.4 PCA reduction of standardized AE feature vectors from box 
girder (three clusters identified).
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 A complete analysis of this can be followed in Manson et al. (2002). The 
key point to note from this figure is the three sizeable clusters of reduced 
feature vectors labelled in the figure. The work in Manson et al. (2002) 
concluded that the three clusters blindly identified using PCA each related 
to a different AE activity known from the experimentation procedure. Those 
observations in cluster 1 arose from crack related events, all those in cluster 
2 from frictional processes away from the crack and all those in cluster 3 
from crack-related events detected at a distance away from the sensor. Figure 
10.5 shows an example of each of the three distinct AE signals.
 The three clusters of AE data identified formed the basis for the later 
analysis: an attempt to automatically classify an AE feature vector according 
to the generation mechanism of the AE activity. Note the simplicity of the 
problem. It is encouraging that a situation of real engineering interest breaks 
down into a separable classification problem. This will allow the use – in 
subsequent sections – of simple processing procedures. However, this is 
specific only to laboratory conditions where background noise, i.e. the number 
of competing sources, is controllable. 
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10.5 Example of each of the three distinct AE signals.
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10.3.2 Training and validation data

In each of the pattern recognition techniques, it is advantageous to employ 
the maximum amount of available information in designing the pattern 
recognition system. The generation mechanism of each AE burst is known 
a-priori so the clusters are assigned as in Fig. 10.4. The complete data set 
is then split into a training set and a validation set with equal numbers of 
feature vectors belonging to each class assigned to each. The training data 
set is split further into three separate clusters, each containing AE feature 
vectors representing a different generation mechanism. The training set 
provides information on how to associate input data with output decisions 
and is used to allow the system to ‘learn’ relevant information, such as 
statistical parameters or key features. This is known as ‘supervised’ learning, 
whereby information on pattern class is available from the training data. 
The information ‘learnt’ from the training data can then be used to make 
a decision on classifi cation when testing data is presented (Bishop, 1998). 
Rigorous procedure requires that three data sets are distinguished, training, 
validation and testing. The idea of the training set is to fi x the parameters of 
the learning algorithm, i.e. the weights of a neural network. The validation 
set is used to set hyperparameters, e.g. the number of hidden units in the 
neural network or the smoothing parameter in kernel discriminant analysis. 
For true rigour, a third testing set is required in order to judge generalization 
performance. However, given the sparsity of the data set used here, only 
a training and validation set were selected. The visualization results show 
later that this course of action is not too destructive. 

10.3.3 Statistical methods

The fi rst two approaches to pattern recognition apply a statistical methodology 
based on the assumption that the data take a multivariate Gaussian distribution. 
The Gaussian distribution for multidimensional data is given by,

  

p x x
d

( ;x ,x  ) 1

(2 ) | |
 expS

Sπ
{ }x x x xT1

2
(( – ) ((T –1S ))

 

10.4

This is determined by knowledge of the mean vector, x  and covariance 
matrix, S. d represents the number of dimensions and | ∑ | represents the 
determinant of the covariance matrix. 
 The two Gaussian statistical techniques used here manipulate this expression 
into a form suitable for classifi cation of the AE feature vectors. 

Quadratic discriminant analysis

The multidimensional Gaussian distribution was used as a discriminant 
function, i.e. a function that signals class membership. In the fi rst case, the 
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full four-dimensional feature vector was used. For each of the three training 
data sets, the mean vector, x , and covariance matrix, S, were calculated. 
The class dependence in pi(x) was obtained parametrically via class-specifi c 
mean vectors and covariance matrices, i.e. xii  and Si. These were used in 
equation (10.4) to construct the functions for p1(x), p2(x) and p3(x); one for 
each AE cluster.
 p1(x), p 2(x) and p3(x) were then evaluated for each feature vector, (x1, 
x2, x3, x4) = x, in the test data set. Based on these probabilities, each test 
data point x was assigned to the cluster i that gave the largest value of pi. 
The results are presented in Table 10.1 in the form of a confusion matrix, 
displaying assigned class against true class (known from the experimental 
technique).
 This shows that only one of the test data points was incorrectly assigned 
using the Gaussian discriminant function. Considering that the objective of 
engineering interest here is to separate class 1, i.e. crack related events, the 
single error is no real cause for concern.
 The data point that was incorrectly assigned is identifi ed in Fig. 10.6. This 
shows that the incorrectly assigned point is that of cluster 2 that is closest 
to cluster 3 where one may expect some confusion. The numerical results 
show that the technique did not confi dently assign the point to either cluster 
as the probability densities given for assignment to clusters 2 and 3 were 
extremely close, being 0.0213 and 0.0220 respectively.

Decision boundaries

For this analysis, the quadratic discriminant analysis was applied to the 
two-dimensional data. This is essentially another visualization technique in 
that it displays the data in relation to the class labelled decision regions. The 
border of each region is a decision boundary and the data are classifi ed by 
assigning each point into the decision region that it falls.
 Equation (10.4) can be rewritten as,

  
log ( ) = 1

2
( ) (( ) 1

2
 log1p x( x x x xi) = –

2
(x(( x x– T

i iS S( ) – 1
2

log1 x x– i Ô ii Ô
 

Table 10.1 Confusion matrix of results from 
quadratic discriminant analysis

  Assigned class (cluster)

  1 2 3

True 1 11  0 0
class  2  0 28 1
(cluster) 3  0  0 5
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where the class independent terms have been ignored. If two clusters are 
defi ned as i and j, a decision boundary based on this is specifi ed by the 
condition,

  pi(x) = pj(x)      i ≠ j 10.6

The mean vector, x , and covariance matrix, S, were again calculated for 
each training cluster and inserted in turn into the above. Three equations 
were defi ned and used to plot decision boundaries between the three clusters. 
The decision boundaries can be seen in Fig. 10.7 on the reduced dimension 
AE test data set.
 The plot illustrates that the decision boundaries have accurately classifi ed 
the AE data into its true classes. As with the four-dimensional analysis, 
slight confusion results between clusters 2 and 3 whereby one data point 
is visibly positioned on the decision boundary. This point cannot therefore 
be blindly assigned with any degree of confi dence to a specifi c cluster. 
The single misclassifi cation is there purely because of the simplicity of the 
classifi cation procedure. Each cluster distribution was assumed Gaussian. 

Plot of fi rst two principal components of AE data
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10.6 PCA reduction showing mis-assigned data point by quadratic 
discriminant analysis.
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Kernel density estimation (KDE)

KDE offers another systematic procedure for diagnosing damage in structures 
and machines. For pattern recognition and damage classifi cation, a probability 
density function (PDF) can be defi ned over each class of training data. Once 
the PDF is known, new data can be classifi ed on the basis of the PDF value 
for the pattern. The algorithm used here (Silverman, 1986; Worden, 1998), 
estimates PDFs using the Parzen window approach, otherwise known as 
kernel density estimation.
 The basic idea is that each point in the training data set contributes an 
‘atom’ of probability density to the estimate. The basic mathematical form 
of the estimate for multivariate data is,

  
ˆ̂̂̂p z

nh
K

z Z
hi

n
i( )z = 1

= 1
S Ê

ËÁ
ÊÊ
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ˆ
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10.7

where Zi is the ith data point, n is the number of points in the training set and 
h is the smoothing parameter which controls the width of the atoms. ˆ̂̂̂p z( )z  
is the estimate of the true density p(z). The kernel function K(x) can be any 
localised function satisfying certain constraints (Silverman, 1986); the most 
popular choice and the one used here is the multivariate Gaussian,
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10.7 Decision boundaries with reduced dimension AE training data.

Test Data PCA plot with decision boundaries
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where d is the dimension of the data space. Once the estimate ˆ̂̂̂p z( )z  is 
established, the PDF values at any new measurement points are trivially 
evaluated. 
 The quality of the output depends critically on the size of the training set 
and the value of the smoothing parameter, h. There is an optimum value for 
h and there are a number of ways of estimating it (Wand and Jones, 1995). 
One of the simplest methods and the one adopted here, is least-squares 
cross-validation (Silverman, 1986). This seeks to minimize the squared error 
between the density estimate and the true density,

  
J p p x p x[ ]p = (dx pp( )x – ( )x )2ˆ ˆd (d ( )ˆ ]ˆ̂ ˆ̂̂Ú  

10.9

This creates a problem because p(x) is unknown. However, an approximate 
solution based on cross-validation can be found. The approach here uses 
a quadratic-fi t Newton type method to carry out the minimization of an 
approximate form of the mean-squared error between p(x) and ˆ̂̂̂p x( )x  (Worden, 
1998). 
 If the true density is known to be Gaussian, a simple formula exists for 
the optimum smoothing parameter as follows:

  h An d*
1
+ 4  10.10

for a multivariate distribution, where,
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 The algorithm forms a density estimate, estimates the PDF at each point in 
the training set and reports the range of values encountered. The density can 
then be estimated on a test data set that is not used in the construction of the 
density. Kernel discriminant analysis (KDA) is accomplished by estimating 
a density on the basis of each class. When a new point is encountered it is 
classifi ed by assignment to the class that gives the highest density value. 
 The analysis is conducted here using the fi rst two principal components 
of the feature vectors, again for visualization purposes. 
 The analysis was fi rst conducted using estimates of the smoothing parameter 
given by least-squares cross-validation. The results are summarized as a 
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confusion matrix in Table 10.2. The analysis was repeated but this time the 
kernel density estimates were made using the values of smoothing parameters 
given by applying the Gaussian assumption, equation (10.10). The results 
produced were the same as those in Table 10.2. The values of smoothing 
parameter being used were in the range of 0.5 to 1. Only one misclassified 
test data point is present in both cases.
 Figure 10.8 shows a density plot of the test data generated by KDE applying 
a value of smoothing parameter of 0.5 (top plot). Inspection of this plot 
suggested that the values of smoothing parameter being generated were too 
large, resulting in over-smoothing of the data. The analysis was repeated by 
determining a value of smoothing parameter using cross-validation over the 
complete training data set, rather than over the individual clusters. The results 
can be seen in Table 10.3. This shows completely correct classification of the 
AE test data set. The suggested value of smoothing parameter is therefore 
0.2, as opposed to approximately 0.5 estimated over the individual training 
data sets. The difference in density plots can be seen by comparing the two 
respective plots in Fig. 10.8. These demonstrate the criticality in setting the 
value of smoothing parameter for the kernel density estimation.

10.3.4 Neural networks

The neural network paradigm used for this study was the standard multi-
layer perceptron (MLP) trained with the backpropagation learning rule. An 
introduction is given here; for more details the reader is referred to Bishop 
(1998):
 The MLP is a collection of connected processing elements called nodes or 
neurons arranged together in layers. Input signals pass into the input layer, 
progress forward through the network hidden layer nodes and the result 
emerges from the output layer nodes. Each node i is connected to each node 
j in the preceding and following layers through the connection of weight 
wij. Signals pass through the network nodes by performing a weighted sum 
at i of all the signals xj from the preceding layer, giving the excitation zi of 
the node. This is then passed through a nonlinear activation function f to 
emerge as the output of the node xi to the next layer, i.e :

Table 10.2 Confusion matrix for classification of AE test 
data using KDE with h value given by cross validation

  Assigned class (cluster)

      1 2 3 

True 1 11 0 0
class  2 0 28 1
(cluster) 3 0 0 5
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10.8 KDE density estimations of AE test data applying smoothing 
parameter values of 0.5 (top plot) and 0.2 (bottom plot).
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Various choices for f are possible, and in this case it is taken as the hyperbolic 
tangent function f (x) = tanh (x). The network has one additional node, the bias 
node, which is special in that it is connected to all other nodes in the hidden 
and output layers. The output of the bias node is held constant throughout 
in order to allow constant offsets in the excitations zi of each node.
 The operation of an MLP has two distinct stages: training and testing. 
When training, both the inputs and desired outputs (class) are known, and 
a form of supervised learning can therefore be used to establish values for 
the connection weights wij. At each training stage a set of inputs are passed 
forward through the network producing trial outputs that are compared to the 
desired outputs. If a signifi cant error is obtained, the error is passed backwards 
through the network and a training algorithm uses the error to adjust the 
connection weights. The algorithm used here is the backpropagation learning 
algorithm (Bishop, 1998), (it is a simple variant of gradient descent and is 
by no means state-of-the-art). The cycle repeats until the error is reduced to 
an acceptable level, and at this point the training phase ends and the network 
is established.
 The problem here is to train the network to classify the test data. The 
problem is to associate the input data with one of the known classes. If there 
are Nc classes for classifi cation, then the network should be defi ned with Nc 
outputs; one associated to each of the classes. The network is trained with 
the aim of signalling a value of unity at output node Ni and zero at all other 
output nodes if the input vector is class i. Likewise, Nj should signal unity 
for input feature vector class j, with all other outputs zero, and so on. This 
is called a 1 of Nc strategy. The advantage of using such a strategy is that 
(under certain conditions), the trained neural network will estimate posterior 
class probabilities in the Bayesian sense. This means that class assignment 
is simply allocating the label corresponding to the highest output (Bishop, 
1998).
 In the current research, the neural network was defi ned as having two input 
nodes, one corresponding to each of the fi rst two principal components of 

Table 10.3 Confusion matrix for classifi cation of AE 
test data using KDE taking h = 0.2

  Assigned class (cluster)

      1 2 3

True 1 11 0 0
class 2 0 29 0
(cluster) 3 0 0 5
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the AE feature vectors, and three output nodes, one corresponding to each 
of the three possible AE classes. The number of layers and the number of 
neurons per layer were determined by minimizing the error on the validation 
set. The best network structure from the validation exercise had two hidden 
units. With this structure the network gave perfect classification.
 The optimum network was then used to generate the network weights, 
wij. By a slightly more complicated procedure than applied to the quadratic 
discriminant analysis, one can compute the decision boundaries for the neural 
network and these are illustrated in Fig. 10.9.
 Note that the decision boundary for separating classes 2 and 3 is very 
close to cluster 3 indicating that there may be a marginal generalization 
problem.

10.4 Case study two: damage location on  

an aircraft wing

The structure of interest was a Gnat trainer aircraft, or more specifically, the 
starboard wing of the aircraft as shown in Fig. 10.10. (A very full description 
of this case study can be found in Manson et al. 2003)

10.9 MLP neural network generated decision boundaries with 
reduced dimension AE data, applying a hyperbolic tangent output 
function.
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 This study investigated level 2 in Rytter’s damage hierarchy, namely 
damage location. Having detected that damage is present in the structure 
there is generally a desire for further information regarding the location of 
the damage. This problem is often cast in a regression framework with the 
output being the coordinates of the damage. This was the framework used 
to detect impacts to a composite panel in Worden and Staszewski (2000). 
In this study, due to restrictions upon actually damaging the structure, the 
problem of damage location was cast as one of classification. The question 
on this occasion was concerned with identifying which of nine inspection 
panels had been removed. 
 Owing to the general success of using novelty detectors for damage 
detection problems, it was decided to attempt to extend this approach to see 
whether it could be used for the level 2 problem. A network of sensors was 
used to establish a set of novelty detectors, the assumption being that each 
would be sensitive to different regions of the wing. 

10.4.1 Test set-up and data capture

As described above, damage was simulated by the sequential removal of nine 
inspection panels on the starboard wing: this also had the distinct advantage 
that each damage scenario was reversible and it would be possible therefore 
to monitor the repeatability of the measurements. Figure 10.11 shows a 
schematic of the wing and panels.

10.10 Gnat aircraft and acquisition system.
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10.11 Schematic of the starboard wing inspection panels and transducer locations.
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 The area of the panels varied from about 0.008 m2 to 0.08 m2 with panels 
P3 and P6 the smallest. The basic features selected for the problem were 
transmissibilities, i.e. the ratio of the acceleration spectra recorded at two 
distinct points. The reason is that they are known to be sensitive to local 
variations in the structure and this is a prerequisite for successful damage 
location. A further reason is that the transmissibilities do not require a 
reference excitation measurement and therefore offer the possibility of use in 
flight where the excitation is not known. The transmissibilities were recorded 
in three groups, A, B and C as shown in Fig. 10.11. Each group consisted 
of four sensors (a centrally placed reference transducer and three others). 
Only the transmissibilities directly across the plates were measured in this 
study. 
 The excitation and recording of the transmissibilites were conducted as 
follows. One 16-average transmissibility and 100 one-shot measurements 
were recorded across each of the nine panels for seven undamaged conditions 
(which were recorded at various stages of the data acquisition phase to 
increase robustness against variability) and the 18 damaged conditions 
(two repetitions for the removal of each of the nine panels). Figure 10.12 
shows two averaged transmissibilities measured over panel 4 of the wing. 

10.12 Examples of averaged transmissibility measurements.
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(In fact, the positions of the accelerometers were slightly different for this 
measurement.) Several peaks are visible in the transmissibility; the basic 
features are obtained by taking transmissibility measurements around peaks 
which are found to be sensitive to the damage. An example might be the 
points between lines 1375 and 1425 in Fig. 10.12; downsampling by a factor 
of two would then produce a 25-point feature vector.

10.4.2 Feature selection and novelty detection

The feature selection process was conducted visually for simplicity. This just 
means that each of the peaks was examined visually in order to fi nd those 
which showed marked and systematic variation with the onset of damage. In 
order to simplify matters, only the group A transmissibilities were considered 
to construct features for detecting the removal of one of the group A panels; 
similarly for groups B and C.
 The next step in the process was to convert the feature vectors to novelty 
indices; the algorithm adopted here was outlier analysis. The novelty index 
is a scalar which shows signifi cant increase when damage is present. The 
signifi cance of the increase is signalled by a threshold crossing. Details of 
outlier analysis and a description of how threshold levels are calculated are 
given in Worden et al. (1999). For a more in-depth analysis, readers are 
referred to Barnett and Lewis (1994).
 Outlier analysis basically calculates a distance measure – the squared 
(sample) Mahalanobis distance – D , for each testing observation, x , from

  D x x x xT
z zzxx zz( – ) ((T – )1

 10.12

where x  and ∑ are the mean vector and covariance matrix of the training 
set. These measures are then compared to a statistically calculated threshold; 
above the threshold and the observation is declared an outlier, otherwise it 
is declared an inlier.
 Candidate features were then evaluated using the outlier analysis. The best 
features were chosen according to their ability to correctly identify the 200 
(per panel) damage condition features as outliers while correctly classifying 
as inliers, those features corresponding to the undamaged condition. Figure 
10.13 shows the results of the outlier analysis for the feature that was 
designed to recognize removal of inspection panel P4. The data are divided 
into training, validation and testing sets in anticipation of presentation to the 
neural network classifi er. As there are 200 patterns for each damage class, 
the total number of patterns is 1800. These were divided evenly between 
the training, validation and testing sets, so (with a little wastage) each set 
received 594 patterns, comprising 66 representatives of each damage class. 
The plot shows the discordancy values returned by the novelty detector over 
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the whole set of damage states. The horizontal dashed lines in the figures 
are the thresholds for 99% confidence in identifying an outlier, they are 
calculated according to the Monte Carlo scheme described in Worden et 
al. (1999). The novelty detector substantially fires only for the removal of 
panel P4 for which it has been trained. This was the case for most panels 
but there were exceptions (e.g., there were low sub-threshold discordancies 
for the smaller panels and some novelty detectors were sensitive to more 
than one damage type).

10.4.3 Network of novelty detectors for  
damage location

Once the relevant features for each detector had been identified and extracted, 
a classifier was used to interpret the resulting set of novelty indices. (A 
further reason for using novelty indices for localization features is that this 
substantially reduces the dimension of the feature vector. If all the points of 
the various transmissibility ranges were used, the required classifier would 
need many more parameters and would possibly have difficulty generalizing.) 
Altogether, nine features (novelty indices) were used as the data for the 
classifier. As the panels were of different sizes, the analysis gave some 
insight into the sensitivity of the method. The final stage of the analysis 
was to produce the damage location classifier. The algorithm chosen was a 
support vector machine.
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10.13 Outlier statistic for all damage states for the novelty detector 
trained to recognize panel 4 removal.
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 Note that there are now two layers of feature extraction. At the fi rst level, 
certain ranges of the transmissibilities were selected for sensitivity to the 
various damage classes. These were used to construct novelty detectors for 
the classes. At the second level of extraction, the nine indices themselves 
were used as features for the damage localization problem. This depends 
critically on the fact that the various damage detectors are local in some 
sense, i.e., they do not all fi re over all damage classes. This was found to 
be true in this case.

10.5 Analysis of the aircraft wing data

10.5.1 Statistical learning theory

The support vector machines (SVMs) used as classifi ers in this study are 
algorithms motivated by Statistical Learning Theory (Vapnik, 1995,1998) 
which attempts to formalize much of the basic foundations of machine 
learning. The basic principle is that an algorithm is defi ned which learns a 
relationship between two sets of data. The fi rst is defi ned on a d-dimensional 
input space and denoted x, the second will be taken (without loss of generality) 
as 1-dimensional and denoted y. The relationship is induced by or constructed 
on the basis of training data (xk, yk); k = 1,…, N. If y is a continuous variable, 
the problem is one of regression, and if y is a class-label, the problem is one 
of classifi cation. The mapping between the two will be denoted f. 
 Suppose a relationship y = f (x, w) is learned from the data where w is a 
vector of free parameters which are adjusted to give best-fi t of the model. 
The mean error in the function is denoted by, 

  R(w) = ∫ dxdy Ôy – f (x, w)Ô p(x, y) 10.13

and is termed the actual risk. This function measures the acceptability of 
the model; unfortunately, it is impossible to compute. Firstly, only a fi nite 
set of data will usuably be available for training or testing. Secondly, the 
joint density of the inputs and outputs, p(x, y), is not normally known. In 
the absence of the actual risk, the empirical risk, 

  
R y f

i

N

ifempm
= 1

( )w  = ,i )S Ô Ôy ff ( ,xix  )w
 

10.14
 

is usually computed. It is impossible to tell on the basis of this quantity 
whether the map f will generalize well, i.e. will give low errors on different 
data sets generated with the joint density p(x, y). The basis of Vapnik’s 
work over the last 20 years has been to construct a framework – statistical 
learning theory – which allows the defi nition of bounds on the actual risk 
of the form, 

  R(w) ≤ Remp (w) + F(h) 10.15
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where the confidence interval F is a function of the parameter h which 
is the Vapnik-Chervonenkis (VC) dimension. This parameter scales with 
the complexity of the model basis used for fitting f (and is usually rather 
difficult to compute). An important point about (equation 10.15) is that it is 
independent of p(x, y) – it depends only on the training data and h . Bounds 
of this type form the basis for the idea of structural risk minimization. 
 The idea is to form a nested group of model bases as illustrated in Fig. 
10.14. Each model has VC-dimension h i with hi ≤ hi+1. For each group, one 
computes hi (or estimates an upper bound) and thus determines the confidence 
interval. The model is selected which minimizes the sum of the empirical 
risk and the confidence interval. The principle is that better generalization 
will result if the complexity of the model is controlled carefully. Consider 
fitting a function with a neural network; if enough weights are included the 
network will fit any relationship without error on the training data, but will 
be unable to generalize. 

10.5.2 Basic theory of support vector machines

It is simplest to begin the discussion of SVMs with a consideration of linear 
discriminant analysis. This is a statistical technique that seeks to separate two 
classes of data using a hyperplane (i.e., a straight line in two dimensions). 
Suppose that the two classes of data are indeed linearly separable as shown 
in Fig. 10.15(a). In general there will be many separating hyperplanes. 
The problem with many of them is that they will not generalize well, the 
reason is that they pass too close to the data. The idea of an SVM for linear 

h1 h2 h3 h4

h1 < h2 < h3 < h4 < …

10.14 A hierarchy of models parametrized by VC-dimension.
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discrimination is that it will select the hyperplane that generalizes best, and 
as shown in Fig. 10.15(b) this means the one that is furthest from the data 
in some sense. 
 Suppose the hyperplane has the equation,

  D(x) =< w, x >= 0 10.16

where <~, ~> is the standard Euclidean scalar product. The separation 
condition is given by, 

  x k Œ C1 fi D(x k) =< w, x k >   ≥ 1

  x k Œ C2 fi D(x k) =< w, x k >   ≤ –1 10.17

(a)

(b)

Margin

10.15 (a) Arbitrary separating hyperplanes. (b) Optimal separating 
hyperplane.
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(where C1 and C2 are the two classes), or more concisely,

  D(x k) = yk < w, x k >   ≥ 1 10.18

where yk in this case is a class-label. yk = 1 (resp. yk = –1) if x k Œ C1 (resp. 
x k Œ C2). 
 It is a simple matter to show that the distance of each point in the training 
set x k from the separating hyperplane is ÔD(x k)Ô/ ÔÔwÔÔ. Now,  is a margin 
(an interval containing the hyperplane but excluding all data - Fig. 10.15b), 
if,

  
y

D

w
kk

kk( )(xkk > 
ÔÔ ÔÔ

t "
 

10.19

 Note that the parametrization of the hyperplane is currently arbitrary. This 
can be fi xed by specifying,

  ÔÔ wÔÔ  = 1 10.20

and this converts (10.19) into the separation condition (10.18). It is clear now 
that maximizing the margin will place the hyperplane at the furthest point 
from the data and this can be accomplished – in the light of (10.20) – by 
minimizing ÔÔ wÔÔ subject to the constraints (10.18). This is a large but well-
understood quadratic programming problem. For details of the optimization 
procedure the reader can consult Cristianini and Shawe-Taylor (2000) or the 
excellent tutorial by Burges (1998).

10.5.3 SVM results for Gnat location classifi cation

Before training the SVM classifi er, the data were divided into training, 
validation and testing sets. Each set had 594 training vectors, 66 for each 
location class as described in Section 10.4.2.
 The SVMs described in the last section are designed to separate two classes, 
i.e. to form a dichotomy. However, the problem of interest here is to assign 
data to nine classes. The usual method of using the SVM for multi-class 
problems is to train one SVM for each class so that each separates the class 
in question from all the others. This means that nine quadratic programming 
problems have to be solved for the current problem. There are strategies for 
multi-class problems which overcome the need for several SVMs, some are 
summarized in Bennett (1999). The software used in this study was SVMlight 
(Joachims, 1999).
 The SVM expresses the discriminant function in terms of a series of basis 
functions, in this study it was decided to adopt a radial basis kernel. The 
basis functions are,

  i(x) = exp (–  || x – x i ||
2) 10.21
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and the discriminant function is thus equivalent to a radial-basis function 
network (Bishop, 1998) with the centres at each of the training data points 
and the radii of each of the basis functions equal. The parameter  is to be 
specified for each of the classifiers, along with the strength of the margin C. 
(This is a parameter which decides how severly to punish misclassifications 
in the event that the data are not separable.) The ‘best’ values for these 
constants were determined by optimizing the performance of the classifiers 
on the validation sets. The final performance of the classifiers was determined 
by their effectiveness on the testing sets. A fairly coarse search was carried 
out with candidate values of  taken from range between 0.01 and 10.0 and 
with C taken from the range 1.0 to 1024.0 in powers of two.
 The results from the nine classifiers on the testing set are given in Table 
10.4. Note that this is different from the usual confusion matrices in one 
important respect. When a neural network is used to create a classifier, each 
data point is assigned to one and one only class of the M possibilities. In the 
case of the support vector machine, each data point is presented to all of the 
M SVMs and could in principle be assigned to all or none of the classes. 
This means that the numbers in the rows of the class matrices do not add 
up to the number of points in the class.
 Overall, on the testing set, the multiple SVM scheme gives 89.2% correct 
classifications (including multiple classifications where the correct class is 
identified) and 7.2% misclassifications. As discussed above, the classifier 
does not respond to 5.6% of the data and 2.7% points give multiple class 
labels. Also, the SVM indicates which data points are the source of confusion. 
One of the other strengths of the SVM approach discussed here is that it 
is universal and the same algorithm embedded in the same software could 
just as easily have fitted polynomial or neural network discriminants. This 
offers the possibility of optimizing the performance over the model basis.
 One of the often-cited strengths of the SVM approach is that the quadratic 
programming problem is convex and thus has a single global minimum. 

Table 10.4 Confusion matrix for testing data – SVM on Gnat damage location 
problem

Prediction 1 2 3 4 5 6 7 8 9
True Class 1 55 1 0 0 1 0 0 1 0
True Class 2 0 60 2 0 2 0 0 0 2
True Class 3 0 1 58 0 0 5 0 2 0
True Class 4 1 0 0 60 0 1 0 1 0
True Class 5 0 2 2 0 61 0 0 0 0
True Class 6 2 0 9 0 0 53 0 0 0
True Class 7 2 0 1 0 0 0 63 0 1
True Class 8 0 0 0 0 0 2 0 59 1
True Class 9 1 0 0 1 0 0 0 2 61
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However, in the case described above, this is only true once appropriate values 
for  and C have been fixed. If these values were left free for optimization, 
the problem would no longer be quadratic.

10.6 Discussion and conclusions

There are many lessons to be learned from the examples in the previous 
sections. The overwhelming message is that the system will only perform 
as well as the data that have been used to train the diagnostic, the adage 
garbage in – garbage out is particularly apt. The most important issue is 
already raised at the lowest level of detection. This is: how does one acquire 
data corresponding to damage states? Clearly, in the case of high-value 
engineering structures like bridges or aircraft, it is simply not possible 
to deliberately damage one in order to collect training data. Model-based 
approaches may also be prohibitively costly, due to the very high fidelity of 
model needed to reliably generate data representative of the structure. This 
problem of sourcing the data for pattern recognition is the most pressing for 
the application of data-driven approaches.
 If one wishes to carry out a program of automatic monitoring for an 
aircraft, it is conceivable that one might do it off-line in the reasonably 
well-controlled environment of a hangar. This is not possible for a bridge 
that is at the mercy of the elements. It is known that changes in the natural 
frequencies of a bridge as a result of daily temperature variation are likely 
to be larger than the changes from damage (Sohn, 2007). Bridges will 
also have a varying mass as a result of taking up moisture from rain, etc. 
However, one does not ever wish to diagnose damage in a structure simply 
because the normal condition has changed for understandable reasons. There 
are two possible solutions to this problem. The first is to accumulate normal 
condition data spanning all the possible environmental conditions. This is 
time-consuming and will generate such a large normal condition set that it 
will likely be insensitive to certain types of damage. The second solution 
is to determine features that are insensitive to environmental changes but 
sensitive to damage. This of course raises the first problem discussed above, 
where is the damage data coming from?
 A third problem relating to data-driven approaches is that the collection or 
generation of data for training the diagnostic is likely to be expensive, this 
means that the data sets acquired are likely to be sparse. This puts pressure 
on the feature selection activities as sparse data will usually require low-
dimensional features if the diagnostic is ever going to generalize away from 
the training set. There are possible solutions to this, e.g. regularization can 
be used in the training of neural networks in order to aid generalization and 
this can be as simple as adding noise to the training data. Other possibilities 
are to use learning methods like support vector machines which are implicitly 
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regularized and therefore better able to generalize on the basis of sparse 
data.
 The overall conclusion for the chapter is that if the conditions are 
favourable, PR and machine learning algorithms can be applied to great 
effect on damage identification problems. In the light of the comments above, 
‘favourable’ conditions largely mean that data are available in order to train 
the machine learning diagnostics. Even if the conditions seem to exclude 
such a solution, one should bear in mind that even a model-driven approach 
will need appropriate data for model validation.
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Structural health monitoring of bridges:  

general issues and applications

D INAUDI, SMARTEC SA, Switzerland

Abstract: Structural health monitoring aims to provide quantitative and 
reliable data on the real conditions of a bridge, observe its evolution and 
detect the appearance of degradations. By permanently installing a number 
of sensors, continuously measuring parameters relevant to the structural 
conditions and other important environmental parameters, it is possible to 
obtain a real-time picture of the structure’s state and evolution. 
 SHM is a new safety and management tool that ideally complements 
traditional methods such as visual inspection and FEM modelling, but 
requires a rigorous design and implementation approach to fully materialize 
its benefits. 

Key words: structural health monitoring (SHM), bridge monitoring, bridge 
management, instrumentation, damage detection.

11.1 Introduction: bridges and cars

A bridge owner is driving his car across one of the bridges he is 
managing.
 As a car owner, he is feeling in control of his vehicle, the fuel gauge tells 
him that the tank is more than half full and the on-board computer calculates 
how many kilometres are left before refuelling is necessary. The same computer 
also tells him that he will need to service the car at the garage in 12 000 km. 
A number of gauges are constantly checking and adjusting the performance 
of the car engine and if something is out of the normal parameters, the driver 
is immediately alerted. The GPS unit is receiving traffic information through 
a wireless network and updating the recommended route home in real time. 
The driver is also reassured by knowing that in case of an accident, the GPS 
will automatically forward his position to the emergency centre. 
 As a bridge owner, he does not enjoy the same level of confidence about 
the performance of the structure he is driving across. The latest information 
he has about the bridge is almost two years old and was the result of a short 
visual inspection. He smiles and thinks this is like walking around a car and 
kicking tyres to assess its performance. He can make an estimation of the 
current condition of the bridge and how long it will operate before needing 
significant repair, but that estimation is plagued by a lot of uncertainties and 
he is not certain to prioritize his investments correctly. When he is in his office 
or travelling with his smart-phone, he has no way to connect with the bridge 
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and see its current condition or even a live picture of it: a strange feeling 
these days when everything seems to be connected and online, including his 
car and fridge. Even in the case of a major problem, such as the collapse of 
a bridge span due to foundation scour, the bridge is unable to alert him and 
the incoming drivers immediately to avoid unnecessary casualties. 
 Although the bridge cost was 200 times higher that the cost of the car, 
the car is doing a better job at providing him with the information he needs. 
He feels that there must be a better way to interact with his bridges. Maybe 
‘structural health monitoring’ (SHM) could help.

11.2 Integrated structural health monitoring 

systems

The life of each structure is far from being monotonous and predictable. 
Much like our own existence, its evolution depends on many uncertain 
events, both internal and external. Some uncertainties arise right during 
construction, creating structural behaviours that are not predictable by design 
and simulations. Once in use, each structure is subject to evolving patterns 
of loads and other actions. Often the intensity and type of solicitations are 
very different form the ones taken into account during its design and in 
many cases they are mostly unknown in both nature and magnitude. The 
sum of these uncertainties created during design, construction and use 
poses a great challenge to the engineers and institutions in charge of bridge 
safety, maintenance and operation. Defining service levels and prioritizing 
maintenance budgets relying only on models and superficial observation 
can lead to dangerous mistakes and inefficient use of resources. Regular 
inspection can certainly reduce the level of uncertainty, but still presents 
important limitations being confined to the observation of the structure’s 
surface during short times spaced by long periods of inactivity.
 Structural health monitoring aims to provide more reliable and up-to-
date information on the real conditions of a structure, observe its evolution 
and detect the appearance of new degradations. By permanently installing 
a number of sensors, continuously measuring parameters relevant to the 
structural conditions and other important environmental parameters, it is 
possible to obtain a real-time picture of the structure’s state and evolution 
(Glisic and Inaudi, 2007). 
 Instrumental monitoring is a new safety and management tool that ideally 
complements traditional methods such as visual inspection and modelling. 
Monitoring even allows a better planning of the inspection and maintenance 
activities, shifting from scheduled interventions to on-demand inspection and 
maintenance (Del Grosso and Inaudi, 2004).
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11.2.1 Monitoring strategies

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 components according to several categories (Glisic, and Inaudi, 
2003), (Glisic et al., 2002), (Measures, 2001).

Scale 

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 examples of measurements at this scale. 

Member scale: a number of selected critical members are observed for 
their global behaviour. For example, the load in a prestress cable is 
measured. 

Global scale: the structure is observed from the point of view of the 
overall performance and response. For example, global deformations are 
observed.

Network scale: The monitoring of several structures belonging to an 
infrastructure system allows the owner to make decision at the system 
level, e.g. allocating budget or planning repairs on several structures in 
the same stretch of highway. 

Parameter

Mechanical: strain, displacement, curvature, rotations, etc. 
Physical: material temperature, humidity, etc. 
Chemical: pH, chlorine, sulfate, etc. 
Environmental: air temperature, humidity, solar irradiation, wind, etc. 
Actions: vehicle loads, forces, etc.

Periodicity

Periodic: manual measurements at pre-defined intervals, for example once 
every three months. 

Semi-continuous: automatic measurements over pre-defined time periods (for 
example, one measurement per hour, for one week every three months).

Continuous: permanent automatic measurements, for example every hour.

Response

Static: measurement of slowly varying parameters. 
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Dynamic: measurement of vibrations and other dynamic responses.

Data collection

None: sensors are installed but not measured. They are activated only when 
necessary. 

Manual: measurements are performed by an operator on site. 
Off-line: data are collected automatically by the system and downloaded 

periodically through a data line or manually. 
On-line: all data are permanently available online.
Real-time: data are collected on-line and analyzed immediately to allow 

immediate feed-back to the owner and users.

All these types of monitoring can be mixed and combined according to the 
specific need of the bridge under exam. This freedom requires a rigorous 
design approach to select the appropriate approach. 

11.2.2 System integration

It is of fundamental importance that a monitoring system is designed as an 
integrated system, with all data flowing to a single database and presented 
through a single user interface. The integration between the different sensing 
technologies that can be simultaneously installed on the structure, e.g. fibre 
optic sensors (Kersey, 1997), (Glisic and Inaudi, 2007), vibrating wire 
sensors, tilt meters, weather stations and corrosion sensors, can be achieved 
at several levels. Different sensors can be connected to the same datalogger; 
otherwise several dataloggers can report to a single data management system, 
typically a PC, which can be installed either on site or at a remote location. 
The data management system must interface to all types of dataloggers and 
translate the incoming data into a single format that is forwarded to the 
database system.
 Although many vendors of sensors and data acquisition systems provide 
their own software for data management and presentation, these tend to be 
closed systems that can only handle data from their specific sensors. Since a 
monitoring project often requires the integration of several technologies, it is 
important to provide the end-users with a single integrated interface that does 
not require them to learn and interact with several different user interfaces. 

11.2.3 Benefits of SHM

The benefits of having a structural health monitoring system installed on 
a bridge or any significant structure are many and depend on the specific 
application. Here are the more common ones.
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Monitoring reduces uncertainty

The bridge owners are facing a lot of uncertainties: about the real state 
of the materials, about the real loads acting on the structure and about its 
ageing. When making decisions about the structure, they have to take these 
unknowns into account and keep the structure on the safe side by assuming 
the worst case scenario for all uncertainties. Monitoring helps by reducing 
uncertainty and therefore allows the owner to take informed decisions 
supported by factual data. Monitoring can also reduce insurance costs by 
reducing the uncertainty associated with the insured risk.

Monitoring discovers hidden structural reserves

Many structures are in much better condition than expected. In these cases, 
monitoring will allow an actual increase in the safety margins without any 
intervention on the structure. Taking advantage of better material properties, 
over-design and synergetic effects, it is often possible to safely extend the 
lifetime or load-bearing capacity of a structures without any intervention, 
therefore delaying repair or replacement costs. 

Monitoring discovers deficiencies in time and increases safety

A few structures might present deficiencies which cannot be identified by 
visual inspection or modelling. In these cases it is crucial to undertake 
appropriate remedial or preventive actions before it is too late. Repair 
will be cheaper and will cause less disruption to the use of the structure 
if it is done at the right time. Having permanent and reliable monitoring 
data from a structure significantly improves the safety of the structure 
and its users. 

Monitoring insures long-term quality

Each quality policy requires measurements and feedback to insure that the 
objectives are attained and that corrective actions can be taken in case of 
deviations. By providing continuous and quantitative data, a monitoring 
system helps in assessing the quality of the structure during construction, 
operation, maintenance and repair, therefore eliminating the hidden costs of 
non-quality. Most defects and damages to a structure are built-in during the 
construction process. However, many of them will produce a visible result 
only after many years, when repair is much more expensive and no longer 
covered by the contractor’s warranty. 
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Monitoring allows structural management

Monitoring data can be used to perform ‘maintenance on demand’, optimizing 
the operation, maintenance, repair and replacing of structures based on 
reliable and objective data. Monitoring data can be integrated in structural 
management systems and increase the quality of decisions by providing reliable 
and unbiased information and allowing owners to spend on maintenance and 
reconstruction when required and not only when budgets are available. 

Monitoring increases knowledge

Learning how a structure performs in real conditions will help to design 
better structures for the future. This leads to cheaper, safer and more durable 
structures with increased reliability and performance. A small investment at 
the beginning of a project can lead to savings later in the project by optimizing 
the design and discovering weaknesses in time.

11.2.4 Return on investment

As any investment, a monitoring system must prove its effectiveness, not 
only as a qualitative improvement of the bridge performance, but also as a 
way of reducing the overall life-cycle-cost (Radojicic et al., 1999). A well 
designed integrated structural health monitoring system can be shown to be 
cost effective for both newly built structures as for existing ones.

New bridges

For a new bridge, the typical initial investment for an SHM system ranges 
between 0.5% and 3% of the total construction cost. This includes the 
hardware, the installation and the configuration of the system. The percentage 
figure tends to be higher for smaller structures, because some costs do not 
scale down well with smaller bridges. The management of the monitoring 
system and of the resulting data as well as the data analysis typically adds 
5% to 20% of the SHM system cost every year. Over the first 10 years in 
the life of a structure, having an SHM system installed on a medium-size 
bridge will typically require an investment in the order of 2% to 5% of the 
total construction cost. 
 There are several ways in which this cost can be paid back in the first 10 
years of use:

1. The owner can request the contractor to remedy any discovered defect 
at his cost, if they are spotted within the warranty period, typically 2 to 
5 years. 

2. Being able to immediately check the real behaviour of a structure against 
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the design assumptions provides a quick way to spot any trouble during 
the construction process, when they are easier and cheaper to correct. For 
example, the contractor can change the concrete recipe on subsequent 
pours or correct the pre-tensioning of cables and stays. These corrections 
are very expensive to implement once the building site is dismantled 
and construction equipment is removed. Some construction mistakes can 
also be spotted and corrected immediately. Examples of these problems 
include non-working bearings, lack of post-tension or wrong thickness 
of load-bearing elements and defects to water barriers. SHM is therefore 
also beneficial for the contractor in order to avoid subsequent repair 
claims. 

3. It is proven that measuring it has a significant and positive effect on any 
process. Construction is no exception. If measurements are taken during 
construction, the contractors and all the involved personnel will have 
an additional motivation to deliver a high-quality product with lower 
defect rate.

4. Observing the bridge behaviour during the first 10 years of its life provides 
an excellent baseline to compare and assess its future performance or 
reduction thereof.

If we assume that 10% of newly constructed bridges have some type of 
construction defects and that its remedy and indirect consequences costs 
the owner on average 30% of the original construction cost over the bridge 
lifetime, we can see that the 3% investment in the SHM system can on average 
be paid back by the first benefit alone. All other benefits will therefore be 
available without cost for the owner. It has to be noticed that repairing a 
bridge under traffic conditions, for example because of corrosion problems, 
can often cost more than the original construction cost. These types of 
problems can often be detected in the first 10 years of life with appropriate 
instrumentation and analysis.

Deficient bridges

Many bridges are classified as deficient and are repaired or replaced without 
a quantitative assessment of their real condition and load-bearing capacity. 
Deciding about the reliability of a bridge based on visual inspection and 
modelling alone cannot be considered an efficient way to manage a bridge 
inventory. Experience has shown that basing condition assessment on  
visual inspection leads to an underestimation of the bridge conditions in 
a vast majority of the cases. This practice can therefore be considered as 
acceptable from a safety point of view, but inefficient from an economic 
point of view. 
 Let’s assume that an SHM monitoring system is systematically installed 
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on any bridge identified as a candidate for replacement, based on its 
estimated structural condition (Vanderzee, 2008). The SHM system and the 
engineering data analysis will typically cost 3% of the rebuild cost and will 
assess if the bridge really needs to be replaced, if it can be repaired or if 
it can continue operation without repair. We assume, again conservatively, 
that after the assessment 20% of the bridges are found to be in much better 
condition than expected and can be further operated without any intervention. 
Furthermore, assume another 20% of the bridges can be rehabilitated at 30% 
of the replacement cost. Finally 60% of the bridges will be deemed to really 
require replacement.
 Assuming the costs for replacing each bridge, without a prior assessment 
with an SHM approach, to 100%; let’s calculate the cost for the proposed 
strategy:

∑ Instrumentation cost: 3% 
∑ Replacement of bridges that cannot be saved: 100% cost for 60% of 

bridges = 60%
∑ Repair of bridges that can be rehabilitated: 30% cost for 20% of bridges 

= 6%
∑ Cost for bridges that do not need any action: 0% cost for 20% of bridges 

= 0%
∑ Total cost: 69%.

This example, based on realistic and conservative figures, shows that 
systematically implementing an SHM system on all bridges identified for 
replacement can provide a 30% reduction in the overall investments for the 
owner. This is achieved by safely deferring only 40% of the replacements. 

11.3 Designing and implementing a structural  

health monitoring system

Designing and implementing an effective SHM system is a process that must 
be carried out following a logical sequence of analysis steps and decisions. 
Too often SHM systems have been installed without a real analysis of the 
owner needs, often based on the desire to implement a new technology or 
follow a trend. These monitoring systems, although working perfectly from 
a technical point of view, often provide data that are difficult to analyze or 
which cannot be used by the owner to support management decisions.
 The 7-step procedure that is detailed in the next paragraphs has proven 
over the years to deliver integrated SHM systems that respond to the needs 
of all parties involved in the design, construction and operation of structures 
of all kinds. 
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11.3.1 Step 1: identify structures needing monitoring

This step might seem trivial, but is indeed a very important first step. Before 
considering a SHM system, it is important to consider if a specific structure 
will really benefit from it. The following list includes some of the situations 
where an SHM system is believed to be beneficial:

∑ New structures including innovative aspects in the design, construction 
procedure or materials used.

∑ New structures with unusual associated risks or uncertainties, including 
geological conditions, seismic risk, meteorological risk, aggressive 
environment, vulnerability during construction, quality of materials and 
workmanship. 

∑ Structures that are critical at a network level, since their failure or 
deficiency would have a serious impact on the rest of the network and 
the users. 

∑ New or existing structure which is representative of a larger population 
of identical or very similar structures. In this case most information 
obtained from a subset of structures can be extrapolated to the whole 
population.

∑ Existing structures with known deficiencies or very low rating resulting 
from visual inspections. 

∑ Candidates for replacement or major refurbishment works. In this case 
SHM is used to assess the real need for such action and to better design 
and execute the repair. 

 The result of this step is a list of structures that need an SHM system.

11.3.2 Step 2: risk analysis

The SHM system designer, the design engineers or the engineers in charge 
of the structural assessment and the owner, must jointly identify the risks 
associated with the specific structure and their probability. The risk analysis 
will lead to a list of possible events and degradations that can possibly affect 
the structure. 
 Example of risks and uncertainties are corrosion, loss of pre-stressing, 
creep, subsidence of foundations, earthquake strike, unauthorized overloads, 
impact, inaccuracy of finite elements models, poor building material quality 
and poor execution.
 The severity and probability of each risk will be classified using the usual 
risk analysis procedure to produce a ranking of risks. At this point, some 
risks will be retained and others will be dropped because of a low impact 
or probability.
 The result of this step is a list of risks that must be addressed by the SHM 
system. 
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11.3.3 Step 3: responses to degradations

For each of the retained risks, we now need to associate one or several 
responses that can be observed directly or indirectly. For example, corrosion 
will produce a chemical change, but also a section loss. Subsidence will 
produce a settlement or a change of pore pressure. The inaccuracy of the 
finite element model will produce a difference in the response between the 
structure and the model. 
 At this stage, it is also useful to roughly quantify the expected responses. 
For example, if a tilt is expected as the result of an uneven settlement, one 
should estimate if the tilt is in the order of milliradians or several degrees. 
It is very important to select the sensors with the appropriate specifications. 
At this stage it is also possible to determine which responses are easily and 
efficiently observed by a periodic visual inspection and which others require 
instrumentation. The physical locations where these responses are expected 
or will appear at their maximum extend also needs to be established.
 The output of this step is a list of responses that need to be detected and 
measured, their estimated amplitudes and their location.

11.3.4 Step 4: design SHM system and select  
appropriate sensors

This is typically the first step that is approached by inexperienced SHM 
system proponents or by those offering a specific sensing technology and 
trying to find applications for it.
 In our approach it is, however, only the fourth step and it becomes a much 
easier one. The goal is now to select the sensors that have the appropriate 
specifications to sense the expected responses and are appropriate for 
installation in the specific environmental conditions and under the technical 
constraints found in the structure. At this stage, one should also consider the 
required lifetime of the SHM system and the available budget. 
 It is often beneficial to include sensors based on different technologies 
to increase the system redundancy and complementarity. On the other hand, 
having too many types of data acquisition systems will increase the system 
cost and complexity, so a good balance is required. The design of the system 
also needs to take into account the constraints associated with its installation 
and the construction schedule in the case of a new structure.
 The result of this step is a design document, including a list of sensors, 
installation and cable plans, installation procedure and schedule as well as 
a budget. 
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11.3.5 Step 5: installation and calibration

Installation of all systems must adhere to the supplier’s specifications. Parts 
of the installation work can be carried out by the general contractor, with 
appropriate instruction and supervision. 
 The system calibration and testing must be carried out by the SHM contractor 
and can sometimes be divided into different phases, if the sensors are not all 
installed at the same time. This step can be concluded by a site acceptance 
test (SAT). If needed, the thresholds for automatic warning generation can 
be defined at this step by the responsible engineer and the owner. 
 The result of this step is an as-built plan of the SHM system, a system 
manual and a calibration report. 

11.3.6 Step 6: data acquisition and management 

This is the operational part of the process. The data is acquired and stored in 
a database, with appropriate backup and access authorizations. Documentation 
of all interventions on the structure and on the system is also important in 
this phase.
 The result of this step is a database of measurements and a log of 
events.

11.3.7 Step 7: data assessment

This is often the most difficult step, but having followed the above procedure, 
it becomes much easier. By analyzing the responses of the structure, the 
engineer will be able to identify if any of the foreseen risks and degradations 
have materialized. At this step, the owner will also establish procedures to 
respond to the detection of any degradation. For example, the detection of 
a given degradation could simply be listed in a yearly report, while another 
might require the immediate closure of a bridge for further inspection. 
 The analysis of the data might prompt further investigation, including 
inspection, testing or installation of additional sensors.
 The output of this step is a series of alerts, warnings and periodic 
reports. 

11.3.8 Summary

Designing and implementing a structural health monitoring system for a 
bridge is a process that is not much different from designing and building 
the bridge itself. It requires experienced professionals and a combination of 
multidisciplinary skills. Unfortunately, this process is not yet formalized in 
the same way as, for example, the construction process, where codes, laws 
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and regulations reduce the uncertainty and improve the interaction between 
the different stakeholders involved in the process. Recommendations and 
drafts codes for the implementation of SHM systems are, however, starting 
to appear; certainly an important step towards a mature SHM industry. 

11.4 Bridge monitoring

To put the previous methodology into practice, we will now consider how 
it can be applied to design integrated SHM systems for bridges.
 Bridges come in many sizes, structural systems and construction materials. 
Because of their very long design lifetime, sometimes exceeding 100 years, 
many types of bridges that are no longer considered for new construction 
are still in service and can become candidates for SHM. Some of these old 
bridges also have an historical value and their conservation goes further than 
the mere optimization of their functional value. 
 To simplify the discussion we will consider the following main types of 
bridges and their monitoring:

∑ Concrete beam bridges (Idriss and Liang, 2006)
∑ Steel beam bridges (Vurpillot et al., 1996)
∑ Concrete cantilever bridges (Vurpillot et al., 1998)
∑ Arch bridges (Inaudi et al., 2001)
∑ Cable stayed bridges (Del Grosso et al., 2005)
∑ Suspended bridges (Talbot et al., 2007).

The cited references describe examples of monitoring systems installed on 
each type of bridge. 
 Table 11.1 summarizes the main risks that are usually associated with 
each type of bridge. Three stars denote a risk or uncertainty that is to be 
considered a priority for that type of bridge. Two stars denote one that is 
very often relevant and one star indicates one that can be added if the budget 
allows or if the risk is higher than usual for that type of structures. 
 Table 11.2 discusses the typical expected responses and the proposed 
types of sensors to measure each identified risk.
 These indications should be considered as a starting point for designing 
an integrated bridge health monitoring system. It is, however, necessary to 
perform a specific risk analysis for each single bridge or at least for each 
family of similar bridges. For example, a concrete bridge in the Alps will 
see an increased risk of corrosion from the use of de-icing salt compared to 
an identical bridge in the Arizona desert. The ideal monitoring system will 
therefore be different for these two bridges.
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11.5 Application examples

This section will introduce a few bridge SHM projects showing an effective 
use of the previously introduced concepts. Different types of bridge, different 
risks and different ages of the structures lead to very different monitoring 
concepts.  

Table 11.1 Typical risks and uncertainties associated with different bridge types

Risk/uncertainty Concrete Steel Concrete Arch Cable- Suspended
 beam beam cantilever  stayed

Correspondence between ** ** ** ** * *
 finite element model and 
 real behaviour
Dynamic strain due to  ***  * *** ***
 traffic, wind, earthquake, 
 explosion, etc.
Creep, relaxation ***  *** *
 of pre-stress  
Change in cable forces     ** **
Correspondence between * * * * * *
 calculated vibration 
 modes and real 
 behaviour
Non-working bearings ** ** **  ** *
 and expansion joints
Cracking of concrete * * * * * *
 or steel
Temperature changes and *** *** *** *** *** ***
 temperature gradients in 
 load bearing elements
Differential settlement * * ** ** 
 between piers or 
 foundations 
Change in water table * * * * * *
 or pore water pressure 
 around  foundations
Stability of slopes around * * * * 
 foundations and 
 abutments 
Change in the concrete *** * *** ** ** **
 chemical  environment: 
 carbonation, alkali–silica
 reaction, chlorine
 penetration
Environmental conditions    * *** ***
Traffic and overloads * * * *  
Construction schedule ** ** ** ** ** **
 and specific actions

Legend: * = sometimes relevant; ** = usually relevant; *** = always relevant 
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Table 11.2 Risks, responses and candidate sensor types

Risk/uncertainty Response/consequence Proposed sensors

Correspondence between Strain distribution Local strain sensors, 
finite element model and magnitude including strain gauges, 
and real behaviour different form model vibrating wire gauges and
  fibre optic sensors, tiltmeters.

Dynamic strain due to Large strains,  Local strain sensors,  
traffic, wind, earthquake,  fatigue, cracks including strain gauges,  
explosion, etc.  vibrating wire gauges and 
  fibre optic sensors, with 
  dynamic data acquisition 
  systems. Distributed fibre
  optic sensor to detect 
  new cracks. Crack-meters.

Creep, relaxation of Global deformations,  Long-gauge fibre optic strain 
pre-stress bending sensors, settlement gauges, 
  tiltmeters, laser distance 
  meters, topography.

Change in cable forces Force and strain Load cells: vibrating wire, 
 redistribution resistive or fibre optics.

Correspondence Mode shapes and Accelerometers, long-gauge 
between calculated frequencies different fibre optic strain sensors.
vibration modes and from model
real behaviour 

Non-working bearings Reduced movement,  Joint-meters: potentiometers, 
and expansion joints movements occur vibrating wire or fibre optics.
 at wrong location, 
 strain redistribution 

Cracking of concrete Crack opening Crack-meters: potentiometers, 
or steel  vibrating wire or fibre optics

Temperature changes Strain redistribution,  Temperature sensors: 
and temperature cracking electrical, fibre optics 
gradients in load  point sensors or 
bearing elements  distributed sensors.

Differential settlement Global movements,   Laser distance meters, 
between piers tilting, strain topography, settlement 
or foundations redistribution gauges, tiltmeters.

Change in water table or Change in pore  Piezometers: vibrating 
pore water pressure water pressure wire or fibre optics. 
around foundations

Stability of slopes Slope sliding Distributed fibre optic soil 
around foundations  stability sensors, laser distance
and abutments  meters, inclinometers.

Change in the concrete Corrosion of rebars Concrete corrosion and 
chemical environment:   humidity sensors.
carbonation, alkali– 
silica reaction, 
chlorine penetration  
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11.5.1 I-35W St Anthony Falls Bridge (USA)

This first application is a good example of a truly integrated SHM system, 
combining different sensing technologies to achieve the desired level of 
monitoring. 
 The collapse of the old I-35W 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 Fig. 11.1) 
must 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 (Russel, 2008). 

Table 11.2 Cont’d

Risk/uncertainty Response/consequence Proposed sensors

Environmental Actions on bridge Weather station, wind 
conditions  speed measurements.

Traffic and overloads Actions on bridge Weight-in-motion station, 
  dynamic strain sensors.

Construction schedule Difficulty in Webcam, image capture 
and specific actions analyzing data and archival.

11.1 View of the completed I-35W St. Anthony Falls Bridge (courtesy 
of Minnesota Department of Transportation).
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 One of the central factors contributing to this is the design and installation 
of a comprehensive SHM system, which incorporates many different types 
of sensors measuring parameters related to the bridge performance and 
ageing behaviour. This system continuously gathers data and allows, through 
appropriate analysis, to obtain actionable data on the bridge performance and 
health evolution. The data provided can be used for operational functions, as 
well as for the management of ongoing bridge maintenance, complementing 
and targeting the information gathered with routine inspections. 
 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 are to support the construction process, 
record the structural behaviour 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, behaviour and expected lifetime evolution. 
 Monitoring instruments on the new St Anthony Falls Bridge measure 
dynamic and static parameter points to enable close behavioural 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.
 The system includes a range of sensors which are capable of measuring 
various parameters to enable the behaviour of the bridge to be monitored. 
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). SensCore corrosion 
sensors are installed to measure the concrete resistivity and corrosion 
current. 
 Meanwhile there are long-gauge SOFO (Surveillance des Ourages par Fibres 
Optiques) fibre 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. 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 Fig. 
11.2. This span will therefore serve as sample to observe behaviours that 
are considered as similar in the other girders and spans. 
 Table 11.3 summarizes the installed instrumentation and the monitoring 
purpose of each one.
 This project is one of the first to combine very diverse technologies, 
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including vibrating wire sensors, fibre optic sensors, corrosion sensors and 
concrete humidity sensors into a seamless system using a single database 
and user interface. 

11.5.2 Ricciolo Vedeggio Bridge (Switzerland)

This is an example of monitoring applied to a relatively small and simple 
concrete bridge. Also in this case, fibre optic sensing is combined with 
conventional sensors. This example also shows how an appropriate design 
of the monitoring system simplifies the data analysis process.
 The Ricciolo (‘curl’) viaduct was built in period 2004–2005 at the Lugano 
North exit of Swiss motorway A2. It consists of five spans with total length 
of 134 meters. The 35-meters long main span crosses Vedeggio torrential 
river. It is built in the form of curved box girder, post-tensioned in various 
directions. A view of the main span of the Ricciolo viaduct is given in Fig. 
11.3.
 Although the main dead and live loads are vertical, due to curved shape, 
the girders’ cross-sections are subject not only to bending moments in the 

Table 11.3 Sensor types, purpose and addressed risk or uncertainty for the I-35W 
Bridge

Sensor type Purpose  Addressed risk/uncertainty

Vibrating-wire Local static strain Concrete shrinkage and creep.
strain gauges  Correspondence with FEM
 Local curvature Loss of pre-stress, creep

Thermistors Temperature Temperature induced deformations
 Temperature gradient Temperature induced strain

Linear Joint movements Stuck joints
potentiometers  Anomalous global movements

Accelerometers Traffic induced Excessive vibrations
 vibrations Dynamic amplification
 Modal Frequencies Correspondence with FEM
 Dynamic damping Stuck joints
  Anomalous global behaviour

Corrosion sensors Concrete resistivity Water exchange in concrete deck
 Corrosion current Corrosion of concrete deck rebars

Long-gauge fibre Average strains Detection of cracks
optic sensors  Correspondence with FEM
 Strain distribution Temperature induced deformations 
  Correspondence with FEM
 Average curvature  Loss of pre-stress, creep
 Deformed shape Correspondence with FEM
 Dynamic strains,   Anomalous global behaviour
 dynamic deformations, 
 mode shapes
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vertical plane but also to the important torsion moments that changes principal 
strain and stresses. Post-tensioning executed in different directions and 
sections adds to the complex strain and stress fields. In order to verify the 
performance and design, to increase safety and improve knowledge of the 
real structural behaviour of a curved box girder, it was decided to perform 
long-term monitoring starting at the construction level.
 The SOFO monitoring system, based on low-coherence interferometry 
in fibre optic sensors, was selected for this application (Glisic et al. 2008). 
Being proven for more than ten years of SHM of concrete bridges, its 
long-gauge deformation sensors are particularly well adapted for concrete 
structures and are easy to embed in concrete or surface mount on structure. 
Complemented with fibre optic inclinometers (tilt meter) and compatible 
thermocouples, SOFO was the most suitable choice for this application. In 
order to monitor vertical and horizontal curvatures generated by loads and 
post-tensioning forces, spatial parallel topologies of long-gauge sensors 
were installed in the characteristic cross-sections: at extremities of the span 
where the maximal negative vertical bending occurs, in the middle of the 
span where the maximal vertical bending and maximal horizontal bending 
occur, and in quarter spans in order to ‘follow’ the strain between the most 
loaded sections. Thermocouples are installed in cross-sections at extremities 

11.3 View of the main span of the Ricciolo Bridge (courtesy of 
SMARTEC).
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and in the middle in order to monitor temperature and temperature gradients 
and make possible estimation of thermally generated strains. The position 
of the sensors along the bridge is given in Fig. 11.4. 
 In order to evaluate the average shear strain generated by vertical 
forces and torsion, reduced crossed topologies of sensors were installed at 
extremities of the span. The length of all deformation sensors (parallel and 
crossed) is 1 m. The angle between crossed sensors is 45°. Finally, single 
axis inclinometers are installed in quarter span where maximal rotation in the 
longitudinal vertical plane is expected due to vertical deflection, and in the 
middle of the span where maximal rotation due to torsion is expected in the 
transversal vertical plane. The axis of rotation of each inclinometer is aligned 
with the axis of expected rotation. Parallel sensors and thermocouples were 
installed on re-bar cage before pouring of concrete, and embedded in concrete 
after the pouring. Crossed sensors and inclinometers were surface mounted 
on hardened concrete. To guarantee vertical orientation of inclinometers, 
special holders were fabricated and installed. All the cables were guided to 
the central connection box and protected by ducts. A central measurement 
unit was installed next to a central connection box.
 Table 11.4 summarizes the installed instrumentation and the monitoring 
purpose of each one.
 Continuous monitoring started in January 2005, with one measurement 
session every hour. This schedule was perturbed a few times by the construction 
process and availability of power. The average strain measurements, registered 
during more than one year, are presented for parallel sensors in Fig. 11.5. 
Results represent total average strain change including elastic strain, thermal 

Pair of parallel SOFO 
sensors (plane view)

Pair of crossed sensors

Pair of thermocouples

Inclinometer (tilt meter)

Central measurement point
(reading unit, channel switch)

In

A
B

C D
E

Out

In
Out

11.4 Schematic representation of sensors’ network on Ricciolo 
viaduct, plane view, sensors not to scale.
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strain and rheologic strain (creep and shrinkage), with respect to reference 
measurement performed on 11/01/2005 at 17:30. During the first four months 
and a half, the bridge was still under construction and important works that 
might influence the stress and strain distribution were performed on the 
structure, including: 

1. Post-tensioning from 30 to 70% (January 12–14)
2. Partial lowering formworks (January 17)
3. Construction of lateral protection walls (January 17–April 22)
4. Post-tensioning from 70 to 100% (April 25–26)

Table 11.4 Sensor types, purpose and addressed risk or uncertainty for the Ricciolo 
Bridge

Sensor type Purpose  Addressed risk/uncertainty

Long-gauge fibre Average strains Detection of cracks
optic sensors  Correspondence with FEM
 Strain distribution Temperature induced deformations 
  Correspondence with FEM
 Average curvature  Loss of pre-stress, creep
 Deformed shape Correspondence with FEM
 Average shear strain Bridge tensional behaviour

Tiltmeters Torsion, bending Loss of pre-stress, creep
  Correspondence with FEM

Thermocouples Temperature Temperature induced deformations
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11.5 Average strain measured by parallel sensors.
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5. Cast of left side wing (April 25–27)
6. Removal of external formworks (April 25–27).

Beside these works, the structure was exposed to the ambient temperature 
variations and concrete was subject to rheological strain – creep and shrinkage. 
The main construction phases were detected by the monitoring system as 
shown in Fig. 11.6 (a) to (d). The sensors measured changes that are in 
agreement with the expected deformations. 
 The global bending of the beam was analyzed by observing vertical and 
horizontal displacement diagrams. These two parameters were determined from 
curvatures using double integration algorithm, and the vertical displacement 
is presented in Fig. 11.7. In order to simplify presentation of the results, 
only the first 11 days are shown in the figures. In addition, the diagrams of 
vertical displacements in the middle of the span, with respect to time, are 
given in the corresponding figure. Two main works are indicated in diagrams: 
(1) post-tensioning from 30 to 70% performed on January 12–14, 2005 and 
(2) partial lowering formworks performed on January 17, 2005. The global 
deformations of the girder in vertical plane due to works are observed in the 
diagram of vertical displacements. The camber (displacement in the middle 
of the span) due to post-tensioning changed two times, the first to 5 mm 
approximately and then to 6.5 mm approximately.
 To test the damage detection algorithms, it was decided to consider the 
construction works as events that create unusual structural behaviour on an 
inverted time scale. We start considering the finished bridge as the normal 
state and move back in time to detect the bridge de-construction as a special 
kind of damage. These events are identified since they caused changes of 
correlation parameter between different deformation sensors. The construction 
works change deformed shape or even static system (lowering formworks), 
thus the regression lines between compared sensors shifts or changes the 
slope, or the correlation coefficient changes. An example is shown in Fig. 
11.8. The measurements recorded during the works are shown in dark gray, 
out of the threshold lines, while the measurements registered after the works 
shown in light colour, within the threshold lines). 
 The monitoring strategy, specifically developed for the risks identified 
for this bridge allowed the assessment of several parameters, including: 
time evolution of average strain, time evolution of average shear strain due 
to vertical forces, time evolution of average shear strain due to torsion, 
time evolution of average horizontal and vertical curvature, time evolution 
of rotations, time evolution of horizontal and vertical displacement along 
elastic line, time evolution of temperature changes and gradients. In addition, 
a damage detection algorithm was successfully applied and proved its 
performance through identification of deformations generated by works as 
unusual structural behaviour. The power of this algorithm lays in the fact 
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11.6 (a) Axial average strain in cross-sections (cells) C and E. (b) 
Average curvatures in cross-sections (cells) C and E. (c) Average 
shear strain due to vertical forces in cells A and E. (d) Average shear 
strain due to torsion in cells A and E.
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11.6 Cont’d

that it does not rely on a model of the structure, but it is based on statistical 
data analysis, unaffected by missing data periods.

11.5.3 Göta Bridge (Sweden) 

This example illustrates an unconventional monitoring system designed for a 
specific monitoring goal. In this case the SHM system is specifically designed 
to help the owner extend the lifetime of a bridge with well-known issues. 
 Götaälvbron, the bridge over Göta River (see Fig. 11.9), was built in 1930s 
and is now more than seventy years old. The steel girders were cracked and 
two issues are causing the steel cracking: fatigue and mediocre quality of 
the steel. The bridge is now repaired and the bridge authorities would like 
to keep it in service for the next 15 years, but new cracks due to fatigue 
could occur again. 
 These new cracks could, in an extreme situation, lead to the collapse of 
cracked girders which may occur suddenly since damage is generated by 
fatigue. That was the reason to perform continuous bridge integrity monitoring. 
The monitoring system selected for this project, must provide for both crack 
detection and localization as well as strain monitoring. Since the cracks can 
occur at any point of any girder, the monitoring system should cover the 
full length of the bridge. These criteria have led the bridge authorities to 
choose a truly distributed fibre optic monitoring system based on stimulated 
Brillouin scattering (Nikles et al., 1994). 
 The main issue related to the selection of a monitoring system has been 
the total length of the girders which, for all the nine girders, represents more 
than 9 km. It was therefore decided to monitor the most loaded five girders 
(total length of 5 km approximately). For the first time a truly distributed 
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fibre optic sensing system, based on Brillouin scattering effect is employed 
on such large scale to monitor new crack occurrence and unusual strain 
development (Glisic et al., 2007).
 The monitoring goal is to perform a long-term integrity assessment of 
the bridge. The following specifications of the monitoring system have been 
requested:

(1) To detect and localize new cracks that may occur due to fatigue
(2) To detect unusual short-term and long-term strain changes
(3) To detect cracks and unusual strain changes over the full length of five 

girders, in total 5 km
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11.7 Distribution of vertical displacements along elastic line (a) and 
time diagram of vertical displacements in the middle of the span (b).
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(4) To perform one measurement session every two hours
(5) To perform self-monitoring, i.e. to detect malfunctioning of the system 

itself
(6) To allow user friendly and understandable data visualization
(7) To automatically send warning messages to responsible entities
(8) To properly function for 15 years.

11.8 Detection of construction works as events that create unusual 
structural behaviour through the change in correlation parameters 
between two deformation sensors.

r2 = 0.99575
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11.9 View of the Göta Bridge.
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 When strain sensing is required, the optical fibre must be bonded to the 
host material over the whole length. The transfer of strain is to be complete, 
with no losses due to sliding. Therefore an excellent bonding between the 
strain optical fibre and the host structure is to be guaranteed. To allow such a 
good bonding, it has been recommended to integrate the optical fibre within 
a tape in a manner similar to the reinforcing fibres in composite materials. 
To produce such a sensor (named SMARTape,) an optical fibre is embedded 
in a glass fibre reinforced thermoplastic tape. 
 The installation of the SMARTape sensors was a challenge itself. Good 
treatment of surfaces was necessary and a number of transversal girders had 
to be crossed. Limited access combined with cold and windy environment 
and night work, made the installation particularly complex. A view of the 
bridge girders and part of the installation team ready for work is shown in 
Fig. 11.10. The sensors were glued to the girders near the top flanges and 
are interconnected with a network of optical fibre cables. These converge to 
two measurement instruments, integrating a DiTeSt reading unit. The data 
from the two instruments are transferred to a central PC that analyzes the 
data and displays warnings if needed as shown in Fig. 11.11. 
 Table 11.5 summarizes the installed instrumentation and the monitoring 
purpose of each one.

11.10 View to bridge girders and installation equipment and team.
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11.6 Conclusions

Structural health monitoring is not a new technology or trend. Since ancient 
times, engineers, architects and artisans have been keen on observing the 
behaviour of built structures to discover any signs of degradation, to extend 
their knowledge and improve the design of future structures. Ancient builders 

11.11 Example of data presentation for distributed strain and crack 
detection on the Göta Bridge.

Table 11.5 Sensor types, purpose and addressed risk or uncertainty for the Göta 
Bridge

Sensor type Purpose  Addressed risk/uncertainty

Distributed fibre optic Local strain Cracks
strain sensor  Anomalous behaviour, 
  change in behaviour
 Crack detection  Cracks

Distributed fibre optic Compensation of temperature Thermal effects on bridge 
temperature sensor on strain sensors and strain sensors
 Temperature monitoring Extreme temperatures 

Long-gauge fibre Average strains Verification of distributed 
optic sensors  sensing system
 Strain distribution Correspondence with FEM
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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 (Levi and Salvadori, 1992). Those 
failures and their analysis have led to new insight and improved design of 
future structures. This continued struggle to improve our structures is driven 
not only by engineering curiosity, but also by economic considerations. 
Bridges and buildings must span larger valleys to foster new economic 
relations and faster movement of people and goods, and be constructed 
more cheaply and more durably. Now that in many Western countries the 
main part of the transportation infrastructure is already built, we face new 
challenges maintaining this network in good condition and serve its users 
in a dependable and secure way. We now realize that maintaining a large 
inventory of structures in good and safe conditions is even more challenging, 
and sometimes more expensive, than building them. 
 As for any engineering problem, obtaining reliable data is always the 
first and fundamental step towards finding a solution. Monitoring structures 
is the best way to get quantitative data about bridges and help us in taking 
informed decisions about their health and destiny. However, the methods used 
for monitoring structures vary greatly: bridges are typically monitored only 
by periodic visual inspections, whereas dams and nuclear power plants are 
heavily instrumented and monitored continuously. Advances in sensing and 
data processing technologies are extending the benefits of online monitoring to 
new classes of structures, such as bridges, buildings and historical monuments. 
Thanks to the progress in information technology and telecommunications, 
it is now possible to instrument a small bridge cost effectively and transmit 
the resulting data to a central database anywhere in the world. New types 
of sensors, in particular fibre optic sensors have appeared in the last two 
decades and have become part of the standard toolbox of SHM. These sensors 
enable the global monitoring of large structures with a reduced number of 
sensors and connections. This offers new possibilities, but also requires a 
new approach to the design and implementation of a monitoring system and 
to the processing and analysis of the resulting data. 
 This chapter has presented the advantages and challenges related to 
the implementation of an integrated structural health monitoring system, 
guiding the reader in the process of analyzing the risks associated with the 
construction and operation of a specific bridge and benefits of a matching 
monitoring system and data analysis strategy. 

11.7 Future trends

In the very near future we can expect bridge health monitoring systems 
to become mainstream. The cost of these systems is declining, thanks to 
the phenomenal developments in the telecommunications and electronics 
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industries. Fibre optic sensors will increase significantly their market share 
in the global sensor market, no longer only a niche product. It is expected 
that new types of sensor will also appear, but the main development will be 
in the consolidation, integration, large-scale production and cost reduction 
of existing technologies. It is easy to predict that SHM in general will see a 
more widespread application to many types of structures that are currently not 
monitored or are only visually inspected. The driving forces in that direction 
will come from the necessity to optimize the maintenance investments, 
ensure the safety of ageing structures, extend the lifetime of functionally 
obsolete structures, respond to new natural and man-made threats and increase 
our knowledge to improve the design of future structures. We are already 
witnessing the first examples of an entire ‘fleet’ of structures, in particular 
high-rise buildings, equipped with online monitoring systems. 
 As the hardware cost for a monitoring system continuously declines 
and makes it appealing for a larger number of structures, the costs of data 
analysis and interpretation will become the next retaining force to a more 
generalized use of this technology. It is important, therefore, that more 
efforts are devoted to the development of efficient and partially automated 
data analysis methodologies, translating the raw measurement data into 
high-level information that can be used for decision-making purposes. At 
the international level, several efforts are currently devoted to creating 
guidelines and standards for SHM, helping the industry to mature and 
making the owners more confident in applying it successfully. The most 
notable initiative at the global level is supported by the International 
Society for Health Monitoring and Intelligent Infrastructures (www.ishmii.
org), which also organizes international symposia on this topic. SHM is 
also taught as a specialization course in several universities worldwide; 
this will contribute to a better recognition of these methods and to more 
widespread use.

11.8 Sources of further information and advice

Recommended books

∑ Glisic B., Inaudi D. (2007), Fibre Optic Methods for Structural Health 
Monitoring, Wiley.

∑ Measures R. M. (2001), Structural Monitoring with Fiber Optic 
Technology, Academic Press. 

∑ Guemes A. (2006) Structural Health Monitoring, ISTE Publishing 
Company. 

∑ Boller C., Chang F, Fujino Y. (2009) Encyclopedia of Structural Health 
Monitoring, Wiley.
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Professional Journals

∑ The Monitor, journal of ISHMII
∑ Maintenance, Management, Life Cycle Design & Performance
∑ Structural Control and Health Monitoring
∑ Structural Health Monitoring
∑ Structure and Infrastructure Engineering
∑ Geotechnical Instrumentation News (GIN)

Societies and conferences

∑ IAEBSE, www.iabse.org
∑ ASCE, www.asce.org 
∑ IABMAS, www.iabmas.org
∑ ACI, www.concrete.org
∑ ISHMII, www.ishmii.org
∑ TRB, www.trb.org
∑ fib, fib.epfl.ch
∑ SPIE, spie.org
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12
Structural health monitoring of  

cable-supported bridges in Hong Kong

K Y WONG, Highways Department, Hong Kong and Y Q NI,  
The Hong Kong Polytechnic University, Hong Kong

Abstract: Structural health monitoring in bridge engineering is the tracing 
of the structural conditions of the bridge based on four major categories of 
physical quantities, namely: environmental loads and status, operation loads, 
bridge features and bridge responses by reliable on-structure instrumentation 
system and effective evaluation tools. In the past decade, structural health 
monitoring system has been adopted to monitor and evaluate the structural 
health conditions of cable-supported bridges in Hong Kong. The structural 
health monitoring in Hong Kong is carried out by wind and structural health 
monitoring system (WASHMS). The WASHMS is devised based on modular 
architecture and is currently composed of six modules, namely:

Module 1 – Sensory system, 
Module 2 – Data acquisition and transmission system, 
Module 3 – Data processing and control system, 
Module 4 – Structural health evaluation system, 
Module 5 – Structural health data management system, and 
Module 6 – Inspection and maintenance system. 

 This chapter introduces the functional and operational requirements of 
each modular system and tabulates the details of physical quantities required 
for monitoring and evaluation. Graphical outputs of some typical monitoring 
results from WASHMS are presented for the demonstration of WASHMS 
operation. Examples of WASHMS applications are also quoted.

Key words: cable-supported bridges, structural health monitoring, 
applications, system design and functions, monitoring result analysis, Hong 
Kong.

12.1 Introduction

In the past decade, five cable-supported bridges in Hong Kong such as the 
Tsing Ma (suspension) Bridge, the Kap Shui Mun (cable-stayed) Bridge, the 
Ting Kau (cable-stayed) Bridge and the two cable-stayed bridges in HSWC 
(Hong Kong – Shenzhen Western Corridor) have been completed and opened 
to public highway and railway traffic. Currently the Stonecutters Bridge, which 
is a cable-stayed bridge with a main span length exceeding 1 km, is under 
construction and will be completed in 2009. Structural health monitoring of 
these cable-supported bridges is carried out by a structural health monitoring 
system, named wind and structural health monitoring system (WASHMS). 
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The WASHMS has been deployed and periodically updated for effectively 
executing the functions of structural condition monitoring under in-service 
condition and structural degradation evaluation as it occurs. The objectives 
of deploying WASHMS are: 

(i) to have a better understanding of the structural behavior of the cable-
supported bridges under their in-service conditions; 

(ii) to develop, validate and harden the bridge evaluation techniques based 
on measurement results; 

(iii) to setup/calibrate/update the monitoring and evaluation models 
and criteria for describing and limiting the variation ranges of the 
physical parameters that influence bridge performance under in-service 
condition; 

(iv) to evaluate structural integrity immediately after rare events such as 
historical typhoons, strong earthquakes and vehicle/vessel collisions, 
etc.;

(v) to provide information and analytical tools for the planning, scheduling, 
evaluating and designing of effective long-term bridge inspection 
and maintenance strategies, hence promoting the conventional bridge 
maintenance activities from corrective status to preventive status; 

(vi) to minimize the lane-closure time required for exercising bridge 
inspection and maintenance activities, hence maximizing the traffic 
operational period of the bridges.

 The conceptual system design, detailed system design, system installation 
requirements, system operation and system development of WASHMS 
are described in References 1–7, 9, 11–12, 17, 19, 23–25, 31, and 34. 
The typical monitoring results from WASHMS are given in References 8, 
13, 20, 28–30, 32 and 33. The extension of the WASHMS concept to the 
structural health monitoring of concrete viaduct bridges in Hong Kong is 
also described in References 22 and 26. Based on the WASHMS knowledge 
and experience gained in the past decade, this chapter outlines the design 
process for identifying the modules or sub-systems making up WASHMS 
and the framework for modular control and operation, with the illustration 
of some typical monitoring results obtained in the past decade.

12.2 Scope of structural health monitoring system

The exact types and ranges of physical parameters for monitoring are dependent 
upon the bridge structural configurations, such as structural arrangement, 
geometry, materials and bridge-site location. However, in general, the physical 
parameters for structural health monitoring and evaluation can be considered 
to be within four types of physical measurands, namely: 

www.EngineeringBooksPDF.com



373SHM of cable-supported bridges in Hong Kong

(i) Environments – which include wind, temperature, seismic, humidity, 
corrosion status, etc.; 

(ii) Operation loads – which include highway and railway traffic; 
(iii) Bridge features – which include the static features (such as static 

influence coefficients, creep/relaxation effects, etc.) and the dynamic 
features (such as modal frequencies, mode shapes, modal damping 
ratios, and modal mass participation factors, etc.); 

(iv) Bridge responses – which include the forces in cables, the geometrical 
profiles in decks, towers and piers, the load/stress-histories and the 
accumulative fatigue damage in instrumented and/or key components, 
and the displacement- and stress-histories in articulated components. 

The details of physical parameters for processing and derivation are briefly 
outlined in Table 12.1.

12.3 Modular architecture of structural health 

monitoring system

The WASHMS is devised based on modular architecture, and is composed 
of six modules, namely:

Module 1 – Sensory system (SS), 
Module 2 – Data acquisition and transmission system (DATS), 
Module 3 – Data processing and control system (DPCS), 
Module 4 – Structural health evaluation system (SHES), 
Module 5 – Structural health data management system (SHDMS), and
Module 6 – Inspection and maintenance system (IMS).

 Modules 1 and 2 are sensors, data loggers and cabling networks for 
signal collection, processing and transmission; whereas Modules 3, 4 and 
5 are computer systems assigned with different functions of system control 
and system operation. Module 6 is devised to carry out the inspection and 
minor maintenance works for Modules 1 and 2. Figure 12.1 illustrates the 
operational block diagram of the WASHMS. Modular architecture is adopted 
because it allows for the separation of concerns and reduces the overall 
system complexity via decentralized hardware and software architectures. 
This modular architecture approach has also been addressed in the design of 
the structural health monitoring and safety evaluation system for the Sutong 
Bridge [14] and the Donghai Crossing [18] respectively. The functional 
applications of these six modules are outlined in subsequent paragraphs.

12.4 Sensory system

The physical quantities occurring in the bridges and their surrounding 
environments are measured by current-, voltage-, resistance-, magnetic 
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Table 12.1 List of required sensory systems and physical parameters for processing and derivation

Monitoring Physical Required types of Physical parameters for processing and
category quantity sensory systems derivation  

Environments Wind loads ∑ Ultrasonic-type anemometers ∑ Wind speeds and wind direction plots (time-series data)
 monitoring  (usually at deck levels) ∑ Wind speeds (mean and gust) and directions (histograms)
  ∑ Propeller-type anemometers ∑ Terrain factors; and wind speed profile plots
   (usually at tower-tops) ∑ Wind rose diagrams
  ∑ Barometers4 and 5 ∑ Wind incidences at deck level
  ∑ Rainfall gauges4 and 5 ∑ Wind turbulence intensities; and intensity profile plots
  ∑ Hygrometers4 and 5 ∑ Wind turbulent time and length scale plots
    ∑ Wind turbulent spectrum and co-spectrum plots
    ∑ Wind turbulent horizontal and vertical coherence plots
    ∑ Wind response; and wind load transfer function
    ∑ Wind induced accumulated fatigue damage
    ∑ Histograms of air pressure, rainfall and humidity 

 Temperature ∑ Platinum RTD type for measuring ∑ Effective temperatures in tower, deck and cables
 loads  the temperatures  in structural ∑ Differential temperatures in deck and tower
 monitoring  steel, concrete, asphalt ∑ Air temperatures  and asphalt pavement temperatures
   pavement and air ∑ Temperature response
  ∑ Thermo-couplers for cables ∑ Temperature load transfer function

 Seismic loads ∑ Fixed servo-type accelerometers ∑ Acceleration spectra near tower and anchorage
 monitoring   ∑ Deck and tower response spectra
    ∑ Seismic response, and seismic load transfer function

 Corrosion status ∑ Corrosion sensors4 and 5 ∑ Potential risk of rebar corrosion in concrete towers and deck
 monitoring4 and 5 ∑ Hygrometers4 and 5 

Operation Highway traffic ∑ Dynamic weigh-in-motion ∑ Gross vehicular weight (GVW) spectrum in each traffic lane
loads loads monitoring  stations (bending-plate type) ∑ Axle weight (AW) spectrum in each traffic lane
  ∑ Dynamic strain gauges ∑ Equivalent no. of SFV6 spectrum in each traffic lane
  ∑ CCTV cameras1, 2 and 3 ∑ Equivalent no. of SFA7 spectrum in each traffic lane
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  ∑ Digital video cameras 4 and 5 ∑ Highway-induced accumulated fatigue damage – SFV
    ∑ Highway-induced accumulated fatigue damage – SFA
    ∑ Over-load vehicles detection
    ∑ Traffic composition in each traffic lane
    ∑ Traffic load response, and traffic load transfer function 

 Railway traffic ∑ Dynamic strain gauges1 and 2 ∑ Bogie loads in each line of train
 loads ∑ CCTV video cameras1 and 2 ∑ Train loading spectrum
 monitoring 1 and 2   ∑ Equivalent standard load (train) spectrum
    ∑ Train induced accumulated fatigue damage
    ∑ Train load response, and train load transfer function 

Bridge  Static influence  ∑ Level sensing stations1 and 2 ∑ Lane stress history for each vehicular type and each lane
features coefficients  ∑ GPS 1, 2 3 and 5 ∑ Lane stress range for each vehicular type and each lane
 monitoring ∑ Dynamic strain gauges ∑ Influence surfaces for combined deck plates and troughs
    ∑ Rail stress history for each type of train and each rail 
    ∑ Rail stress range for each type of train and each rail
    ∑ Influence coefficients at tower-tops and deck mid-span

 Dynamic features ∑ Fixed and portable servo-type ∑ Global bridge modal frequencies
 monitoring  accelerometers ∑ Global bridge vibration modes
    ∑ Global bridge modal damping ratios (derived)
    ∑ Global bridge modal mass participation factors (derived)
    ∑ Cable frequencies

Bridge  Cable forces ∑ Portable servo-type ∑ Cable frequencies, and hence cable forces
responses monitoring  accelerometers ∑ Cable damping ratios 

 Geometry ∑ GPS 1, 2 3 and 5 ∑ Thermal movements of cables, deck and towers
 monitoring ∑ Level sensing stations1 and 2 ∑ Wind movements in cables, deck and towers  
  ∑ Displacement transducers ∑ Seismic movements in deck  and towers
  ∑ Servo-type accelerometers ∑ Highway load movement in deck and cables
  ∑ Static strain gauges1 ∑ Railway load movement in deck and cables1 and 2

    ∑ Creep and shrinkage effects in concrete towers 4 and 5 
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 Stress  ∑ Dynamic strain gauges ∑ Stress histories of instrumented components
 monitoring ∑ Static strain gauges4 and 5 ∑ Stress demand ratios plots of instrumented components
  ∑ Tensio magnetic gauge5 ∑ Principal stresses plots of instrumented components
    ∑ Force demand ratios plots of concrete-steel interfaces

 Fatigue life   ∑ Dynamic strain gauges ∑ Total accumulated fatigue damage; hence remaining
 monitoring    fatigue life due to combined load-effects
    ∑ Accumulated fatigue damage, hence remaining fatigue 
     life estimation due to individual load-effects

 Articulation ∑ Dynamic strain gauges ∑ Load histories in bearings 1 and 3

 monitoring ∑ Displacement transducers ∑ Stress demand ratios in bearing
  ∑ Bearing sensors5 ∑ Motion histories in movement joints
  ∑ Buffer sensors5 ∑ Stress and motion histories in buffers5 

Notes: Bridge abbreviations (1) TMB, (2) KSMB, (3) TKB, (4) HSWC, (5) SCB, (6) Standard fatigue vehicle, and (7) Standard fatigue axle. 

Table 12.1 Cont’d

Monitoring Physical Required types of Physical parameters for processing and
category quantity sensory systems derivation  
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12.1 Block diagram of wind and structural health monitoring system 
(WASHMS).

flux-, acoustic- and optical-types of sensors. Figure 12.2 shows the block 
diagram of a typical sensory system for signal acquisition and conversion. 
The sensor system, which is deployed in accordance with the designated 
bridge operation criteria at key locations and/or components of the bridge, 
should be able to: 
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12.2 Block diagram of a typical sensory system for signal acquisition 
and conversion.
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(i) measure the local and global levels of responses; 
(ii) integrate the measured data with analyzed data for correlation analysis 

and model updating; 
(iii) acquire data in a consistent manner and retrievable manner for subsequent 

diagnostic and prognostic analysis of structural health and damage; 
(iv) use contemporary commercially available sensors; 
(v) carry out supplementary measurements by removable/portable sensors 

for validation/updating of analytical models; 
(vi) carry out cross-calibration of different types of sensors at, at least, one 

typical location. 

 The criteria for the selection of sensory system are: 

(i) operational bandwidth; 
(ii) magnitude and frequency response over that bandwidth; 
(iii) sensitivity and accuracy; 
(iv) power supply requirements; 
(v) physical characteristics (dimensions, weight and material); 
(vi) environmental operating conditions such as temperature ranges; 
(vii) type of output signal; 
(viii) any signal conditioning requirements; 
(ix) costs. 

 Table 12.1 shows a list of the required sensory systems and the physical 
parameters for processing and derivation. The sensory systems in WASHMS 
are deployed in accordance with the following three operational strategies:

• Operation strategy I : Normal structural condition monitoring – this 
refers to the measurement values of the physical quantities (sMeasured) 
which are less than 75% of the designated monitoring values (sSLS). 
Under such a condition, only routine statistical analysis and report of 
measurement results are required.

• Operation strategy II : Critical structural condition monitoring – this 
refers to the values of sMeasured which are between 75% and 100% 
of those of sSLS. Under such a condition, the structural evaluation of 
measurement results by finite element and/or surrogate models are required 
to check any over-displaced or over-stressed phenomenon occurring in 
non-instrumented or key location and/or component. If yes, inform the 
bridge maintenance team for carrying out detailed inspection on that 
problematic location or component.

• Operation strategy III : Structural degradation evaluation – this refers 
to the values of sMeasured which are equal to or greater than 100% of 
those of sSLS. Under such a condition, the detailed structural evaluation 
of measurement results by finite element and/or surrogate models are 
required to check any damage induced and to assess the adverse effects 
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of such damage on global bridge performance. If yes, inform the bridge 
maintenance team for carrying out detailed inspection and assess the 
scope and time of remedial action, where necessary. 

 The designated monitoring values refer to the bridge design loads and 
responses at the serviceability limit state or SLS. The SLS is defined as the 
baseline of monitoring, because this is the usual loading condition that the 
bridge frequently encountered and no damage is expected to occur upon 
removal of loads. The normal monitoring limit set at 75% of the stress 
or displacement at SLS implies that a safety factor of 1.333 (=1/0.75) is 
adopted, and the 75% requirement is made reference to the United States’ 
Federation Highway Administration’s Bridge Ratings for Operation. In 
WASHMS, Operation strategy I is normally executed as real-time operation 
and Operation strategies II and III are normally executed as off-time 
operation. The structural evaluation carried out in Operation strategies II 
and III requires the implementation of five analysis steps: (i) confirmation of 
existence of overstress or damage; (ii) determination of overstressed/damaged 
location; (iii) identification of type and cause of overstress or damage; (iv) 
quantification of the amount of overstress or damage; and (v) estimation of 
any adverse effects on global structural performance or prediction of useful 
life remaining. The WASHMS operation block diagram is shown in Fig. 12.3. 
The term ‘kinematic quantities monitoring’, as shown in Fig. 12.3, refers to 
the physical quantities of bridge features and bridge responses. Figs 12.4 to 
12.9 illustrate the instrumentation layouts in the aforementioned six cable-
supported bridges.
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12.3 WASHMS operation block diagram.
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Ma Wan tower

at LAB

Ma Wan anchorage

Tsing Yi
anchorage

Tsing Yi tower

Anemometers (6)
Servo-type accelerometers (19)

Temperature sensors (115)
Dynamic strain gauges (110)
Global positioning systems (14)

Displacement transducers (2)

Level sensing stations (10)

Dynamic weigh-in-motion stations (6)

Data acquisition stations (3)

12.4 Instrumentation layout in Tsing Ma Bridge.

Lantau pylon

Ma Wan pylon

Anemometers (2)
Servo-type accelerometers (3)
Temperature sensors (224)
Dynamic strain gauges (30)
Global positioning systems (6)
Displacement transducers (2)
Level sensing stations (5)
Data acquisition stations (2)

12.5 Instrumentation layout in Kap Shui Mun Bridge.
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Central tower

Ting Kau tower

Tsing Yi tower

Anemometers (7)
Servo-type accelerometers (45)
Temperature sensors (83)
Dynamic strain gauges (88)
Global positioning systems (7)
Displacement transducers (2)
Data acquisition stations (3)

12.6 Instrumentation layout in Ting Kau Bridge.

Hong Kong

Shenzhen

Anemometers (8)
Servo-type accelerometers (44)
Temperature sensors (118)
Dynamic strain gauges (212)
Displacement transducers (4)
Barometers (3), rainfall gauges (3) and hygrometers (3)
Corrosion cells (24)
Digital video cameras (6)
Data acquisition stations (3)

12.7 Instrumentation layout in HSWC (the Hong Kong side cable-
stayed bridge).
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ShenZhen

Hong Kong

Anemometers (5)
Accelerometers (31)
Temperature sensors (29)
Strain gauges (316)
Displacement transducers (4)
Rainfall gauge (1)
Hygrometer (1)
Digital video cameras (2)
Tiltmeters (3)
Reaction meters (6)
Pressure transmitters (15)
Compression rings (24)
Weigh-in-motion stations (2)
Data acquisition stations (4)

12.8 Instrumentation layout in HSWC (the Shenzhen side cable-
stayed bridge).

12.5 Data acquisition and transmission system

The DATS is composed of two categories of equipment, namely data acquisition 
units (both fixed and portable types) and cabling network systems (Category 
5 cable type for most local cabling networks and fiber optic backbones for 
global cabling networks) for acquisition, processing, temporary storage 
and transmission of signals. The DATS, in general, deals with two types of 
signals, i.e. the analog signals and the digital signals. The DAU is a package 
of software-controlled instruments in the bridge-site, which collects, performs 
pre-processing of measured signals and transmits them to the DPCS (at 
administration building) through the global cabling network. The schematic 
layout of a typical DAU used in WASHMS is given in Fig. 12.10. As most 
of the dynamic signals such as acceleration and strain are analog signals, and 
therefore signal conditioning of the acquired analog signals is required. In fact, 
in WASHMS, over 90% of the signals acquired are analog signals and signal 
conditioning is therefore an essential task in the operation of data acquisition 
systems. In order to preserve the acquired signal features and to minimize 
the noises induced in the process of signal conditioning, tight performance 
requirements should be set in the designing of the signal conditioning 
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device, particularly in the aspects of amplification characteristics (such as 
gain accuracy, gain linearity, gain temperature coefficient, input impedance, 
input offset voltage, input offset temperature coefficient, long-term stability, 
common mode rejection ratio, over voltage protection, slew rate, balancing 
stability, etc.), isolation, high pass filter, low pass filter, gain and the overall 
performance in terms of noise, gain accuracy, crosstalk and operating range 
of temperature. The schematic layout of DATS in WASHMS for Stonecutters 
Bridge is shown in Fig. 12.11, where two separated single mode fiber optic 
(backbone) cabling networks are used: one for the transmission of the one 
dimensional (uni-variate) random signals, and the other for the transmission 
of the two dimensional (bi-variate) video signals. The DAU, as shown in 
Fig. 12.11, refers to the PC-based data acquisition unit illustrated in Fig. 
12.10. DAU is solely required in one-dimensional signal cabling network 
for reasons of signal conditioning and systematic collection of signals from 
large numbers of sensors. Normally, one PC-based data acquisition unit 
will not handle more than 128 numbers of data channels and the PC should 
be an industrial PC with a maximum operating temperature of no less than 
60 °C. The DVC (digital video converter) is used to collect and convert the 
video signals from video cameras. The backbone cabling networks in Tsing 
Ma Bridge, Kap Shui Mun Bridge and Ting Kau Bridge are fiber optic 

WIM

WIM

Tsing Yi tower

Stonecutters 
tower

Anemometers (24)
Fixed servo-type accelerometers (58)
Temperature sensors (388)
Dynamic strain gauges (678)
Static strain gauges (158)
Global positioning systems (20)
Displacement transducers (34)
Buffer sensors (18)
Bearing sensors (12)
Electro-magnetic sensors (32)
Barometers, rainfall gauges and hygrometers (28)
Corrosion cells (33)
Digital video cameras (18)

WIM Dynamic weight-in-motion stations (4)

12.9 Instrumentation layout in Stonecutters Bridge.
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12.10 Schematic layout of a typical DAU and its associated equipment.
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token ring at 15 Mbps; whereas that in HSWC and Stonecutters Bridge are 
fiber optic Ethernet bus and fiber optic Ethernet ring at 1 Gbps. Most of the 
connections between sensors (except GPS and digital video cameras which 
are fiber optic) and DAU are copper cabling networks. 

12.6 Data processing and control system

The DPCS refers to the hardware and software of high performance computer 
system (64-bit multi-processor servers) for executing the functions of (i) 
system control, (ii) system operation display, (iii) bridge operation display, 
and (iv) post-processing and analysis of data. The DPCS is composed of two 
sub-systems, namely, DPCS-1 and DPCS-2. The DPCS-1 and DPCS-2 are 
devised to carry out the processing and control of one dimensional signal 
and two dimensional signals respectively. The system control includes the 
control of all the operation modes in sensory system, DAUs, DVCs, cabling 
network systems, and associated display tools, in particular for the functions 
of data collection, data processing, data archiving and data display; and the 
generation of system component fault/failure reports. The system operation 
display includes the display of all the operation modes in sensory system, 
DAUs, DVCs, cabling network systems and associated display tools, in 
particular for displaying/activating the alarming signal as a system component 
failure/fault report generated.
 The function of bridge operation display in respective DPCS-1 and DPCS-2 
is different. In DPCS-1, it is devised to display the environment status in 
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12.11 Schematic layout of DATS in WASHMS for Stonecutters Bridge.
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bridge-site, the operation loads on bridge and the variation of kinematic 
quantities and to activate the alarm signals for the onset of Operation strategies 
II and III when the measurands exceed those monitoring criteria as defined in 
Operation strategy I above; whereas in DPCS-2, it is devised to display the 
traffic flowing conditions and characteristics on bridge, including the near 
real-time display of over-loading vehicles and over-speeding vehicles (in the 
WASHMS for Stonecutters Bridge only). The function of post-processing 
and analysis of data in respective DPCS-1 and DPCS-2 is also different. 
In DPCS-1, it is devised to carry out the environmental loads and status 
derivation, operation loads derivation, bridge features extraction and bridge 
responses derivation by unsupervised learning mode of statistics analysis, 
which is the key part of Strategy I monitoring or normal structural condition 
monitoring; whereas in DPCS-2, it is devised to carry out the image analysis 
of the selected digital video records and to transfer the analyzed results into 
spreadsheet data formats for subsequent traffic features and potential traffic 
load-effects analyses. Figure 12.12 illustrates the major types of statistical 
analyses normally executed in WASHMS. The block diagram of a typical 
statistics analysis of (wind) data in DPCS-1 is shown in Fig. 12.13; whereas 
the block diagram of data analysis in DPCS-2 is shown in Fig. 12.14. 

12.7 Structural health evaluation system

The SHES is devised as the core of WASHMS because it is the only 
module equipped with finite element solvers and associated analysis tools 

Data processing

Amplitude domain analysis

acceleration, and displacement data

Time domain analysis

Frequency domain analysis
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12.12 Different types of statistics analysis of data.
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12.13 Block diagram of a typical statistics analysis of wind data in 
DPCS-1.
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12.14 Block diagram of traffic data analysis (combined digital video 
and DWIM data) in DPCS-2.
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for diagnostics and prognostics of structural health and damage based on 
measured and analyzed results. In fact, this is also the only module for the 
execution of Operation strategies II and III. The SHES is a high-performance 
computer system (which is composed of 64-bit multi-processor servers and 
workstations) equipped with appropriate software tools for the execution of 
the operation tasks: 

(i) inter-solver finite element analysis; 
(ii) modal analysis and modal extraction; 
(iii) sensitivity analysis and model updating; 
(iv) bridge features and responses analysis; 
(v) diagnostic and prognostic analysis; and 
(vi) visualization of analyzed results.

 In the inter-solver finite element analysis, the finite element models built 
by one finite element solver (e.g. MSC Software) can be transferred to and 
executed in another finite element solver (e.g. ANSYS Software) automatically 
(on request) without any manual modifications, and vice-versa by a finite 
element interfacing tool. A finite element interfacing software tool is customized 
to implement such interfacing process and is schematically illustrated in 
Fig. 12.15. In the modal analysis and modal extraction, a software tool is 
customized to combine the modal analysis function of a finite element solver 
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Measured and processed
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Statistical analyzed data 
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Computer modeling data 
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Health evaluation
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Pre-built finite 
element models

Finite element
interface and  

control

Automatic processing, 
analysis and display  
of analyzed results

Pre-configured
finite element
analysis types

Automatic setting
and execution of

appropriate
analysis solver

12.15 Schematic layout of customized finite element interfacing 
software tool.
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with a modal extraction tool (e.g., MATLAB or ARTeMIS) for automatic 
extraction of modal characteristics of the bridge/component from measured 
time-history acceleration data based on the analyzed modal characteristics 
by the selected finite element solver as reference. The modal characteristics 
required are the modal frequencies, the order and structural nature of mode 
shapes, the modal damping ratios and the modal mass participation factors 
for predominating vibration modes of deck, towers, side-span piers and 
cables. In the sensitivity analysis and model updating, a software tool is 
customized to determine the sensitivities of local and global parameters for 
model calibration or updating and to implement the model updating through 
the usage of various techniques such as automatic iterative updating methods, 
automated scaling of sensitivity matrix, etc. 
 Figure 12.16 shows the finite element model updating by measured results. 
In the bridge features and responses analysis, appropriate finite element 
solvers are used, through the usage of interfacing tool where necessary, to 
determine the bridge features such as static influence coefficients and dynamic 
characteristics, and the bridge responses such as bridge displacements and 
stress conditions at key or non-instrumented locations or components. In 
order to facilitate such analytical works, automatic finite element analysis is 
devised in such a manner that pre-built finite element global bridge models 
are setup and each model is pre-configured with appropriate type/types of 
analyses. The pre-built finite element models normally will be the 3D space 
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frame model, the 3D hybrid finite element model, the 3D multi-scale finite 
element models and the 3D solid finite element model as shown in Figs 12.17, 
12.18, 12.19 and 12.20 respectively. These models will be pre-configured with 
appropriate type/types of finite element analyses such as linear static analysis 
for static influence coefficient determination, non-linear static analysis for 
stress and displacement determinations at key or non-instrumented locations or 
components and for load-path and failure mode investigations, linear dynamic 
analysis for modal characteristics determinations, linear dynamic analysis 
for the determination of dynamic responses due to respective wind, seismic 
and impacting loads. All input files of pre-built models and pre-configured 
analysis types are required to be customized in text formats.
 In the diagnostic and prognostic analysis, damage is considered as the 
exceedance of the criteria for deformation, strength and stability as a result 
of environmental and operational loads, and such damage is categorized, 
in accordance with its loading types and failure modes, as three damage 
modes, namely, incremental accumulative damage mode, expected discrete 
accumulative damage mode and unexpected discrete accumulative damage 
mode. Fig. 12.21 expresses the occurrence of damage modes in relation 
to loading types and failure modes. Appropriate damage models such as 
supervised learning mode statistics models (e.g., neural networks) and surrogate 
models (a combination of empirical and analytical methods) are or will be 
developed to assess the damage modes under the pre-defined loading types. 
Figure 12.22 illustrates the two methods (i.e., strain extraction and traffic 
conversion) adopted in WASHMS to assess the accumulative fatigue damage 

Spine-beam model

analysis

 ° shear lag effects
 ° lacking of 3D interaction
 ° stress/stress conversion required

12.17 The 3D space-frame model of Tsing Ma Bridge.
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Full 3D finite element model

12.18 The 3D hybrid finite element model of Tsing Ma Bridge.
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(c)

(d)
(b)

T h i s  3 D  b e a m - e l e m e n t 
model represents the truss-
deck, but the joints of the 
outer-longitudinal truss are 
represented by 2D thin-shell 
elements.

3D multi-scale finite element model

 distribution contours

stress concentration factor for accumulated 
fatigue damage estimation

12.19 The 3D multi-scale finite element model of Tsing Ma Bridge.
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12.20 The 3D solid finite element model of Stonecutters Bridge – 
tower-cap-piles-soil layers.
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12.21 Occurrence of modes, loading types and failure modes in 
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induced by traffic loads. Regarding the last operation task or visualization of 
analysis results, customized graphical software tools are developed to present 
all measured/analyzed/derived results in comparative plots (with animation, 
where necessary) and tabulated in matrix forms for increasing the efficiency 
and accuracy in the identification and quantification of abnormal features 
such as over-stressed and/or damage in components.

12.8 Structural health data management system

The original WASHMS data storage and management system, which was 
customized based on UNIX file-based management system, is a non-database 
storage system and has the limitations of: 

(i) separation and isolation of data – difficult to access files for data 
processing and impossible for synchronizing processing of more than 
two data-files, 

(ii) duplication of data – loss of data integrity or consistence, 
(iii) data dependence – creation of one-off programs, 
(iv) incompatible file formats – difficult for jointly processing of multiple 

data-files, and 
(v) fixed queries or proliferation of application programs. 
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12.22 Flow diagram of the methods of highway-/railway-induced 
accumulative fatigue damage.

www.EngineeringBooksPDF.com



394 Structural health monitoring of civil infrastructure systems

 Such limitations resulted in two major drawbacks: (i) long duration of 
operation for data retrieval, processing and analysis, and (ii) very difficult 
or event unable to carry out three or more dimensional correlation and 
regression analysis. In order to overcome such limitations and to improve 
the data processing and analysis capability of the WASHMS, the SHDMS 
is introduced, which is devised to: (i) standardization and normalization of 
data, (ii) semi-automatic operation of retrieval, processing and analysis of 
measured data, (iii) multi-dimensional analysis of data through manipulation 
of appropriate software analysis tools such as OLAP (on-line analytical 
processing) and data mining tools (e.g., clustering, neural networks, etc.), 
and (iv) integration of all the historical and current measured/analyzed/
derived data and information for real-time monitoring, off-time evaluation, 
report generation and decision recommendation. It is composed of a high 
performance computer system, a data repository system and a data warehouse 
management system. The high performance computer system is a 64-bit multi-
process server under UNIX operation platform. The data repository system is 
composed of a distributed hard disk storage of around 20TB, and in which 
five major databases are devised for the storage and retrieval of data and 
information. These five are: (i) Real-time Structural Health Data Database 
(RSHD-DB) for all pre-processed time-series data obtained from DAUs; (ii) 
Statistical & Probabilistic Analyzed Data Database (SPAD-DB) for all data 
generated from signal/data processing and analysis software tools such as 
MATLAB, NI, etc.; (iii) Finite Element Analysis Data Database (FEAD-DB) 
for all input and output finite element data generated by finite element solvers 
such as MSC/PATRAN, ANSYS/Workbench MSC/NASTRAN, ANSYS/
Multiphysics, etc.; (iv) Structural Health Rating Data Database (SHRD-DB) 
for all new/updated rating indices (or criteria), which form the basis in the 
execution of structural health monitoring and/or safety evaluation; in both 
component-level and system-level; and (v)  Structural Health Evaluation Data 
Database (SHED-DB) for all concise historical monitoring and evaluation 
results, all updated structural health monitoring and evaluation criteria and 
all monitoring and evaluation reports issued. 
 These five databases are manipulated and managed by a data warehouse 
management system equipped with OLAP (on-line analytical processing) tools 
for integrating a wide range of corporate data into a single repository from 
which users or engineers can easily run queries, perform different types of 
analyses and produce monitoring and evaluation reports. The data warehouse 
management system (DWMS) is adopted instead of database management 
system (DBMS). This is because DWMS is devised with good-evaluation 
algorithms and query optimization for decision support and best suites the 
work nature of WASHMS while the DBMS is devised with high concurrency 
and clever techniques of speeding up commit processing for supporting high 
rate of update transactions and does not suite the work nature of WASHMS. 
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The data warehouse management system in SHDMS is devised to carry out 
the following functions:

(1) automatic processing and management of data and information – which 
include systematic cleansing, reconciliation, derivation, matching, 
standardization, transformation and conformity of data and information 
from all data sources systems such as DPCS-servers and all SHES-servers 
as shown in Fig. 12.23.

(2) manipulation of four major types of correlation analyses (i.e., analysis-
to-analysis for model verification, analysis-to-measurement for model 
validation, measurement-to-measurement for features extraction and 
derivation-to-criteria for health monitoring and evaluation) based on all 
data and information generated from the software tools in DPCS-1 servers 
(as shown in the left-hand-side of Fig. 12.23 and end-users’ servers and 
workstations (as shown in the right-hand-side of Fig. 12.23.

(3) creation of data marts (as shown in Fig. 12.23) which summarize all the 
results obtained from the above mentioned correlation analyses for the 
executing of the following works:

 • reporting the current and future (where necessary) environmental 
and operation loads (such as wind, temperature, earthquake, highway 
and railway, where appropriate) acting on the bridge;

 • reporting the current and future (where necessary) the corrosion 
status on instrumented and/or specified components;
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12.23 Data store and operation architecture in SHDMS.
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 • reporting the current and future (where necessary) structural health 
conditions of the bridge in terms of the derived physical parameters 
as listed in the 4th column of Table 12.1;

 • planning and scheduling bridge inspection and maintenance 
activities;

 • updating and/or calibrating the bridge rating system and computational 
(numerical and statistical) models for continuously improving the 
quality and quantity of structural health monitoring and evaluation 
works.

12.9 Inspection and maintenance system

The IMS is composed of two notebook computers (IMS-1 and IMS-2) and a 
tool-box (IMS-3). Its devised function is to carry out WASHMS inspection 
and minor maintenance works on the sensory system, data acquisition units, 
local and global cabling networks, and all display facilities. All information 
(drawings and records) regarding system design, system installation, system 
operation and system maintenance is stored and retrieved for references in 
IMS-1 and IMS-2. The IMS-3 is a tool-box for carrying out system inspection 
activities and minor remedial works in Modules 1 and 2 only.

12.10 Operation of wind and structural health 

monitoring system

In order to demonstrate the operation of WASHMS, some typical monitoring 
results from WASHMS are illustrated in Figs 12.24 to 12.36, where, Figs 
12.24–12.28 illustrate typical wind monitoring results, Figs 12.29–12.31 
illustrate typical dynamic characteristics monitoring results, Figs 12.32–12.33 
illustrate typical cable force monitoring results, and Figs 12.34–12.36 illustrate 
stress demand and accumulative fatigue damage monitoring results.

12.11 Application of wind and structural health 

monitoring system

The measured data, developed analytical tools/skills, gained knowledge 
and experience of bridge behavior from the operation and development of 
WASHMS have been applied to: (i) updating/revising the design criteria in 
bridge design manuals and standards which are the criteria not only for design 
and construction of new bridges, but also for evaluation and rehabilitation 
of existing bridges – an example is the revision of the wind resisting design 
requirements in the Highways Department’s Structures Design Manual [21]; 
and (ii) providing alternative solutions in solving engineering problems 
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encountered in both new and existing bridges – examples are: investigation 
of protrusion and extrusion phenomena in PFTE discs of the PFTE sliding 
bearings in Tsing Ma Bridge [10], structural and aeroelastic instability 
problems of tower in HSWC [15, 16] and pier crack problems of Lai Chi 
Kok viaduct [27].

12.12 Conclusions

This chapter describes a modular architecture that has been used in the design 
of the structural health monitoring system or WASHMS for cable-supported 
bridges in Hong Kong. The architecture of WASHMS is composed of six 
integrated modules, namely, sensory system, data acquisition and transmission 
system, data processing and control system, structural health evaluation system, 
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structural health data management system, and inspection and maintenance 
system. Each module is well-defined and encapsulated.
 The layout of the sensory system should be able to monitor the structural 
health status of the bridge under normal conditions and to evaluate structural 
degradation as it occurs. Since the hardware configuration of the data acquisition 
system, particularly the signal conditioning devices, has a significant influence 
on data quality, the performance requirements should be well identified and 
quantified. Appropriate customized software systems should be developed 
and configured to process or derive the measured data in the data formats 
applicable to bridge health monitoring and evaluation. 
 Structural health monitoring normally requires the correlation analyses of 
the measured/analyzed/derived results. As the correlation analyses involve the 
synchronized processing of two or more data files, the use of data warehouse 
management system (e.g., IBM DB2 data warehouse enterprise edition) in  
managing the storage and retrieval processes of data and information will 
facilitate the automatic execution of such synchronized processing works. 
 Correlation of the measured results with finite element analyzed results 
is also essential in structural health evaluation because such correlation 
has two major functions of: (i) model verification and validation; and (ii) 
diagnostic and/or prognostic analysis of structural health and defects/damage. 
This correlation analysis work is normally executed by the finite element 

Design ULS lateral deck displacement = 4.35 m

Design SLS lateral deck displacement = 2.90 m

WASHMS measured values
Theoretical value based on 

wind tunnel testing

0 10 20 30 40 50 60 70
Hourly mean wind speed in m/s

Wind speed vs. lateral deck displacement at mid main span – TMB

La
te

ra
l 

d
is

p
la

ce
m

en
t 

at
 m

id
 m

ai
n

 s
p

an
 i

n
 m

6

5

4

3

2

1

0

12.26 Monitoring of wind-induced response – Tsing Ma Bridge.
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12.27 Monitoring of wind-induced force at tower-base – Ting Kau Bridge.
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interfacing software (e.g., FEMtools) through the collaboration with the data 
warehouse management system.
 Finally, it is concluded that a structural health monitoring system for long-
span bridges should at least be able to monitor the loading and structural 
parameters set by the bridge designer so that the bridge performance under 
current and future loading conditions can be evaluated, and such evaluated 
results should be able to facilitate the planning of bridge inspection activities, 
and be able to determine not only the cause of damage, but also the extend 
of remedial work, once the damage is identified.
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The 1st symmetric lateral flexure deck mode of Tsing Ma Bridge

= 13.6%

foundations) = 312 000 Tonnes

12.30 Lateral vibration mode of Tsing Ma Bridge.
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12.31 Comparison of measured and analyzed vertical vibration 
modes – Tsing Ma Bridge.
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12.32 Monitoring of main suspension cables – Tsing Ma Bridge.
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Measured loads in north suspenders
Measured loads in south suspenders
Suspender length

Note : Each set of suspenders is composed of 
4 Nos. 75 mm hanger strands.

ULS material strength = 617 tonnes

ULS design load = 500 tonnes

SLS material strength = 448 tonnes SLS design load = 435 tonnes

Tension load during erection stage
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12.33 Monitoring of suspenders – Tsing Ma Bridge.

www.EngineeringBooksPDF.com



406
S

tructural health m
onitoring of civil infrastructure system

s

Location of component for stress demand and fatigue monitoring
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12.34 Location of component for stress and fatigue monitoring – Tsing Ma Bridge.
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12.35 Stress demand monitoring – Tsing Ma Bridge.
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Fatigue damage monitoring – due to all types of loading
Histogram of strain half-cycles
Cycles from histogram data from SSTEN01 and SPTEN01. (Cycle ranges above 1000μe have been discarded.)
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Note 1: Based on the Palmgren-Miner’s rule, total fatigue damage (projected to 120 years) = S
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n
N=1Note 2: Stress level below 2.1N/mm2 (or 10μ e) is not considered in the analysis

Note 3: Fatigue concentration factor = 1.4

Fatigue life estimated > design fatigue life
Implies fatigue damage currently is 
insignifi cant!

Design tension stress = 100 –200 MPa

= 120 years/DI = 703 years > 500 years designed life

Estimate fatigue life of concemed component

DI = S(ni/Ni) = 0.1707 £ 1

Measured stress
BS 5400
CALTRANS allowable fatigue stress

Stress
Level

DI/Stress 
level (n/N)

Design No. of 
Cycles Allow(N), 

allowed by 
or –N curves 

Class F

Measured No. 
of Cycles (ni) 
(projected to 

120 years)
0 to 5 1.82E+11 1.18E+08 0.000649
5 to 10 6.61E+11 4.07E+07 0.000616
10 to 15 1.45E+09 1.15E+07 0.007943
15 to 20 5.37E+09 1.62E+06 0.003011
20 to 25 2.50E+08 7.95E+06 0.031817
25 to 30 1.38E+08 6.61E+06 0.047863
30 to 35 7.94E+07 1.95E+06 0.024603
35 to 40 5.00E+07 8.66E+05 0.017316
40 to 45 1.00E+07 3.69E+05 0.036920
45 to 50 6.70E+06 0.00E+00 0.000000
50 to 55 4.80E+06 0.00E+00 0.000000
55 to 60 3.70E+06 0.00E+00 0.000000

12.36 Fatigue monitoring – Tsing Ma Bridge.
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Structural health monitoring of historical 

structures

A DE STEFANO, Turin Polytechnic, Italy and  
P CLEMENTE, ENEA, Italy

Abstract: Historical structures are a resource and a fundamental part of 
the cultural heritage all over the world. Maintenance of it is an important 
issue as well as the repair after environmental injuries, such as earthquakes. 
This chapter is focused on the specific aspects of vibration testing and the 
robustness of technological tools, sensing design and computational methods 
with particular reference to the monitoring of structures in which the 
mechanical behaviour uncertainties are a typical intrinsic character, as in the 
case of monumental buildings. The case study of the Holy Shroud Chapel in 
Turin (Italy) is reported as a validation of the monitoring techniques used at 
present in ancient buildings.

Key words: structural health monitoring, structural diagnosis, historical 
heritage, sensor network, data mining, multi-model update

13.1 Introduction

Structural maintenance of historical buildings requires knowledge-based 
strategies. For a structural engineer, knowledge means to control, preferably 
in real-time, all the parameters governing the stability, bearing capacity and 
safety of a structure.
 The historical and architectural treasures, which can be found all over the 
world and especially in Italy, need effective maintenance strategies that cannot 
be achieved without a reliable knowledge of the structural behaviour. 
 Mechanical properties of ancient masonry are highly uncertain. This 
means that every stage of mechanical characterization, from sensing system 
design and location to model updating, should be robust. Robustness against 
local property changes and spatial scattering requires distributed sensing and 
appropriate data mining and data fusion techniques, allowing reduction of 
data redundancy and saving only useful information. 
 The structural health monitoring of historical structures includes the 
following aspects:

• choice of inspection techniques
• design of signal acquisition procedures and sensor choice 
• optimization of the location of measurement points so that the automatic 

monitoring system is sensitive to possible damage and defects
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• acquisition and elaboration of the experimental data
• system identification and symptom-based diagnosis
• linear and non-linear numerical modelling, model updating and safety 

evaluation.

 It is also important that the set of experimental data and the results 
produced, be organized in standard formats and structures to be inserted in 
a common database, according to European and international standards, in 
order to be easily accessible and manageable.

13.2 Inspection techniques

Ancient masonry structures show widely uncertain mechanical properties 
for the following reasons:

• local irregularities of geometry and internal masonry texture are not 
always visible; they can involve lack of material continuity, hidden 
empty volumes, walls roughly filled by debris

• attitude to modify in time the behavioural scheme, from monolithic 
elastic to cinematically articulated sets of rigid elements

• out-of plane rotation of originally vertical walls, laterally loaded by 
vaults, arches or roofs

• local variability of the material strength and stiffness, due to original 
defects or electro-chemical degradation

• distribution of cracks, subject to thermal path (seasonal width oscillation 
with basic trend to increase continuously, due to accumulated debris 
inside the crack)

• effects of past, non-documented damage and repairs, architectural changes, 
local manipulations. 

 Inspections, by means of endoscopes, thermographs, radar, metal detectors; 
physical measures, via sonic tomography; or geometric measures, by 
photogrammetry, or other available technologies, can be successfully used to 
improve the knowledge level and to reduce uncertainties. False colour images 
and spectrometry can reveal chemical degradation. All those observations and 
measures supply local information, generally not automatically extendable 
to the whole structure. They should be repeated wherever, in the structure, 
better information is required but the limitations of the budget reduce 
the number of locations where such controls can be done. The result is a 
spot knowledge, which cannot be assumed as representative of the whole 
construction body. 
 Destructive testing, on samples extracted from the structure, could give 
reliable evaluations of the bearing capacity and ultimate strength but these 
are usually not allowed in historical constructions. In some cases extractions 

www.EngineeringBooksPDF.com



414 Structural health monitoring of civil infrastructure systems

are allowed but only in very few locations, so the experimental results are 
only locally significant and not statistically relevant. Sometimes spare bricks 
or stones are collected from the real structure and assembled in laboratory 
by means of a new-cast mortar. In this case the bearing capacity is strongly 
influenced by the quality of mortar, so destructive testing on such reconstructed 
samples may prove unrealistic.
 We conclude that each knowledge source is poor, therefore it is necessary 
to use as many as possible different sources. Besides, local inspections should 
be integrated with dynamic testing, which supplies information about the 
whole-body behaviour. Actually, local defects and irregularities are often 
hidden and their influence on the whole-body response is negligible or not 
clear. Nevertheless dynamic testing can be very helpful to extend the outcomes 
of the local inspections and measures to the whole structure. It is important 
to notice that strongly excited dynamic tests are not always possible or not 
authorized, especially in case of monumental structures, due to the concern 
for possible artificially induced damages. Therefore low energy dynamic 
tests are to be used, which are useful to detect original hidden defects and 
anomalous distributions of material and mechanical properties but do not 
supply significant information on the collapse mechanism and residual strength 
and safety. Moreover, if the monitoring system is permanently on-line, the 
dynamic response can point out changes in the mechanical properties in time 
correlated with the evolution of damages, degradation and local failures. 
 A fundamental problem of damage-oriented monitoring is that it can 
substitute or conveniently integrate traditional inspection methods only when 
there is the reasonable certainty that the automatic measurement and diagnosis 
systems making the structure ‘smart’ are effectively capable of revealing all 
the more relevant conditions of severe expected and possible damage. It is 
therefore necessary to face the problem of diagnostic monitoring in a more 
systematic and strategic way. In other words, a sort of ‘Copernican revolution’ 
is needed to focus on the damage scenarios, hinging around them the choice 
of the investigation methods and the automatic observation systems.

13.2.1 Symptoms and damage

Speaking of ancient structures, we have to take into account that the structural 
geometry could be rough from the construction time, there are many local 
hidden defects, the material properties are uncertain and variable from 
point to point with large scatter. Defects due to the construction phase are 
sometimes very important and dramatically reduce structural safety. Other 
defects and damage can arise during service life, due to different concurring 
causes: material quality degradation, environmental injuries, inaccurate 
human interventions and modifications of the structural body. Sometimes 
the global mechanical behaviour itself changes due to the propagation of 
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large cracks, cinematic configuration modifications, out of plane rotation of 
walls, formation of hinges in arches and vaults. 
 All the above-mentioned scenarios generate symptoms of a different nature. 
The fact that those symptoms more likely come from a distributed and large 
set of local irregularities, rather than from localized damage, makes the 
setting of a reference model unavoidable. Local testing, modal identification, 
non-linearity detection and assessment and stochastic model-updating can 
supply an image of the distribution in the structure of the local distances 
between the model-based behaviour prediction and the actually observed 
one. That result gives suggestions of how to improve the local surveys and 
inspections in a more detailed scale. 
 Identifying damage scenarios and their probability of occurrence requires 
existing bases of knowledge to be explored whenever available, and/or realistic 
simulations, capable of relating each possible scenario to the severity of its 
consequences and the meaningfulness of its symptoms. Permanent monitoring 
systems point out the symptoms. It is therefore necessary to evaluate how 
sensible each symptom is with respect to the damage which produces it and 
to its severity. Besides it is important to find out which type of sensor is 
more suitable to point out that symptom and what characteristics it should 
have in terms of sensitivity and resolution power. This approach should make 
structural monitoring reliable and avoid the risk of searching for irrelevant 
symptoms while neglecting the more relevant ones.

13.2.2 Sensor networks and data mining

The preliminary risk analysis, constituting a priority list of the expected 
damage and structural problems, is useful to select in rational way the kind 
of information needed and to design the most effective sensor networks. If 
a reliable knowledge base is not available, numerical analyses by means of 
realistic finite element models can be very helpful.
 Anyway, effective structural health monitoring requires distributed sensing 
capability and data collection redundant in space and time. Distributed sensing 
is possible, if many low-cost sensors are available. The resulting large amount 
of data to handle implies the necessity of efficient techniques to select, pack 
and compact them. A well-organized sensor networks architecture is also 
necessary.
 Low-cost sensors can be realized in three main ways:

• by adapting sensors already in use in different domains and produced 
in large volumes

• by applying low-cost technologies
• by importing basic technology from other applications largely diffused, 

such as telecommunication and computing. 

www.EngineeringBooksPDF.com



416 Structural health monitoring of civil infrastructure systems

 Recent technological progresses in micro-electro-mechanical systems 
(MEMS), wireless communications and digital electronics have allowed 
the development of small multifunctional low power and low cost devices, 
which are able to find perceptions, elaborate data and communicate to each 
other. Data mining techniques allow exploration of a large amount of data 
and extraction of significant information for decision making actions, required 
to find and recognize previous links, common characters and properties, 
patterns and repeated sequences hidden inside the data.

13.3 Dynamic testing of ancient masonry buildings

Historical ancient masonry structures are, in general, very stiff. So the 
applicability of dynamic testing to these types of structure should be checked 
case by case. Owing to the stiffness and mass distribution properties, more 
local and global modes are often concentrated in a narrow frequency band. 
As a result, the response is confused and its analysis is hard. Moreover, 
non-linear behaviour, observable in ancient masonry even at low strain 
levels, can introduce spurious spectral peaks, adding further disturbances 
to the analysis process.
 These aspects raise important considerations about the possibility to 
investigate whether the sensitivity of modal parameters obtained from 
identification is sufficient to allow damage detection. One may expect that 
the actual existence of a crack would cause a number of symptoms that are 
small if considered singularly, but significant as a whole. Modal frequency 
and shape deviations are frequent features, but one can also find unexpected 
irregularity and dissymmetry in the global dynamic behaviour, appearance 
of new vibration modes, damping growth and local dissipative behaviour 
and non-linear effects.
 Dynamic testing can be used not only, and not mainly, to obtain a modal 
characterization, but also to check and evaluate the statistical parameters of 
the recorded response signals, supplying quantitative information.
 Every irregular or unexpected property of the dynamic response can reveal 
a ‘symptom’ of structural disease. The presence of several small symptoms 
might make a direct and deterministic interpretation very hard. An alternative 
approach can be supplied by ‘pattern recognition’ and neural techniques. 
Other methods are those founded on updating numerical models, where 
model correction is based on the results of a previous structural identification 
(model updating techniques).

13.3.1 Temporary and permanent arrays

Temporary arrays are generally used for dynamic characterization of structures, 
which can be excited by means of ambient or forced vibrations. The latter 
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can be obtained by means of a vibrodine, impulse loading, explosions, etc. 
In this case velocimeters are to be preferred for the following reasons: (i) 
sensors must be just placed on an horizontal surface, so their deployment 
is often easier; (ii) velocimeters are more sensitive than accelerometers, so 
vibrations of very low amplitude, such as ambient vibrations, can also be 
recorded.
 Accelerometric sensors, which have to be fixed at the structure, are to 
be preferred in the cases of: (i) strong motion recording, due to their larger 
full scale value; (ii) long-term monitoring of structures. Obviously, for fixed 
instrumentation the choice of the locations of sensors and the routes for the 
cables is influenced very much by: (i) the interference of the instrumentation 
with the normal use of the building and the optimization of the routes of 
the cables; (ii) the accessibility of the locations, which must allow the safe 
installation of sensors. These problems can often be ignored for temporary 
arrays.
 The experimental study of a structure should be organized in two steps: 
(i) the dynamic characterization should first be performed, in order to have 
a first glance at the dynamic properties of the structure, such as resonance 
frequencies, modal shapes and damping; sensors should be temporarily 
deployed in different configuration in order to define their optimum deployment; 
(ii) then the permanent array is designed on the basis of the experimental 
results obtained from the temporary deployment. A numerical model should 
accompany both the experimental phases. 

13.3.2 Structural identification

Many effective techniques are now available for structural identification, 
which include interesting proposals devoted to elastic or hysteretic non-linear 
mechanical identification, but it is still hard to apply these techniques to large 
and complex structural systems. Therefore we focus our attention on linear 
identification approaches. Moreover, output only techniques are generally 
preferable due to the vulnerability of most of the ancient structures to any 
high energy artificial dynamic excitation source.
 Time-domain and frequency domain methods generally require the 
assumption that the modal parameters are not evolving versus time and 
vibration amplitude and that the input is at least weakly stationary. In civil 
engineering domain, the excitation, e.g. the action of the wind on a tower, 
or the dynamic force transmitted by a vehicle to a viaduct, is generally 
non-stationary. Consequently the structural response is changing and with 
it the energy spectrum along the time. Modes act as a set of filters making 
the spectral energy variations smooth and gradual, so that the response can 
be interpreted as a sum of modulated harmonics concentrated at the modal 
frequencies. These considerations prompted a proposal for adaptive and robust 
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identification methods, to handle these types of non-stationary excitation, 
which are based on special amplitude and phase estimators defined in the 
time-frequency domain (time-frequency instantaneous estimators). The 
advantage of this method is that the identification process is based only on the 
properties of the modal signals, that are dealt with as modulated harmonics. 
Deviations in modal parameters may reflect changes and evolutions in local 
mechanical properties.
 All direct structural identification techniques retain the problem of 
incompleteness. They can be used to build-up functional black-box models 
for modal parameter estimation. It is generally more meaningful to associate 
these techniques with finite elements models in automatic model updating 
procedures.

13.3.3 Model-based monitoring and model updating

There are multiple reasons connected to the creation of a reliable model: to 
have an exhaustive image of the structural health, to be able to do anticipations 
and risk analysis in relationship to future interventions or to optimize the 
project, monitoring the effects in time. In reality the achievement of any one 
of these goals is hindered by the nature of the problem itself. At first, the 
problem can not have a unique solution because it is an inverse problem: 
from data of the real structural response we try to create a model able to 
reproduce them at best. Furthermore we must consider that the presence of 
errors, which derive from different sources, contributes to increase the level 
of the solution uncertainty.
 The ‘model-based monitoring’ is generally intended as ‘model updating’, 
i.e. the adjustment of a numerical model describing the structure on the 
basis of experimental records. The elements of ambiguity and uncertainty 
mentioned above are basics and can not be neglected during the development 
of an updating method. For this reason deterministic approaches are not 
suitable and stochastic techniques must be considered. The word ‘model’ 
can have different meanings, but in the most common use it identifies a 
finite element model. A very large amount of research has been devoted 
to improving and making the model updating procedures more reliable; 
recently more or less effective tools to improve accuracy and stability have 
been made available. Nevertheless, all the procedures involve the solution 
of an inverse problem that is usually ill-conditioned. Moreover, the lack of 
completeness of experimental data with respect to the number of degrees of 
freedom of the numerical model can cause difficulties and uncertainties in 
reconstructing the local mechanical parameters of the assessed structure.
 In the particular case study shown later, the Holy Shroud Chapel, a 
‘multiple-model method’, has been considered, which is able to generate 
and evaluate multiple models for the considered structure. The philosophy at 
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the base is that the output is not an unique model with a behaviour that best 
fits experimental data, but it is constituted by a set of models with common 
characteristics.
 The process of searching and defining groups includes three phases:

• Creation of a certain number of initial models characterized by different 
values of chosen parameters.

• Selection of models that are able to represent the system with a good 
accuracy through the use of a penalization function.

• Analysis of model properties and their subdivision in groups using data 
mining techniques.

 This probabilistic approach, just summarized above, has been applied to 
the case of the Holy Shroud Chapel and will find a more accurate explanation 
in the following sections. The multi-model approaches are an alternative 
choice, with some important advantages and some critical points. The authors 
adopted, with some minor adaptations, a procedure elaborated and proposed 
in Lausanne by I. F. C. Smith (Smith, 2005).
 It follows a compact description of the procedure:

• PHASE 1: the direct model generation phase
 PHASE 1 is based on a set of four hierarchically encased loops constituting 

altogether the iterative Probabilistic Global Search Lausanne (PGSL) 
process.

 ° Starting up and first step: the first model generation
  ß Each model is a point in RN Input Variables Space (N floating 

variable input parameters); a set of M points are randomly 
generated.

  ß Each point has the same joint probability density.
  ß The range of each coordinate of each point is divided into p 

equal intervals with the same probability.
 ° Second step: adaptive probabilistic new models generation. The 

conceptual core is consistent with the following principle: SEARCH 
FOR A BETTER MODEL NEAR TO A GOOD ONE.

  ß Extract the best model among the first generation (target function 
minimum).

  ß Increase the probability density in the range interval of each 
coordinate about the point representing the best model; decrease 
the probability density in the other intervals, as much as the 
distance from the best point is large.

 ° Third step: refining the search and generating new models
  ß The ranges of the coordinate variable values with the highest 

probability density are divided into equal sub-intervals.
  ß Probability density distribution is refined.
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  ß New model generation is driven by the updated probability 
distribution.

  ß Reaching pre-defined criteria will stop the iterative process.

• PHASE 2: evaluating and selecting models
 ° Step 1: preliminary filtering:
  ß All models exceeding a ‘penalty’ threshold defined on base of 

target and additional constraints. 
 ° Step 2: reducing the size of models and problem:
  ß Principal components search (through SVD) on linear combinations 

of the input parameters allows the reduction in size of the space 
in which the models are described. 

  ß The influence of the input parameters on the target function can 
be assessed by a few principal components.

 ° Step 3: reducing the number of models.
  ß Clustering (K-means technique) makes it possible to collect the 

surviving models into groups (see Fig. 13.1).
  ß Models are associated to the cluster having the centroid at the 

minimum Euclidean distance.
  ß Due to the association of a new model, the centroid location 

evolves gradually.

Initializing: defining k initial centroids

Assigning: each representative point is assigned to the cluster of the 
nearest centroid

Relocating centroids: new centroids generated

Checking: |cnew–cold|<tolerance OR maximum number of iterations 
reached?

NO YES

STOP

13.1 Flow chart of the clustering process.
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 A reduced number of models defined by a few significant parameters 
are now suitable for selection. The selection is based on the minimum 
quadratic error in the objective function. It is important to stress-out that 
this kind of philosophy is based on the choice of the best fitting solution 
among many generated randomly by direct simulation. In such a way the 
trap of the ill-conditioned nature of inverse approaches is avoided. It is a 
great advantage of that kind of approach. All the models generated and 
compared for selection have and save during the procedure exploitation a 
clear and unambiguous physical and mechanical information content. The 
method is robust given that the initial choice of damage scenarios is correct 
and sufficiently exhaustive, although it is not able to resolve the ambiguities 
that intrinsically exist in the real problem. The critical aspect is related to 
the possibility of neglecting the generation of the potentially best fitting 
model due to a poor definition of the basic set of reference models (one or 
few), from which the other models are produced by random perturbations 
of the mechanical properties.

13.3.4 Symptom-based monitoring, real and virtual 
knowledge bases

The practice in structural diagnostics proposes a basic problem: damage-
oriented monitoring is an eligible choice for the maintenance management of 
the on-line active measurement and observation systems, making a ‘smart’ 
structure can effectively detect in advance all the most dangerous damages 
and structural safety losses. It is not a trivial problem. It is necessary 
to face the problem of diagnostic monitoring in a more systematic and 
strategic way. An effective procedure should start from the analysis of 
damage scenarios, in which all main expected damage is evaluated on the 
basis of its potential impact and probability of occurrence. Consequently 
then comes the choice of the investigation methods and the automatic 
observation systems. The procedure requires existing bases of knowledge to 
be explored whenever available, and/or simulations, relating each possible 
damage scenario to the severity of its consequences and the meaningfulness 
of its symptoms. Permanent monitoring systems are, as a matter of fact, 
symptom measuring systems. Symptoms can be regarded as evolutionary 
and sudden changes in observable qualitative properties and/or measurable 
responses. It is therefore necessary to evaluate how sensible each symptom 
is with respect to the damage which produces it and to its severity, and 
which type of sensor is more adequate to reveal that symptom and how 
large its sensitivity and its resolution must be. The importance of this type 
of approach resides in attributing reliability to the structural monitoring, 
avoiding the risk of searching for irrelevant symptoms while neglecting 
more relevant ones. 
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 Damage scenarios produce a symptom observation matrix (Cempel, 2003). 
The damage state is identifi ed by the index yi:

  yi i
Tfi bbTbb  13.1

where i [1, m] is a row matrix including m symptoms of the ith damage 
condition, i.e. m parameters, functions or qualitative attributes that mark, 
with unknown sensitivity, the damage condition itself. 
 If q damage scenarios are extracted from real experience and knowledge 
bases then:

  Y[q, 1] fi S[q, m] + E[q, m] 13.2

where:

• Y[q, 1] is the damage indexes vector associated with the whole set of 
damage scenarios; 

• S [q, m] is the symptom observation matrix associated with the whole 
set of damage scenarios. Each row is associated with a damage scenario; 
each column contains different outcomes of the same symptom; 

• E [q, m] is a vector of random errors or random observation noises. 

 The error matrix E is due to the uncertainties and errors in measures and in 
the estimation of the structural mechanical properties. In the works of Cempel 
(2003) symptom-based SHM is applied to mechanical systems. Mechanical 
systems can be often grouped by type, class, or even production origin and 
large experimental data bases are in many cases available and accessible; it 
makes possible a symptom-based diagnostic with aid of a knowledge base 
only.
 The size of the observation matrix, its multi-dimensional and multi-variate 
stochastic nature, non-linearities intrinsically included in the real damage-
symptom causality and the randomness of measures and environmental 
conditions in which symptoms are extracted make it hard to solve the 
inverse problem. It is necessarily a problem size reduction. The master path 
goes through the principal component decomposition or proper orthogonal 
decomposition, that are in fact different defi nitions of the same technique, 
both being based on the singular value decomposition. The single value 
decomposition of the observation matrix, conveniently normalized and 
transformed, transforms a large multidimensional-non-orthogonal symptom 
space into an orthogonal generalized fault space of much reduced dimension. 
It enables maximizing the amount of condition-related information in the 
primary symptom observation matrix and redesign of the traditional condition 
monitoring system. 
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13.3.5 Towards the Bayesian structural fragility 
assessment: a link and contamination between 
model- and symptom-based methods

The symptom-based approach, as shown above, is a method born for 
assessment. Mechanical systems can be often grouped by type, class, or 
even production origin and large experimental data bases are in many cases 
available and accessible; it makes possible a symptom-based diagnostic with 
aid of knowledge base only.
 Civil structures are generally non-standard, unique and non-constrained 
into types and classes. Data and knowledge bases are seldom available, so 
model-based damage state simulations are the only practical way to build-
up a virtual knowledge base. If only a model based simulation is available, 
then the damage assessment using the symptom observation matrix can 
converge to the so-called ‘multi-model approach’ with some adaptations. 
Owing to uncertainties and errors, each damage state can generate virtually 
infi nite symptom sets, ruled by an unknown probability distribution. If 
we use models and simulation, probabilistic procedures (including Monte 
Carlo search) allow generation of many structural models for each damage 
scenario by randomly perturbating material and mechanical properties; 
consequently, many sets of damage scenarios and symptom sets can arise. 
The fi nal goal is to extract damage states and their probability given the 
observed symptoms. The most common pathway towards this kind of inverse 
conditional stochastic estimation goes through a Bayesian approach (Beck 
and Yuen, 2004). It is well known that Bayes stated his theorem based on 
binomial distributions and, later, its availability was generalized to a wide 
set of statistical distributions in the discrete, as well as continuous, random 
variables domain. We can start by remembering the formulation of the Bayes’ 
theorem for discrete distributions.
 Given a space S, let us consider a partition consisting of mutually exclusive 
(Ai Aj = 0, i ≠ j) and exhaustive (S = A1 » A2, … » An) events A1, A2,…, 
An and an arbitrary event B; since this event may occur together with A1 or 
A2,..., An, the probability of the occurrence of event B is given by:

  P (B) = P (A1)P (B|A1) + P(A2)P (B|A2) + … + P (An)P (B|An)

   =  ( | ) ( )
= 1

S
j

n

j j) (B(( P)) (((  13.3

 This formulation, known as ‘absolute probability theorem’, retains its 
validity even in the presence of an infi nite number of events. A direct 
consequence of the conditional and absolute probability theorem is Bayes’ 
theorem (Press, 1988): 
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Bayes’ theorem is also known as theorem of the probability of causes, in that 
it makes it possible to determine the probability of events Ai having been 
the cause of the occurrence of event B. Bayes’ theorem is used to convert 
an ‘a priori’ probability estimate P(Ai) into an ‘a posteriori’ probability 
estimate P(Ai|B) knowing the conditional probability P(B|Ai): this theorem 
enables you to determine the conditional probability of event Ai given that 
event B has occurred. Multi-variate stochastic problems can be transformed, 
in many cases and more easily, into hierarchically conditioned mono-variate 
solutions. 

13.4 The Holy Shroud Chapel in Turin (Italy) 

13.4.1 Description, history and fi re

The Holy Shroud Chapel in Turin is an outstanding baroque construction 
(Fig. 13.2), initially commissioned by Emanuele Filiberto di Savoia to Carlo 
di Castellamonte (1560–1641) to preserve the main relic of Christianity. 
Owing to the political turbulence of those years, the task of realizing the 
work was assigned to several architects and the original design suffered 
continuous changes. Only in 1666 were works commissioned to Guarino 

Luce

Luce

Luce

13.2 Section and view of the dome from below.
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Guarini (1624–1683), who built the Chapel from 1667 to 1694, with the 
wonderful look we can still see nowadays. 
 The recent history of the Holy Shroud Chapel has been marked by a 
tragic event, which happened in 1997 during the execution of restoration 
works inside the structure. In fact, a big fire burnt and seriously damaged 
the building, producing incalculable economic and artistic loss. 
 After the fire, the Supervisor for Architectonic Assets committed the project 
for a general experimental campaign on materials and structure and a dynamic 
test programme to the Politecnico of Torino. The same governmental office 
appointed the Politecnico di Torino and the University of Kassel to the tasks 
of numerical model refinement and experimental model updating. 

13.4.2 Experimental campaign on materials  
and structure

In order to collect the data for the design of the structural rehabilitation of 
the Holy Shroud Chapel, an extensive campaign of in situ investigations 
was performed. The investigations aimed to achieve a deep knowledge of 
the structural morphology of the building (geometry, marble and masonry 
organization, position of metal ties, etc.), to measure the actual stresses in 
structurally significant zones and to determine the mechanical properties 
of materials and of the soil. The deterioration of the marble surface due 
to the fire was also investigated by means of specific tests. The structural 
morphology was investigated by a topographic survey and a number of 
borings in the masonry, most of which extended to the full thickness. Both 
the visual examination of the extracted cores and the camera survey in the 
hole allowed to ascertain the marble and masonry layers and the fabric of 
the masonry. The investigation included the research of the hidden arches, 
removing the plaster in some non-visible zones in the passageway beneath the 
loggia; as a result, a number of arches were detected hidden in the masonry, 
so that the insertion of arches within the fabric of the masonry appears almost 
as the application of Guarini’s structural rule of thumb. On the basis of the 
investigations of the structural morphology, a 3D computer geometrical model 
of the entire building was prepared, detailing the organization of the marble 
and masonry parts and the position of arches and metal ties. The actual 
stress in the masonry was measured in a number of structurally significant 
positions by means of flat jacks technique. Very flexible flat jacks were 
used in order to have  good accuracy also in case of non-regular surfaces. 
The results showed high compression stresses in the basement walls (higher 
than 1 MPa, very close to the compression strength of the wall equal to 1.4 
MPa) and a situation of strong bending in the pilasters of the drum due to 
the outward displacement caused by the collapse of the system of ties of 
the dome during the fire.
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 The mechanical properties of the materials were measured both in 
laboratory, on samples cut from cores or extracted on purpose from the 
masonry, and on site, using cross-hole ultrasonic measures in the holes of 
cores and double flat jacks tests. The results showed the poor properties of 
the basement masonry and the better quality of Guarini’s masonry in the 
upper part of the building. Tests performed on the marble showed that, apart 
from the first 50–60 mm from the surface, chemically modified by the heat, 
the compression strength was quite high, about 90 MPa. 
 However the most important result came from an attempt to remove a 
marble element from an arch of the dome. In fact, the element was found to 
be affected by a complete system of randomly oriented cracks. Such cracks 
spread in the whole thickness of the marble and probably derived from 
the stresses induced by the restrained thermal deformations; they seriously 
reduce the load carrying capacity of the material, in spite of the quite high 
local compression strength.
 This result was confirmed afterwards by extensive sonic tomography tests 
that showed that such unfavourable situation affects almost all the marble 
structural elements (columns, arches, etc.). Taking into account this evidence, 
the structural rehabilitation design also considered the reconstruction of the 
structurally most important parts of the building with new marble elements, 
produced in the same shape as the original ones. 

13.4.3 Dynamic tests

Several dynamic tests were carried out on the dome of Holy Shroud Chapel, 
by C.E.S.I. Company. Four different exciting actions were considered to 
generate the vibrations: 

• environmental excitation (traffic, wind, micro-quakes)
• impulsive excitation produced by hammering
• impulsive excitation caused by a sphere dropped to the ground near the 

foot of the building
• wind turbulence produced by a helicopter of the fire-police flying around 

the dome top.

 Twenty-five accelerometers were used and deployed on six different levels, 
located following an optimal plan suggested by M. Link. Each transducer 
measured the response of the structure along three different orthogonal 
directions: radial, vertical and horizontal normal to radius. The signals that 
were obtained in this way were used to perform the structural identification 
of the dome. The signal processing procedures were applied to the records 
as they were acquired, in the cylindrical reference system, and also to their 
transformed components in a Cartesian orthogonal reference system. We 
report sensors location in detail:
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• n.1 measurement point (At0) next to the impact point of a beating mass 
n.3 accelerometers ENDEVCO have been applied; 

• n.3 measurement points (At1, At2, At3) at the height of Duomo’s fl oor; 
n.9 seismometers TELEDYNE have been applied; 

• n.3 measurement points (B17At1, C17At1, E17At1) at the height of 
chapel’s fl oor; n.9 accelerometers have been applied; 

• n.4 measurement points (A14At1, C14At1, D14At1, F14At1) at the height 
of +19.30 m; n.12 seismometers TELEDYNE have been applied; 

• n.4 measurement points (A13At1, A13At2, C13At1, C13At2) at the 
height of +27.00 m; n.12 accelerometers CFX have been applied; 

• n.6 measurement points (B11At2, C11At1, C11At2, E11At2, F11At1, 
F11At2) at the height of +32.00 m; n.18 accelerometers CFX have been 
applied; 

• n.4 measurement points (BC7At1, CD5At1, EF7At1, AF5At1); n.12 
accelerometers CFX have been applied. 

13.4.4 Modal identifi cation

The identifi cation of the structure was achieved using the TFIE (time 
frequency instantaneous estimators) method. The estimators actually show 
every time step the Amplitude ratio and Phase ratio between two channels 
versus frequency: 

  
AR t f

D f

D f
s

s

i

j

(t )f =
( ,t  )f

( ,t )f
 

13.5

  
PH t f D fsi js(t )f = phase { ( ,t )f }

 
13.6

with D fsi js ( ,t )f  and D fsi ( ,t  )f  auto and cross bi-linear transforms in 
time–frequency domain.
 At the modal frequency the phase difference in (Eq. 13.6) become nearly 
constant in time and its standard deviation along the time axis approaches 
zero if the noise level is low. Anyway a downward peak in the standard 
deviation of the phase difference process, plotted versus frequency, marks 
an expected modal frequency. If it is true, the AR of Eq. (13.6) computed 
at that frequency remains nearly constant versus time, too, and marks the 
amplitude ratio of a modal shape. 
 The TFIE method has been applied to several different sets of signals, 
generated by the different types of exciting actions (Figs 13.3 and 13.4). 
Modal frequencies were identifi ed using all the consistent signal pairs in all 
the combinations of the following sampling parameters: 
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• sampling frequency: 25 or 50 pts/s
• length of the signal: 256 or 512 pts.

 The TFIE diagrams computed from signals with identical sampling 
frequencies and lengths were averaged. By selecting effectively the coordinate 
reference system and the record set the downward peaks marking modal 
frequencies are clearly visible. Applying the TFIE analysis to the x oriented 
signal components in a Cartesian reference system one can easily reconstruct 
the modal shape projection on the x-z plane, where z is the vertical axis. 
In general it results convenient to use signals in cylindrical coordinates to 
identify modes where the torsion is prevailing whilst Cartesian coordinates 
work better to extract modal shapes with prevailing translation.
 The records obtained under the excitation of the dropped sphere, with 
sampling rate of 25 pts/s and length of 1024 pts, supplied the best results. 
In this way it was possible to resolve two modes very close to each other 
at f1 = 2.246 Hz and f2 = 2.344 Hz. 
 The identification of the modal shapes was done using the same data pairs 
and sampling conditions which allowed the best results in the frequency 
search. The first flexional shape is directed in NE-SW direction (Fig. 13.5), 
the second in NW-SE direction (Fig. 13.6). 

13.4.5 The Stochastic model updating 

Generation of a finite element model of the Holy Shroud chapel has represented 
the starting point for application of automatic model updating procedures. For 
this purpose, software has been developed that is able to generate and evaluate 
multiple models for the considered structure, implementing the previously 
described PGSL procedure. The first operation for the updating consists on 
the choice of the quantities for the comparison between the model and the 
real data and the selection of parameters to update. In the case study, the first 
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13.5 First mode shape (bending).
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five modal frequencies have been considered and a board function between 
the identified values and the computed ones has been calculated. The result 
has been completed with an estimation of the error in the prediction of the 
corresponding modal shapes. 
 The choice of parameters is based on the definition of different zones 
which define a structural component. Each zone is supposed to be composed 
of elements with the same material, whose parameters considered for analysis 
are values of the elastic modula and stiffness. 
 In order to reduce the number of variables, because of high computational 
weight and difficulties about result reliability, a sensitivity analysis has been 
performed. The most influential parameters on the observed quantities have 
been selected and the ones which lightly influence the model are neglected. 
Remaining parameters have been treated as constants.
 Once we have found the two sets of parameters, the first containing 
structural properties and the second including tests outcomes and model 
information, the multi-model stochastic updating algorithm can be introduced. 
The adopted method tries to explore the space of solutions described by 
sensitive parameters chosen before through an iterative procedure generating 
a great number of models whose variables are extracted by an initial uniform 
distribution.
 The process followed later is the one shortly described at Section 13.3.3. 
Each operation done by the algorithm is managed by specific parameters 
(number of iterations to do at each cycle, coefficient for the refreshing of 
probability distribution or the space structure) which have to be chosen 
carefully because some of them influence the solution stability.
 New generated models, stored in each iteration of the inner cycle, are 
then submitted to a filtering operation: a penalization function (which 
generally represents the deviation between the modal properties identified 
for the structure and model calculated ones) is compared to a threshold. All 
the exceeding models are rejected. The most delicate aspect of this phase 
is the definition of the penalization criterion: it depends on the targets and, 
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at the same time, it influences threshold choice. For example, in the case of 
the cupola, since the models obtained trough the PGSL and the function of 
average error presented excellent properties in reproduction of frequencies of 
four mode shapes, while one mode had a more elevated error, we decided to 
operate a filter using the maximum and the average relative errors committed, 
in order to eliminate those with unacceptable values.
 At this point, it is useful to reduce the number of parameters used for 
the updating process in order to allow a graphic representation of the set 
of considered points, that otherwise leads to many difficulties in results 
interpretation. Using techniques to reduce data dimensions, it is possible to 
combine the variables in order that the number of necessary quantities is fewer 
than the original one: in this way all problem’s variables are preserved and 
each one contributes to represent the actual state. One of the most powerful 
techniques of feature extraction is principal component analysis. The central 
idea is to reduce the size of the data set using linear combination of parameters 
which preserves the greater part of differences between the elements of the 
analyzed set. New variables, the principal components, are the coordinates 
in vector space defined by the eigenvectors of the covariance matrix of the 
combination coefficients. Data representation in the principal component 
system corresponds to a change in referring system: in this way, the new 
system has the same dimension of the previous one but the data projection 
on a restricted number of axes doesn’t lead to losing information. 
 Another data mining technique has been applied to cluster the data set 
expressed in the new reduced dimension. A well-known group of clustering 
methods is the k-means group: its components are all characterized by 
subdivision in k subset, each one represented by a centre, in order to create 
as much as possible inside compact groups, distant each other. Since the 
solution obtained in this way is strongly conditioned by k value, which is 
defined by the user, and initial centres configuration, the base algorithm 
was inserted inside an external iterative structure, finalized to search the 
optimum k value. In Fig. 13.7 the result of exertion of two described data 
mining techniques is represented: the centre points of groups, traced in a 
bigger dimension to be distinguished and exported to the original referring 
system (described by updating parameters) are the method outputs. The 
numeric values obtained for the class representative parameters are shown 
in Table 13.1. 
 The results obtained using the multiple model method could be considered 
good, although they need deeper study and integration. Properly choosing 
the parameters values, it was possible to obtain good results in estimation of 
modal frequencies for four of five considered modes. Some problems affect 
the second mode, for which the difference between identified values and the 
numerically calculated values is higher than for other modes, although a big 
reduction in errors in respect of the starting model occurs.

www.EngineeringBooksPDF.com



432 Structural health monitoring of civil infrastructure systems

13.5 Conclusions

The adopted method results are quite simple and characterized by several 
application opportunities; the original software needs further improvement 
to be able to handle different data. However, the realized part represents a 
good starting point for future upgrades. The adopted multi-model approach 
followed without significant changes from the one proposed in Lausanne, 
but the contamination with the symptom-based methods and Bayesian 
estimations should be explored in order to improve the performance and 
to treat problems affected by strong uncertainties. An effective diagnostic 
approach requires a consistent partition into local substructures. It allows 
detection of local irregularities and selection of where to explore deeper 
with any kind of useful sensing device and inspection tool. Following the 
leading idea to go towards a full on-line monitoring, a class of problems still 
remains not covered by reliable sensing systems. It is the class of damage 
caused by degradation and chemical modification of construction materials. 
An effort should be devoted to give some credible answers.
 The general trend of structural monitoring technologies, anyway, is going 
towards a really distributed sensing, no more by means of many small low cost 
sensors but by means of smart sensing surfaces or volume extended devices. 

Sensitivity analysis – Modes 1–5
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13.7 Sensitivity parameters analysis and FE model.

Table 13.1 Representative parameters for the selected models (N/m2)

 E_6 E_11 E_12 E_18 E_19

M_1 2.9198E+09 1.2856E+09 2.8375E+09 2.1315E+09 1.9101E+09 

M_2 2.4771E+09 1.2784E+09 2.8678E+09 2.0446E+09 1.9227E+09 

M_3 2.4321E+09 1.2994E+09 2.6620E+09 2.0407E+09 1.9104E+09 

M_4 2.1573E+09 1.2910E+09 2.8273E+09 2.0999E+09 1.9362E+09 

M_5 2.5294E+09 1.3252E+09 2.8745E+09 2.4956E+09 1.9514E+09
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The distributed measuring system can prove to be redundant somewhere, 
not redundant where singularities, defects, failures and local discontinuities 
exist. The treatment of redundancy can be activated only ‘a posteriori’ using 
appropriate data mining and data fusion techniques.
 It is too early to understand if this kind of evolution will be of interest 
for the ancient architectural heritage and when. The author is confident that 
it will happen, quite soon. Anyway, whatever can be the future context, the 
on-line monitoring challenge is to make on-line monitoring a really reliable 
diagnostic support to replace step-by-step visual inspection. Only in that case 
it will become a default resource for maintenance managers.
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Europe: trends and applications
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Abstract: Structural health monitoring plays an important role in Europe. 
New structures are equipped with integrated sensor systems already during 
construction, existing structures are increasingly upgraded with monitoring 
systems to get on-line information about the state of the structure as well 
as the load history. A number of activities are being carried out, new 
projects are in the pipeline. There are several European projects which bring 
interdisciplinary experts together to develop new monitoring methods or to 
provide complex monitoring systems. This chapter gives an overview on 
outstanding European projects, on existing SHM networks and related events 
such as workshops and conferences. Main centres with SHM activities in 
research institutions, universities and companies in European countries 
are presented. A few highlighted monitoring systems developed for newly 
built structures (e.g. the main railway station in Berlin), for observation of 
safety-relevant structures (e.g. the Eder gravity dam in the German state of 
Hess) and to preserve architectural monuments when damage occurs (e.g. 
the Royal Villa in Monza in northern Italy or the San Vigilio church on 
Lake Lugano in Switzerland). Outlook and future trends in monitoring of 
European structures and a few notes on validation of monitoring systems 
close the chapter. Extensive research activities concerning intelligent textiles 
equipped with polymer optical fibre strain sensors for stabilising limited 
geotechnical areas as well as tiny fibre optic pH sensors to monitor the pH 
value of steel-reinforced concrete structures are addressed.

Key words: fibre optic sensors, monitoring, safety-relevant structures, 
durability, load history, crack monitoring, fibre sensor networks, workshops, 
research centres, pH sensing, intelligent textiles.

14.1 Structural health monitoring in Europe

In Europe, a number of structures – be it historical bridges, churches or palaces 
and monuments – are hundreds of years old. The structures are exposed to 
environmental and tectonic influences, and therefore require maintenance, 
inspection and often monitoring. But not only old building stock demands 
attention, newly built bold engineering structures designed for a service 
life of 100 years and more require continuous observation of how special 
influences damage or at least change the behaviour of the structure. One of 
the early challenging structural health monitoring (SHM) projects in Europe 
has been carried out at the Great Belt Link (Storebælt Bridge, Fig. 14.1) 
built from 1989 till 1998.1 
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 Because of the aggressive chloride containing seawater environment, the 
durability presumptions of the concrete quality had to be verified by using a 
monitoring technology. The Great Belt Link is monitored using a total number 
of 446 anode ladder-type corrosion sensors from a German company. 
 Another very recent comprehensively monitored bold structure is the 
Berlin Central railway station (Fig. 14.2). A short description is given in 
Section 14.4.2.

14.1 The Great Belt Link between the Danish islands Fünen (Nyborg) 
and Seeland (Korsør).

14.2 Berlin Central railway station.
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14.2 Survey of European structural health 

monitoring networks and events

14.2.1 SHM networks

The most active European network in the field of structural health monitoring 
is the SAMCO network (Structural Assessment, Monitoring and Control). This 
network (www.samco.org) spans the whole of Europe and joins construction 
companies, bridge-owners and managers, railway consultants, road authorities, 
equipment suppliers, monitoring experts, research institutions, housing 
authorities, regional and city governments and universities. It supports the 
transfer of knowledge and technology in the field of assessment, monitoring 
and control of structures of relevant civil and industrial interest, in particular 
the transportation infrastructure. The activities of the network are mostly 
related to bridges, buildings, power plants and industries under seismic and 
other environmental loads. The network has also established connections to 
the newly associated states of Eastern Europe. There were Test Members, 
Scientific Members and End User Members having different responsibilities 
within the network.
 Originally established in October 2001 as a thematic network and funded 
by the European Commission until March 2006, after its termination, the 
SAMCO Association has newly been founded in the meantime with 85 
registered participants from 25 countries from all over the world. According 
to the name SAMCO, the activities are focussed on assessment of the actual 
condition and the load capacity of the structure of buildings (structural 
assessment), on permanent condition supervision of buildings in order to 
maintain the load capacity and the usability (monitoring), and on supervision 
and control of the dynamic behaviour, like vibration (control). SAMCO 
enables transfer of knowledge and technology in theses fields, in particular 
for the transportation infrastructure, and stimulates further developments. 
It also focuses on technology management and the successful market 
introduction of new and innovative developments. End users profit from 
the transfer of novel technologies and know how, as well as from reference 
and demonstration projects. SAMCO also organises summer academies for 
improvement of the education situation, convinces conservative owners by 
demonstration projects and material, and compares the European knowledge, 
standards, technologies and testing techniques with non-European countries. 
There are intense contacts to other international networks and associations, 
e.g. the International Society for Structural Health Monitoring of Intelligent 
Infrastructure (ISHMII, www.ishmii.org).
 Another international network was started in October 2007 as a joint research 
project entitled ‘Consortium of Excellence in Advanced Sensors and their 
Applications’. It aims at innovations for structural health monitoring and is 
supported by the British Engineering and Physical Sciences Research Council 
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(EPSRC), and chaired by the City University of London. Eight European 
partners, City University London, Queen’s University of Belfast, Imperial 
College London, University of Glasgow, Sengenia Ltd. Belfast (all UK), 
University of Limerick/Ireland, Kista Photonics Research Centre Stockholm/
Sweden, Federal Institute for Materials Research and Testing (BAM) Berlin/
Germany and one non-European partner, Nanyang Technological University 
Singapore, are joining. The objective of this Consortium of Excellence is 
to promote a synergy of the skills and expertise of key personnel in several 
research groups, and to create innovation. 

14.2.2 Conferences and workshops

The European Workshop on Structural Health Monitoring (EWSHM) is a 
periodic event which is carried out every two years. The first EWSHM was 
held in Cachan near Paris/France in July 2002, the second one in Munich/
Germany in July 2004 and the third one in Granada/Spain in July 2006. The 
last EWSHM was held in Kraków/Poland in July 2008. The fifth European 
Workshop on Structural Health Monitoring (EWSHM-2010) is scheduled 
for 29 June–2 July 2010 in Sorento, Italy. The workshops cover activities 
related to damage detection and evaluation in engineering structures, signal 
processing, sensor development, analytical techniques and experimental case 
studies. Among structural health monitoring, the EWSHM also addresses 
the various fields of research oriented towards the development of smart 
materials and structures.
 Another periodic event where a number of experts in non-destructive testing 
methods come together is the European Conference on Non-destructive Testing 
(ECNDT). Starting in 1978 in Mainz/Germany, the conference is now held 
every four years. The last three were held in Copenhagen/Denmark (7th ECNDT 
in May 1998), in Barcelona/Spain (8th ECNDT in June 2002) and in Berlin 
(9th ECNDT in September 2006). Their methods and testing technologies 
provide a significant part of the experimental basis needed for structural 
health monitoring and assessment. The 10th European conference on NDT 
and technical diagnostics will take place in Moscow/Russia in June 2010.
 There were and are some nationally organised events related to SHM 
for civil infrastructure. In April 2007 in Belfast/UK, a one-day workshop 
on non-destructive testing and monitoring of structures was combined with 
an international conference at the Queen’s University of Belfast with the 
goal of discussing topics on advanced concrete technology, novel structural 
systems and innovative testing and monitoring methods (http://www.qub.
ac.uk/concreteplatform). Another expert meeting is annually organised by 
the German Association for Experimental Stress Analysis (GESA) within the 
German Association of Engineers (VDI). One of the topics concerns monitoring 
aspects especially monitoring technologies for civil structures. The expert 
meetings in 2007, 2008 and 2009 were embedded in the SENSOR+TEST Fair 
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in Nürnberg/Germany, the international trade fair for Sensorics, Measuring 
and Testing Technologies. The next GESA expert meeting in May 2010 will 
be embedded in the expert meeting ‘Sensoren und Messsysteme’ (Sensors 
and Measurement Systems), organized by the ITG Information Technology 
Society within the VDE Association for Electrical, Electronic & Information 
Technologies (www.vde.com/en).

14.3 Main centres with structural health monitoring 

activities in European countries

14.3.1 Scientific institutions

There are a number of scientific centres in Europe that are dealing with structural 
health monitoring. The most known are the Eidgenössische Materialprüfanstalt 
(EMPA) in Dübendorf/Switzerland, the Federal Institute for Materials Research 
and Testing (BAM) in Berlin/Germany, and the Laboratoire Central des Ponts 
et Chaussées (LCPC) in Paris/France. Basic research and development for 
SHM systems, not specifically dedicated to civil engineering, is done at 
selected institutes of the German Fraunhofer Gesellschaft (FhG), e.g. in the 
Fraunhofer Institute for Non-Destructive Testing located in Saarbrücken and 
Dresden/Germany. On the other hand, there are research clusters focussed on 
SHM research at a number of Universities in Europe, such as the University 
of Sheffield/UK, the Technical Universities of Braunschweig and Stuttgart/
Germany, and universities in Scandinavia (see Section 14.3.2).
 EMPA in Switzerland (www.empa.ch) is doing research for safety and 
security in civil engineering structures. Through the application of modern 
materials and technologies, new solutions in vibration mitigation, structural 
health monitoring and earthquake retrofitting will be acquired. EMPA is 
involved in interdisciplinary research projects. As an example, a major part 
of the EU-FP6 project ‘Sustainable Bridges’ concerns the development of 
a wireless communication network. In the future, this sensor network will 
be used for remote structural health monitoring. Another speciality is the 
combination of sensors and actuators, e.g. to monitor and control the structure 
by using vibration damping rheological materials or tuned mass dampers.
 BAM in Berlin performs a comprehensive contribution to the area of SHM. 
There are related activities in several departments and divisions of BAM 
(http://www.bam.de). In the BAM department VII ‘Safety of Structures’, SHM 
related areas of expertise among others are: experimental structural safety 
assessment, dynamics in construction and transportation, railway track systems 
and components, structural reliability and risk assessment, and finally structural 
health monitoring and condition analysis. Extensive investigations are carried 
out under complex and extreme mechanical loadings in laboratory and in 
situ. This department VII represents BAM as the only German institute in the 
European Network of Building Research Institutes (ENBRI), is also involved 
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in the European thematic network E-CORE (European Construction Research 
Network) and takes substantially part in the international network I-SAMCO 
(as a co-founder). Moreover, BAM is also co-founder of the ISHMII and 
engaged in European standards and regulations. Investigation and assessment of 
structures require innovative methods to record data and to provide experimental 
expertise. Substantial inputs both from non-destructive damage assessment and 
measurement methods as well as from innovative measurement technologies 
based on, e.g. structure-integrated fibre optic sensors, are provided from BAM 
department VIII ‘Non-destructive Testing’. The Fibre Optic Sensor Group 
develops and/or modifies sensors which can be integrated into structures for 
long-term monitoring of the structure’s behaviour. This sensor technology 
is used, e.g. for long-term monitoring of large rock anchors, monitoring of 
rotor blades, and for sensor-based assessment of large concrete foundation 
piles. In BAM department VIII basic investigations with respect to reliability, 
testing, validation, and calibration of measurement facilities and sensors as 
an important part of SHM systems are carried out. Substantial contribution 
for the development of standards and guidelines for fibre optic sensors is also 
given in the expert commitee 2.17 ‘Fibre optic sensing technology’ of the 
German association VDI (http://www.vdi.de/structuremonitoring). In this expert 
committee, a small group consisting of experts from three German companies 
(AOS GmbH Dresden, FBGS Technologies GmbH Jena and HBM GmbH 
Darmstadt, all dealing with FBG) and two well-known research institutes 
(BAM Berlin and IPHT e. V. Jena) have developed a standard with the title 
‘Experimental Stress Analysis – Optical Strain Sensor based on Fibre Bragg 
Grating; Basics, Characteristics and its Testing’. This standard was published 
in May 2009 as the German VDI/VDE 2660 guideline (in German). VDI/VDE 
guidelines are considered as generally recognized engineering standards. After 
gathering comments and feedback until August 2009, the VDI/VDE guideline 
2660 will then be available in English in October 2009 from www.beuth.de.

14.3.2 Universities

The likely broadest national research cluster in Europe especially aimed at 
monitoring of civil structures is carried out at the Technical University on 
Braunschweig supported by the German Research Foundation (DFG). Within 
the Collaborative Research Centre SFB 477 ‘Monitoring of Structures’ (http://
www.sfb477.tu-bs.de) methods are developed and enhanced for a precise 
service life prediction of engineering structures by means of innovative 
monitoring methods. SFB 477 brings together scientists from different fields: 
civil engineering, surveying, mechanical engineering, electrical engineering 
and chemistry. The research project is linked to the Federal Institute of Physics 
and Metrology (PTB) in Braunschweig/Germany and provides synergy of 
academic research and civil engineering applications. The project is subdivided 
into four research fields: methods and strategies, adaptive models, measuring 
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systems (development and adaptation), and testing on structures. Through 
an efficient collaboration in the particular research projects, a wide scope of 
topics is investigated: development of monitoring strategies and procedures on 
a deterministic and probabilistic basis, measurement techniques, adaptive i.e. 
smart models which can adapt themselves to a changing system, development 
of new sensors and, last but not least, the application to real building structures 
such as bridges, towers, cranes, landfills. 
 Another centre of activity for civil infrastructure structural health 
monitoring is at The University of Sheffield/UK, Vibration Engineering 
Section (http://www.shef.ac.uk). Permanent environmental and monitoring 
equipment has been installed at a suspension bridge (Tamar Bridge).2 The 
modal parameters of the bridge are extracted continuously and autonomously 
using a stochastic subspace identification technique. The purpose of the 
Structural Monitoring System (SMS) was and is to provide engineering 
information on the performance and condition of the bridge during and after 
the widening and strengthening. Another research project entitled ‘Novel data 
mining and performance diagnosis systems for structural health monitoring 
of suspension bridges’ is supported by the British Engineering and Physical 
Sciences Research Council (EPSRC).
 Structural health monitoring activities for a cable-supported pedestrian 
bridge are published from Politecnico di Torino/Italy.3 University of Genoa/
Italy is especially active in the marine and harbour area. They use a GPS 
system for monitoring breakwater and have developed a comprehensive data 
analysis and interpretation system to infer the actual and expected stability 
condition of the structure under wave actions and seepage. Results from the 
interpretation of GPS data have also been compared with information derived 
from SAR (synthetic aperture radar) satellite images.4 Another example of 
monitoring on piers in the port of Genoa has been carried out with the aim 
of performing short to medium and long-term control of the efficiency and 
safety conditions of harbour structures.5 One monitoring system based on 
fibre optic sensors concerns walls underlying existing piers that have been 
subjected to strengthening and dredging of the refurbishment works. Another 
one monitors a pre-stressed concrete pier.
 In Scandinavia, the SHM activities increased strongly in the past. There are a 
few centres where research and development of SHM systems at universities is 
combined with SHM campaigns on existing structures. Considerable activities 
carried out are published in the last years by the Royal Institute of Technology 
(KTH) in Stockholm/Sweden and by the Denmark Technical University, 
Department of Civil Engineering in Lyngby/Denmark. A number of ageing 
bridges that had to be upgraded to higher axle loads have been monitored 
for years by the Luleå University of Technology/Sweden, e.g. monitoring 
of the performance of railway bridges before and after strengthening with 
CFRP sheets.6 The live data provided by the SHM system can be used with 
probabilistic methods to evaluate the current state in form of a safety index. 
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14.3.3 Companies

There are an unmanageable number of companies and consulting groups in 
European countries which offer monitoring systems. As an example, only 
two large companies from Scandinavia, which offer complete solutions for 
SHM on different types of structures, are cited here: COWI A/S in Denmark 
(www.cowi.dk) and FUTURTEC in Finland (www.futurtec.fi). Only few 
companies are dealing with specific SHM technologies. One of the most active 
European companies in SHM, which almost exclusively uses the innovative 
fibre optic sensor technology, is SMARTEC SA from Manno/Switzerland 
(www.smartec.ch). In fibre sensor technology, it is a leading developer, 
manufacturer and distributor of measurement and structural health monitoring 
systems. SMARTEC SA was founded in 1996 and has successively developed 
worldwide activities on all continents. The company brings in its expertise 
as a co-operation partner in numerous international research projects. Its 
product range comprises sensors (fibre optic, GPS and conventional ones), 
data acquisition systems and software for data management and analysis. The 
expertise covers civil and geotechnical engineering, structural engineering, oil 
and gas industry and energy distribution. SMARTEC’s distribution network 
spans more than 20 countries.
 Another active European company dealing with sensor technology for 
monitoring purposes is the Belgium FOS&S (Fibre Optic Sensors and Sensing 
Systems) company (http://www.fos-s.be). It has branches in Belgium and 
Hong Kong and is active within the fibre optical sensing business in different 
market segments: aerospace, oil industry, process industry, mining industry 
and civil engineering.
 Structural health monitoring by using distributed fibre optic sensor systems 
is also provided by the medium-sized German enterprise GESO GmbH 
in Jena/Germany (http://www.geso-online.de). Among one-dimensional, 
two-dimensional and spatial temperature measurements, GESO provides 
also distributed strain sensors to combine the long-term monitoring of 
mechanical with thermal variations of structures. GESO develops, plans, 
designs and installs customer-specific solutions including data processing 
and data interpretation. The company has a close co-operation with many 
qualified partners in universities, technical colleges and other research 
institutions and industrial enterprises in numerous countries. Key activities 
are monitoring and surveying of waste deposit sites during the operational 
and post-operational period, well logging, leaching processes in the mining 
industry, and monitoring during rehabilitation of mining areas but also 
monitoring of civil engineering and hydraulic structures.
 A European developer, manufacturer and provider of measurement 
systems for SHM, especially for trace gas monitoring and high performance 
distributed temperature and/or strain sensing is the Omnisens SA company 
(www.omnisens.ch) in Morges/Switzerland (with subsidiaries in the US). 
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Omnisens was founded in 1999 as a spin-off company of the Nanophotonics 
and Metrology Laboratory (NAM) of the Swiss Federal Institute of Technology 
in Lausanne (EPFL). Omnisens is the developer of the DiTeSt (Distributed 
Temperature & Strain) series, used in many applications of several companies 
such as SMARTEC SA.

14.4 Selected examples of structural health 

monitoring projects in Europe

14.4.1 European collaborative projects

There are several research projects within the Sixth European Framework 
Programme (EU-FP6) for Research and Technological Development (http//
cordis.europa.eu) which focus on health monitoring of civil structures. One 
project named ‘Structural health monitoring of a suspension bridge in Istanbul/
Turkey’ (FP6 project reference 36541) concerns the development of a real-
time vibration monitoring and condition assessment system for a suspension 
bridge. The project started in June 2006 at the Kandilli Observatory and 
Earthquake Research Institute of Bogazici University in collaboration with 
the General Directorate of Turkish Highways, Turkey. The bridge selected 
for the study is the Fatih Sultan Mehmet Bridge, also known as the Second 
Bosporus Bridge in Istanbul, Turkey. The bridge is a critical lifeline in Istanbul, 
a city with 62% probability for a large earthquake within the next 30 years. 
The static and dynamic motions of the bridge are continuously monitored by 
using acceleration, GPS, and rotational sensors; real-time algorithms for data 
analysis and damage detection are developed. One of the primary objectives 
of this SHM system is to detect damage after earthquakes. It was postulated 
that damage can be detected based on the changes in the natural frequencies 
of the bridge during the earthquake, plus the presence of any permanent 
deformations after the earthquake. The former changes are determined from 
the analysis of earthquake response data, whereas the latter are determined 
from the comparison of pre- and post-earthquake ambient response data. 
The permanent deformations are measured by GPS sensors and rotational 
sensors. The key product of the research will be an automated structural 
condition assessment and damage detection software for the bridge. The 
project will represent the first application of a SHM system in Turkey and 
will not only monitor the current condition of the bridge, but also provide 
crucial data to predict its response for future earthquakes. The knowledge 
and experience gained from this project will help to develop similar SHM 
systems for other bridges throughout Europe, leading to safer structures and 
reduced maintenance costs.
 Another EU-FP6 research project named ‘Sustainable Bridges: Assessment 
for Future Traffic Demands and Longer Lives’ (FP6 project reference 1653, 
http://www.sustainablebridges.net) was guided by the Skanska Sverige AB 
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company in scientific cooperation with Luleå University of Technology 
Sweden. It was an integrated project with 31 participating institutions and 
concluded in November 2007. The project was carried out by a consortium 
of bridge owners, consultants, contractors, universities and research institutes 
from all over Europe. The overall goal of the project was to enable improved 
capacity of existing European railway bridges without compromising the 
safety and economy of the working railway. Although extensive research 
work has been carried out previously; there was a need for integration, 
innovative development and testing in order to establish efficient procedures 
for management and safe upgrading of railway bridges.
 The main objective of the project was to increase the transport capacity 
and service life of existing railway bridges in Europe. In order to demonstrate 
new and refined methods developed in the programme, field tests on existing 
bridges were carried out.7 One of the bridges was a 50-year-old two-span 
(12 m long) concrete bridge located in Örnsköldsvik in northern Sweden8. 
Because the existing railway line was going to be replaced with a new one, 
this bridge became obsolete. In order to avoid an uninteresting bending 
failure during tests, the bottom beams were strengthened with near surface 
mounted reinforcement (NSMR) consisting of carbon fibre reinforced polymers 
(CFRP). The bridge was tested until failure to demonstrate and test new and 
refined SHM methods developed in the project regarding procedures for 
condition assessment and inspection, load carrying capacity, measurement 
and strengthening. In one of the spans a steel loading beam was placed in 
the centre of the span (see Fig. 14.3). The loading beam was then pulled 
down with cables injected to the bedrock beneath the bridge. Usually models 
for the load carrying capacity are tested in laboratory in reduced scale. The 
strengthening was successful and the results from the tests showed that the 
used design and FE models underestimate the shear capacity considerably.
 The outcomes of this European research project were: 

• mapping existing knowledge and bridge types
• investigation of demands for interoperability between countries
• development of new methods for condition assessment and inspection 
• development of new methods to determine capacity and resistance, 

investigation of loads and load distributions
• development of monitoring methods based on new technologies, e.g. 

fibre optic sensors
• development of new repair and strengthening methods using, e.g. carbon 

fibres
• demonstration of new methods by field testing of existing and new 

bridges. 

 The project results are published in reference 9.
 Another FP6 project named ‘Development of ultrasonic guided wave 
inspection technology for the condition monitoring of offshore structures’ 
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(FP6 project reference 516993) and running until May 2008 concerns 
continuously monitoring the integrity of structures such as offshore oil 
production platforms and offshore wind turbine towers using ultrasonic 
guided wave (UGW) technology. The background of this research project is 
that the majority of the offshore wind turbine towers are at the start of their 
life cycle (being currently installed in their thousands) whilst the offshore oil 
and gas platforms are at the end of their life cycles (between 25 and 40 years 
old). Because both urgently need inspection technology, the development of 
ultrasonic guided wave (UGW) technology for inspecting offshore structures 
has the potential to impact upon the life cycle cost of vital components of 
the infrastructure. This is done through continuous monitoring of structural 
integrity from fabrication to scrapping and through extending the life of 
offshore structures, therefore reducing depletion of resources for new builds. 
This outcome of the project with eleven participating institutions will be new 
techniques to detect cracks and corrosion in offshore structures.
 Another European research project with monitoring objectives is named 
‘Polyfunctional technical textiles against natural hazards’ (POLYTECT, 
FP6 project reference 26789, www.polytect.net). The research work guided 
by D’Appolonia SPA in Genova/Italy concerns the development of new 
multifunctional textile structures for application in construction for the 
retrofitting of masonry structures and soil structures. The retrofitting is 

Cross beam where 
the load is applied

14.3 Test site in Örnsköldsvik and loading equipment.
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particularly important for earthquake protection of historic buildings and 
protection of earthworks against landslides. The textile structures (warp-knitted 
grid-like reinforcing basic structure and rope-like reinforcement components) 
which enable an increase in ductility and structural strength contain sensor 
components. Fibre optic sensors and fibres coated with nanocrystalline piezo-
ceramic materials incorporated into textiles will enable the monitoring of 
stresses, deformations, acceleration, water level variation, pore pressure, as 
well as to detect the presence of fluids and chemicals. Based on the sensor 
technologies used, the overall structural health can be assessed. The project 
runs from September 2006 until August 2010 and brings 25 European 
institutions from universities, research institutes and industry and one Indian 
research institute together. 
 Widespread research, development and testing activities in Europe are 
focussed on SHM systems for wind energy power plant. The European policy 
supports renewable energies as a contribution to a secure and sustainable 
electricity supply in Europe. According to the ‘Copenhagen Strategy on 
Offshore Wind Power Deployment’ from 2005, a European technology 
platform has been established in October 2006 and European projects are 
promoted to fully exploit the offshore wind potential. One important task 
is the monitoring of the wind turbine structure whereas blade and generator 
monitoring seems to have an outstanding role. Already in the fifth EU 
Framework Programme for Research and Technological Development (FP5), 
a research project named ‘Condition monitoring for off-shore wind farms’ 
(CONMOW, project reference: ENK5-CT-2002-00659) which was running 
from November 2002 until October 2006 was supported. The project was 
coordinated by the Energy Research Centre of the Netherlands (ECN) in 
Petten/NL and combined activities with organisations such as Risø National 
Laboratory in Roskilde/Denmark, Siemens Nederland N.V. in Den Haag/
NL, Prüftechnik Dieter Busch Condition Monitoring GmbH & CO KG in 
Ismanning/Germany and Garrad Hassan and Partners Ltd in Bristol/UK. 
This project aimed at developing techniques for diagnostics and condition 
monitoring of wind turbines (and farms) at remote areas. Implementing the 
selected procedures and techniques for condition monitoring of the offshore 
wind farm, a change from preventive and corrective maintenance to condition 
based maintenance was aimed. In the first phase, one single turbine was 
instrumented extensively with condition monitoring systems as well as with 
‘traditional’ measurement systems like load measurements in the blade root, 
torque of main shaft, tower bending moments, speed, etc. Interrelationships 
were determined between various turbine parameters and condition monitoring 
results. In the second phase, selected and improved methods were implemented 
in the measurement system and applied on a wind farm of five Nordex N80 
turbines in the ECN wind turbine test site Wieringermeer/NL. The systems 
have been tested over a long period of time. A generic system is used to 
collect and store the data and to make the data accessible for the various 
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users. Among other experience, some early investigations from Risø National 
Laboratory DTU, Wind Energy Department in Roskilde/Denmark in remote 
structural health monitoring technologies for wind energy power plants can 
be considered as substantial input for this project.10

 In the sixth EU framework programme other wind power plant projects 
are being supported: the project OPCOM (FP6 project reference: 516993) 
where an ultrasonic guided wave inspection technology is being developed 
for the condition monitoring of offshore structures, and the project UPWIND 
(FP6 project reference: 19945) which aims to an integrated wind turbine 
design with respect to an optimal reduction of the overall turbine mass. 

14.4.2 Selected projects in European countries

In the meantime, a huge number of wind turbines in European countries are 
equipped with an integrated monitoring system. Most SHM systems being tested 
are the result of collaborative projects funded by the European Commission 
or authorities in European Countries. One example is the collaborative project 
IMO WIND (Integral monitoring and assessment system for offshore wind 
energy power plants) funded within the innovative network ‘InnoNet’ by 
the German Federal Ministry of Economics and Technology (http://www.
imo-wind.bam.de). Partners are eight companies, two research institutions 
and the Germanischer Lloyd Wind Energy (GL Wind) as an internationally 
operating certification body for wind turbines. The project is coordinated 
by the German Federal Institute for Materials Research and Testing (BAM) 
Berlin. The aim of the project is the development of an integral monitoring and 
assessment system, which enables the condition monitoring and assessment 
of all structure components from rotor till foundation of an offshore wind 
energy power plant. Based on continuously collected data, a status-oriented 
maintenance of the whole system will be managed. The project comprises 
development and testing of different sensors technologies such as piezo-resistive 
sensors and fibre optic sensors for blade monitoring under the harsh offshore 
operating conditions. Owing to new methods of data analysis, monitoring 
will enable an early detection of damage and will provide information about 
load effect and stressing of structure components.
 The damage due to several flood events through the last years and their 
effects on people and environment have called attention to limits and 
deficits in flood protection. As a consequence, in Germany the national 
research programme ‘Risk Management of Extreme Flood Events’, called 
RIMAX, funded by the German Federal Ministry of Education and Research 
(BMBF) was initiated. Between 2005 and 2008 more than 30 projects were 
supported by 20 million Euros in total. The aim of RIMAX is to develop and 
implement improved instruments of flood risk management by the integration 
of different disciplines and several participants from universities, other 
research facilities, companies and federal and local authorities to ensure the 
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efficient implementation of research results into practice. One of the projects 
concerns the development of optical fibre sensor-equipped geotextiles for 
reinforcement of geotechnical structures such as dykes and dams as well 
as for early detection of failure in other geotechnical structures and areas 
with high potential of risk (slopes, railway embankments and highways 
in mining or critical soil areas). Sensor-equipped geotextiles will monitor 
damage during flood attacks. The project is coordinated by the Saxon Textile 
Research Institute (STFI e. V.) in Chemnitz/Germany and runs in cooperation 
with German universities and SMEs (small and medium enterprises). Such 
monitoring of extended structures requires sensor technologies with gauge 
lengths in the range of hundreds of metres up to several kilometres. Sensing 
systems using the stimulated Brillouin scattering (SBS) allow the design of 
fully distributed fibre optic sensors that monitor strain and temperature along 
optical fibres over a length of more than 10 km. Therefore, a cost-effective 
field-applicable sensing system employing the Brillouin frequency-domain 
analysis technique (BOFDA), especially dimensioned for the requirements 
of dyke monitoring, is being developed. One of the main research points is 
the integration of optical fibre sensors into geosynthetics. The feasibility of 
this novel combination of coated optical fibres and geosynthetics has been 
proven in field tests. Figure 14.4 shows such a geotextile with integrated 
sensor fibres during the installation in a gravity dam in Solina/Poland.11

 Not only ageing structures but also some new futuristic structures require 
monitoring systems to ensure their technical safety under service and 
environmental loadings. One famous building, made from steel and glass, 
where a complex monitoring system has been installed, is the new Central 
railway station in Berlin/Germany, the Hauptbahnhof-Lehrter Bahnhof (Fig. 
14.5). After the German Unification, the Deutsche Bahn developed a new 
railway traffic concept for the capital of Germany. One main cross-point 
of the international traffic between north-south and east-west was to be 

14.4 Sensor-based geotextile mat during the installation on a 
construction site of a gravity dam in Solina/Poland (textile developed 
by STFI e. V. Chemnitz/Germany). Photo: BAM.
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the new Central Station. This new station was designed by the Hamburg 
architects Gerkan, Marg & Partners to be very futuristic, and as one of the 
largest stations in Europe. The building part for the north-south railway lines 
is underground on a level of about –15 m; the east-west traffic goes over 
partly pre-stressed very slender concrete bridges at about 9 m above ground 
level. In order to bring sunlight to the underground level, the crossing area 
of the central station does not have continuous floors but is open. For this 
reason, the railway bridges are supported in this area by 23 m high slender 
steel columns, which are Y-shaped (fork-shaped) at their tops (see arrows 
in Fig. 14.6). The superstructure of the station, especially the wide-spanned 
glass roof consists of about 8000 panes of glass. Because the roof is spanned 
over the four pre-stressed railway concrete bridges and supported by only 
one side of the outer bridges (Fig. 14.7), the roof is particularly sensitive to 
settlement. 
 The station has been built on difficult ground (sand) next to the river 
Spree. Intensive construction activities have been carried out in immediate 
vicinity during erecting the new structure. Therefore vertical displacements 
of the bridge columns were expected. In order to prevent damage to the 
railway bridges and to the widely spanned glass roof the outer bridges have 
been monitored from the beginning of construction work, during test loading 
and commissioning until now. Classical and innovative sensor technologies 
with excellent long-term stability have been chosen to ensure long-term 
reliable monitoring results of settlements and heaves. Independent sensor 
systems measure and record automatically settlements and inclinations but 
also their effects, i.e. stresses at critical points of the building together with 
environmental parameters, which have an influence on the system, e.g. 
temperature. The long-term SHM system comprises: 

14.5 Upper area of the new Berlin Central railway station during 
construction. Photo: BAM.
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(1) laser-based optical levelling in the central area (Fig. 14.8) and
(2) hydrostatic levelling installed out of the central area next to the railroad 

bed (Fig. 14.9) to monitor settlements and heaves of columns; 
(3) long-gauge length fibre optic strain sensors (SOFO type) installed in the 

concrete bridges and 
(4) resistive strain gauges to measure redundantly strain;

14.6 Rush hour inside the central area (arrows show fork-shaped 
columns).

Long-distance trains City trains

14 2 24 3 4

14.7 Glass roof over the upper station area with the east-west 
railway lines.
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14.8 Components of the laser-based levelling (encircled).

14.9 Hydrostatic levelling modules.
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(5) inclinometers to measure inclination of the pre-stressed concrete 
bridges. 

 The measured data are available by Internet access for authorized persons 
(password-protected). The relevant measurement results can be observed on 
an interactive diagram presenting the positions of all measurement points. 
Necessary decisions are possible within minutes or one hour.12,13

 A considerable number of SHM systems use different types of fibre 
optic sensors and fibre optic sensing methods. A few worldwide acting 
European companies (see Section 14.3.3) offer special sensor modules for 
strain, displacement, inclination, temperature measurements including data 
acquisition systems to configure SHM systems for long-term use. Fibre optic 
detection systems for crack detection and observation, for detection of loss 
of structure component integrity, for failure of load-bearing members and for 
warning of threatening damage due to steel corrosion in concrete structures 
have been developed and have successfully migrated from laboratory to the 
field. There are hundreds of examples for use of fibre optic sensors as part 
of SHM systems such as monitoring of bridges, dams, tunnels, tall buildings, 
foundation components, pipelines and heritage structures. A number of examples 
are described by SMARTEC experts.14 Two such examples are considered 
here: (1) monitoring of a 35-year-old gas pipeline in Italy in an unstable 
ground area to increase the public technical safety,15 and (2) monitoring of a 
historical structure of high importance in the cultural heritage of society.16

 Monitoring of extended structures over kilometric distances like pipelines 
needs distributed strain and/or temperature sensing techniques. Often used 
vibrating wires cannot cover the long length of a pipeline to be monitored. In 
order to detect pipeline deformations and following leakages along a certain 
length of the pipeline, fibre optic sensor cables using the Brillouin scattering 
effect to measure distributed strain changes and using the Raman scattering 
effect to measure distributed temperature changes replace thousands of 
discrete (point) sensors. The low fibre attenuation allows a monitoring over 
distances up to 25 km (without amplifiers), which makes distributed sensing 
technique just a very attractive solution for pipeline monitoring. The two 
main components of the commercially available DiTeSt system (Distributed 
Temperature and Strain monitoring system) for this monitoring task are 
the reading unit and the sensor cable. The reading unit is connected to the 
proximal end of the sensor and can be placed remotely from the sensing area, 
since a section of optical fibre cable could be used to link the reading unit 
to the sensor itself without any performance degradation. The other sensor 
end can be either connected to the sensor termination module (single-end 
configuration), which could be placed remotely from the sensor area as well, 
or brought back and connected to the reading unit (loop configuration). The 
selection of the configuration (single-end or loop) depends on the application. 
The specification of the system can be found at www.smartec.ch. The other 
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important component is the sensing cable. In contrast to common fibre optic 
cables, which are protected from any external influences sensing cables for 
distributed temperature or strain measurements must be specially designed 
to avoid that strain could be misinterpreted as a temperature change (due to 
cross-sensitivity between strain and temperature). There are different cable 
designs to measure distributed strain and/or temperature (SMARTape and 
SMARTprofile, see Figs 14.10 and 14.11). Depending on the measurement 
task, distributed strain and temperature can simultaneously be measured. If 
strain has to be discriminated from temperature two bonded and two free 
single-mode optical fibres embedded in a thermoplastic material are used. 
The bonded fibres measure strain, the unbonded fibres measure temperature 
and are used to compensate for temperature effects on the bonded fibres.
 SMARTape and Temperature Sensing Cable (TSC) were used for pipeline 
monitoring. The lengths of the SMARTape segments were between 71 m and 

Thermoplastic tape Polyimide fibre, 0.145
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14.10 Cross-section of the SMARTape and sample (right) for 
distributed strain measurement in the range –180°C to 140°C.

14.11 Cross-section of the SMARTprofile and sample (right) for 
combined distributed strain and temperature measurement in the 
range –40°C to 60°C.
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132 m, the strain resolution is 20 microstrains. The temperature resolution 
of the TSC is 1 K; both sensor systems for strain and temperature enable a 
spatial resolution of the data in the range of 1.5 m with a local acquisition 
range of 0.25 m. Since the landslide process is slow, data are recorded 
manually once a month. In case of special events such as earthquake, a 
measurement session can be performed immediately after the event. The 
overall performances of the DiTeSt system and the sensor types can be found 
on the SMARTEC website (www.smartec.ch).
 Another well established European development for SHM is the long-
gauge length fibre optic interferometric strain sensor from SMARTEC – the 
SOFO® Standard Deformation Sensor. Thousands of such sensors are used 
for short-term or long-term monitoring tasks at all kind of structures such 
as engineering structures (e.g., in the new central station in Berlin, Section 
14.4.2), geotechnical, oil and gas structures and so on. Rather unexpectedly 
used is this sensor type for monitoring of historical churches, palaces, old 
villas, monuments, and old stone bridges in Europe. One example is the San 
Vigilio church on Lake Lugano in Switzerland.16 The interior of the church 
is covered with frescos, but there are significant cracks running along the 
centre of the cylindrical vault. In order to observe the evolution of the cracks, 
ten SOFO sensors of a length between 30 cm and 50 cm have been installed. 
Another example is the Royal Villa in Monza in northern Italy. Because this 
historical building was practically abandoned during last decades of the 20th 
century, a system of cracks developed along the barrel vaults of the central 
corridor at various levels in the North and South wing. Moreover, there is 
degradation of several wooden structures, and notably in the 18-metres long 
truss in the Belvedere. Italian government and authorities of Milan and Monza 
decided to renew the villa and to transform it into a museum. The repair 
and conservation work had to be done to both the building and roof. Due to 
complex static system and uncertainties related to the structural behaviour 
it was decided to monitor the villa before, during and after the work. Both 
conventional and fibre optic sensors were used. Fibre optic sensors were 
mainly used as extensometers installed between the walls, orthogonal to the 
corridor axes, but shorter sensors were also used for crack monitoring. Figure 
14.12 shows the Royal Villa, Fig. 14.13 shows the sensor installations.
 Another unique example of long-term SHM with fibre optic sensors 
in Europe is the rock anchor monitoring in the Eder gravity dam.17 An 
investigation of the stability of the Eder dam in the eighties of the last century 
revealed that the dam stability did not satisfy the newly expected flood rates. 
The necessary enlargement of the vertical forces was to be achieved by pre-
stressing the dam with 104 rock anchors of a length of about 70 m; each 
anchor is pre-stressed against the bedrock with a force of 4500 kN. Because 
there is no general permission for the use of anchors with such high forces, 
every tenth of the 104 anchors had to be equipped with a sensor to monitor 
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the pre-stressing process as well as the long-term bonding behaviour of the 
anchors. As sensing element, an optical fibre integrated into an aramid rod 
was used. The aramid rod with two sensing cables for redundancy reasons 
was positioned in the centre of the anchors (see Fig. 14.14). The sensor rod 
is force-fit tied to the steel strands in the 10 m long fixed anchor area and 
was separately pre-stressed.
 The sensing method is based on the measurement of the flight time of a 
monochromatic laser pulse through the optical sensor fibre inside the anchor 
and is called OTDR (Optical time domain reflectometry). In order to get precise 
information about strain changes along the whole anchor length, markers 
were inserted into the sensor fibre at regular intervals. This configuration 
creates a long-gauge-length sensor fibre with discrete measuring sections 

14.12 View to Royal Villa in Monza.

14.13 Long-gauge sensors installed between the walls in main 
corridors.
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for quasi-distributed strain sensing. The length of the measuring sections 
(spacing of the markers) depends on the position: the spacing at the upper 
part of the fixed anchor area is 0.5 m, at the bottom part 2 m. 
 The time of flight measurement is carried out with an OTDR device 
with picoseconds resolution. It provides very narrow pulses and measures 
how long the pulse needs to travel to the markers (reflectors), partially 
reflected there and, finally, back to the photodetector. A change in the pulse 
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14.14 Cross-section of the dam with anchor position (left). The small 
embedded picture shows a detail of the upper part of the dam with 
the anchor gallery (NN: above sea level). The figure (bottom right) 
shows the protruding sensor rod during anchor installation which 
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propagation time can be interpreted as a shift of the reflectors that means 
an increase or decrease of the anchor length in the bonding area. All data 
from the measuring sections are related to a stable reference point above the 
top of the anchor, where no strain changes are expected. This measurement 
method ensures stable and reproducible data recording over years. From 
1998 until now, twice a year, in spring for maximum water level, and in 
autumn for minimum water level, data have been taken. Although distance 
changes between the markers can be achieved with a resolution of 0.2 mm 
(reproducibility: 0.8 mm), no significant changes in the bond of the anchors 
to the rock could be observed.

14.5 Future trends

When strain changes of more than 10% are expected in structures and have to 
be monitored, e.g. in case of geotechnical structures with dimensions in the 
range of few hundred metres such as endangered slopes, railway embankments, 
soil areas which show endangering stability behaviour (slipping, creeping 
or depression), the distributed sensing capabilities of polymer optical fibres 
(POF) have proven to be very promising. Optical time-domain reflectometry 
analysis (OTDR) could be used as sensing technology (as used for monitoring 
the bonding behaviour of heavy rock anchor in the Eder gravity dam by 
means of glass fibre sensors, Section 14.4.2). This measurement technology 
is being investigated in the framework of several European research projects. 
Within the scope of a German research project could be proved that POF 
sensors are able to measure strain of up to 40% and even slightly more 
without significant distortion of light guiding properties. Polymer optical 
fibres are robust, allow easier handling and the price will fall. Currently, the 
usable length of polymer optical sensor fibres is about 100 m. POF have 
been integrated into nonwoven geotextiles using a warp-knitting technique. 
The knitted fabrics can either be used as drainage or as narrow tape which 
poses a carrier for the sensor fibre. Figure 14.15 shows two samples of smart 
geotextiles manufactured by STFI e. V. Chemnitz, the leading partner is this 
research project.18 One important point during integration of sensor fibres 
concerns the transfer of the geo-structure’s deformation to be monitored into 
the polymer optical sensor fibre. A method could be found to integrate POF 
sensors without losing their sensitivity.
 Laboratory tests confirmed that the strain response of the integrated fibre 
shows a weak non-linear characteristic increase of scattered light for applied 
strain up to 16%. This nonlinearity becomes stronger for strain values up 
to 40%. POF sensors have also been integrated in geotextiles which were 
prepared along the EU-FP6 project ‘Polytect’ for dam construction sites in 
Poland and in Germany (see Section 14.4.1). It could be demonstrated that 
the sensor structure itself as well as the integration procedure into geotextile 
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tapes is appropriate for use on-site. The sensing fibres endured the construction 
work of the dam.
 Future activities in SHM will be focussed more and more on non-
mechanical features of structures. In steel-reinforced and pre-stressed concrete 
structures, monitoring of the pH value and of the (movable) chloride content 
is very important to recognise corrosion-promoting conditions. In this way, 
the time can be estimated before corrosion initiates at the steel reinforcing 
components. This problem has great importance in a large number of structures 
and environments, where visual inspection is difficult or not possible. With 
regard to pH monitoring, a very tiny pencil-like concrete embeddable pH 
optode has been developed and first used to monitor the long-term behaviour 
of the grout in steel anchors. pH sensor-equipped anchors were installed in 
the oil harbour of Rostock in northern Germany in 2005 (Fig. 14.16).19,20 
The cylindrical pH optode has a diameter of only 8 mm, consists of a 
pluggable sensor head and measures pH values in the range from 9 to 12 
with a resolution between 0.1 to 0.6 pH units depending on the pH value. 
The highest resolution can be achieved in the middle of the measurement 
range (between pH 11 and 9.7). The sensor signals from seven installed 

14.15 Geotextiles with integrated POF sensors (photo and textiles: 
STFI e. V.)
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optodes are monitored periodically and show the expected pH changes of 
the concrete matrix (grout) in the fixed anchor area. 
 Future structural health monitoring systems will differ from conventional 
observation systems based on a set of sensors and a flood of information 
over a long period of measurement. Monitoring systems will deliver complex 
signal information which has to be evaluated, filtered and compressed. 
Specific acquisition algorithms and classification techniques are required to 
get usable information about the amount and the location of damage until 
an assessment of the structure’s residual life. This is especially important 
if wireless data transmission requires efficient data processing on a low 
power budget. Corresponding developments in this field are being done 
at several research centres, e.g. in Germany at the Fraunhofer Institute for 
Non-destructive Testing in Dresden (http://www.izfp-d.fraunhofer.de) and 
at the Endowed Chair of Wind Energy in the Institute of Aircraft Design 
of the University of Stuttgart (http://www.uni-stuttgart.de/windenergie), 
especially focussed on wind energy power plants. Both institutes aim at 
the development of efficient methods for load monitoring, regulation and 

pH sensor

14.16 pH sensor (top) with topcoat against drying out, installed in 
prefabricated anchors (bottom, see arrows). Photos: BAM.
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control, reliable sensor technologies including intelligent signal processing, 
wireless data communication, innovative component design with integrated 
flexible sensor networks (sensor-web) based on highly integrated sensors 
such as MEMS (micro-electro-mechanical system).
 Long-term monitoring definitely requires reliable operation of all system 
components under the corresponding environmental conditions. For this 
purpose, not only single components must be validated for their use but the 
complex SHM system should be tested and validated under conditions close 
to reality. There are some outstanding new activities in this field in Germany. 
In order to test and validate offshore components including the corresponding 
monitoring systems, the German Fraunhofer Centre for Wind Energy and 
Offshore Technology (CWMT) in Bremerhaven was founded in 2006. It 
has been consolidated by the Fraunhofer Institute for Structural Durability 
(LBF) in Darmstadt/Germany and the Fraunhofer Institute for Manufacturing 
Technology and Applied Materials Research (IFAM) in Bremen/Germany. The 
Fraunhofer CWMT was, in collaboration with the wind energy and offshore-
industry, engaged in research and development on wind turbine systems. Its 
primary focus was on materials, surfaces, joining and production technologies, 
operational robustness and system reliability. Two competence centres are 
being established: Competence centre ‘Rotor Blade’ and ‘Offshore Structures 
and Assets’. Activities in these competence centres aim at the optimisation 
of all processes within the value chain that means from single component 
until ocean installation. Theoretical and experimental investigations will be 
challenging because of the large dimensions and masses as well as harsh 
environmental requirements. In January 2009, arising from the CWMT and 
expanded by merging with the Institute for Solar Energy Supply Technology 
(ISET) in Kassel, the new Fraunhofer Institute for Wind Energy and Energy 
System Technology (IWES) was founded. It offers research and development 
along the value chain of wind turbines from material development to grid 
integration.
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Abstract: Structural health monitoring (SHM) provides a useful tool 
for ensuring integrity and safety, detecting the evolution of damage, and 
estimating performance deterioration of civil infrastructures. A number of 
civil infrastructures under construction have greatly motivated and promoted 
development and application of SHM in mainland China. In the past decade, 
Chinese researchers have made great progress in all aspects of SHM, 
including advanced smart sensors, wireless sensors and sensor networks; 
data acquisition systems, data communication systems, signal processing 
systems, data management systems, and system integrated techniques; 
approaches to damage detection, model updating and safety evaluation; 
design and implementation of SHM systems for practical civil infrastructure; 
and data interpretation and utilization. Additionally, almost 100 bridges, 
offshore platforms, tall buildings, spatial structures, underground 
infrastructures and pavement have been implemented with SHM systems 
in mainland China at present. This chapter summarizes the state-of-the-art 
application of SHM for civil infrastructures in mainland China, in particular 
sensors, sensor technology, and applications of SHM systems.

Key words: fiber optic sensing technology, wireless sensors, cement-
based strain sensors, damage detection, structural health monitoring, 
implementation.

15.1 Fiber optic sensing technology

Fiber optic sensing technology is one of most critical achievements in the SHM 
field. Great efforts have been made to promote the study and application of 
this sensing technology due to the advantages of electro-magnetic shielding, 
small size, resistance to corrosion, and convenience for multiplexing a large 
number of sensors along a single fiber. Four kinds of fiber optic sensors 
have been developed for infrastructures: OTDR (BOTDR), F-P sensors, 
white-light interferometers and optical fiber Bragg-grating (OFBG) sensor 
(Ou, 2003). However, only the FRP-packaged optical fiber Bragg-grating 
(OFBG) sensors and FRP-packaged optical fiber sensors based on BOTAD 
(R) technology are practical.
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15.1.1 FRP-packaged optical fiber Bragg-grating sensors

Due to the fragility of the OFBG, naked OFBG without any package is not 
appropriate for direct use in civil infrastructures. Additionally, the performance 
of the OFBG sensors packaged by glue suffers from short life due to creep 
and aging of the glue. To solve this problem, the first author has proposed 
embedding OFBG sensors into FRP when the FRP is fabricated (Ou, 2003). 
Consequently, FRP can protect the OFBG sensors against breakage and short 
life. On the other hand, the FRP products embedded with OFBG sensors 
can sense their own strain. The fabrication procedure of FRP-OFBG rebar 
is shown in Fig. 15.1. The FRP-OFBG rebar is further processed to form 
several kinds of FRP-OFBG strain and temperature sensors for monitoring 
steel or reinforced concrete (RC) structures, as shown in Fig. 15.2.
 The verification and calibration of FRP-OBFG sensors have been conducted 
both by laboratory and field tests. The performance, including sensitivity, 
resolution, discrimination, range, linearity, accuracy, repeatability, stability, 
environmental constraints, fatigue resistance and corrosion resistance of the 
FRP-OFBG sensors, has been systematically and experimentally investigated. 
The results indicate that the measurement range of the FPR-OFBG sensors 
is about 5000 me to 10000 me; accuracy is about 1~2 me depending on the 
interrogator; repeatability error is less than 0.5%; linearity error is less than 
0.8%; sensitivity coefficient is about 7.8 × 10–7; hysteresis error is less than 
0.5%; fatigue life is higher than 1,000,000 times at 1000 me level; and the 
FRP-OFBG sensors can be used for at least 20 years.

15.1.2 FRP-packaged optical fiber sensors based on 
BOTDA (R) technology

In the last two years, to develope a practical BOTDA or BOTDR solution 
for long-term SHM of large-scale infrastructures, a series of novel, low-cost 
and highly reliable BOTD sensors using FRP-optical fiber (OF) rebar, as 
shown in Fig. 15.3, has been developed which can be manufactured as long 
as several kilometers. For the same reason mentioned above, the FRP also 
protects the OF against breakage, which makes the OF appropriate for civil 

FRP

Heater

Plate

Fiber
Epoxy

Fiber

Optical fiber with FBGs

Roller

15.1 Fabrication procedure of FRP-OFBG rebars.
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infrastructure. The performance of the FRP-OFs at various gauge lengths were 
experimentally investigated under different spatial and readout resolutions 
using commercial BOTDA, as shown in Fig. 15.3. It can be observed that 
the FRP-OFs have good sensing properties. Therefore, the FRP-OFs can be 
used in long-term SHM for civil infrastructures.

15.1.3 FRP-OFBG-based smart products

As mentioned above, FRP-OFBG rebar can sense its own strain, which means 
that it can play the role of a strain sensor. At the same time, the FRP-OFBG 
rebar has the same strength as FRP rebar and thus can play a role of rebar. 

15.2 FRP-OBFG sensors (a) Strain sensors embedded into RC 
structures and (b) Strain sensors welded with steel structures or to 
surface of RC structures.

(a)

(b)
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15.3 BOTDA(R) FRP-OF sensors: (a) Configuration of the FRP-OF 
sensors; (b) Photo of the FRP-OF sensors; and (c) Strain sensing 
properties at different spatial and readout resolution.
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The FRP-OFBG smart rebar has been commercially produced by the Harbin 
Tider Co, as shown in Fig. 15.4.
 Cables and suspenders are very important components of civil infrastructures. 
However, they suffer from corrosion, fatigue and sever coupled effects in 
long-term service. Monitoring technology for cables is very critical, though 

(a)

(b)

15.4 Commercial FRP-OFBG-based smart rebars.
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it has been a challenging issue so far. A novel FRP-OFBG-based smart cable 
was developed by HIT group. For fabrication of FRP-OFBG-based smart 
cable, several FRP-OFBG smart rebars were placed into hollow cable and 
anchored as other steel rebars are, as shown in Fig. 15.5. Consequently, 
FRP-OFBG-based smart cable can sense its own strain and also bear force 
as common steel cable does. Performance verification and calibration of 
FRP-OFBG-based smart cables have been comprehensively carried out by 
filed tests, as shown in Fig. 15.5. The strain versus load in Fig. 15.5 is linear 
and the small error between different sensors is attributed to different stress 
states of the rebars in cable.

FRP-OFBG strain rebar
PE

Steel rebar

FRP-OFBG temperature rebar

(b)

(a)

15.5 FRP-OFBG-based smart cables and performance.
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15.1.4 FBG demodulators

Three types of simple and low-cost wavelength demodulators with high 
resolution for multi-channel dynamic FBG measurements were developed 
at HIT, as shown in Fig. 15.6. The TFBGD-210 is a portable double-channel 
FBG demodulator with a strain resolution better than 1pm at a frequency 
band of 1–100Hz. The TFBGD-700 is a single-channel FBG demodulator 
with a strain resolution of 0.5pm at a frequency of 1Hz. The TFBGD-9000 
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(a)

(b)

(c)

15.6 FBG demodulators: (a) TFBGD-210; (b) TFBGD-700; and (c) 
TFBGD-9000.
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is a 16~64-channel FBG demodulator with a strain resolution of 1pm at a 
frequency of 300 Hz. The performance of these three demodulators types 
was verified and calibrated by laboratory and field tests.

15.2 Wireless sensors and sensor networks

MEMS-based wireless sensing technology is another important achievement in 
the SHM field. Great efforts have been made in MEMS-based wireless sensors 
and sensor networks in mainland China. Ou (2003) has comprehensively 
studied wireless accelerometers and their networks, as shown in Fig. 15.7. 
The performance of the wireless accelerometers and their networks has 
been investigated through shaking table tests of a small-scale frame model 
and a small-scale offshore platform model. The results indicate that the 
wireless accelerometers can record the time-history of acceleration as well 
as the wired accelerometers. The frequency response functions are almost 
identical to each other. Five wireless accelerometers have been attached on 
the Shenzhen Diwang Building to measure wind-induced vibration under 
typhoons, as shown in Fig. 15.8. 
 The vibrating wire strain gauge is an effective sensor for measurement 
of static strain. However, the cables for signal transmission increase labor 
and cost, and decrease reliability of SHM systems. A wireless vibrating 

15.7 Wireless accelerometers and performance.

(a)
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(b)

(c)
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wire strain gauge, as shown in Fig. 15.9, was thoroughly developed by the 
HIT group. The performance of the wireless vibrating wire strain gauge was 
verified through static loading tests on a reinforced concrete beam and the 
results are shown in Fig. 15.9. It can be seen from Fig. 15.9 that the strain 
measured by the wireless sensors agrees well with that measured by common 
vibrating wire strain gauges.  

15.3 Smart cement-based strain gauge

Common cement has no pressure-electric resistance properties and cannot 
sense its own strain. However, short carbon fiber reinforced cement (CFRC) 
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15.8 Application of wireless accelerometers in the Shenzhen Diwang 
Building.
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and cement containing carbon black (CCB) have good pressure-electric 
resistance properties and can play the role of strain gauge, namely smart 
cement-based strain gauges (Ou, 2005). The change in resistance for CFRC 
may be attributed to the interface between carbon fiber and cement (contact 
resistance), whereas, for CCB, the change in resistance may be attributed 
to the tunnel effect of carbon black. The fabrication procedure, mixture 
proportion, and CD circuit for measurement of electric resistance were 
systematically studied for these two smart cements. Because it is impractical 
to employ this cement as a structural material at present stage, Ou et al. 
(2003) proposed to fabricate strain gauges using this cement rather than 
constructing large-scale infrastructures. The smart cement-based strain gauge 
and its pressure-resistance properties under monotonic and cyclic loadings 
are shown in Fig. 15.10(a). Both strain and temperature can induce change 
in electric resistance of the smart cement-based strain gauge. The coupled 
effect should be separated and the effect of temperature on electric resistance 
should be removed. The temperature versus change in electric resistance of 
CFRC is shown in Fig. 15.10(b). Additionally, moisture also has a significant 
impact on the sensing properties of CCB due to the expansion in volume 
of carbon black after the absorption of water. A CCB strain gauge wrapped 
with epoxy resin is presented to prevent water from seeping into the gauge. 
The change in electric resistance versus strain of the CCB strain gauge under 
water for three months was investigated and the test results are shown in 
Fig. 15.10(c). It can be seen that the epoxy resin can prevent water from 
seeping into CCB and that the sensing properties remain stable even when 
the CCB strain gauge was dipped into water (100% moisture). Creep is also 
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an important factor for cement materials and the change in electric resistance 
versus strain of CCB was also investigated under sustaining constant stress 
for a half year. The results are shown in Fig. 15.10(d). It can be seen that 
the change in electric resistance decreases dramatically at the early stage 
and then converges with decreasing creep. Based on the comprehensive 
study, an electric-mechanical model is proposed to describe the behavior 
of CCB strain gauge.
 Both CFRC and CCCB were embedded into RC beams and columns to 
measure strain of the beams and columns and investigate their behaviors 
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during whole loading process up to failure of the beams and columns. The 
results are shown in Fig. 15.10(e) and (f). The results in Fig. 15.10(e) and 
(f) indicate that CFRC and CCCB can monitor strain of the RC beams and 
columns during the entire loading process only when the strength of the 
sensor is larger than that of the beams and columns; otherwise, the sensor 
will fail before the main members fail. 
 In the last two years, smart cement-based sensors have been embedded 
into RC beams of a practical bridge and inner wall of a practical tunnel. 
The measurement of strain of the tunnel is shown in Fig. 15.11 and it can 
be observed that the smart cement-based strain gauge can measure the 
strain as well as the vibrating-wire strain gauge does. However, the smart 
cement-based strain gauge has the same life expectancy as the monitored 
RC structure and is compatible with the RC structure.

15.4 Applications: a structural health monitoring 

system for an offshore platform

Offshore platforms suffer from corrosion, fatigue and their coupled effects 
more severely than other infrastructures. Therefore, monitoring of platforms 

15.11 Application of CCB strain gauge in the Chuankai Tunnel, 
Zhejiang, China.

(a)
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is very important in ensuring their safety in service. The Bohai Ocean Oil 
Field is one of the most important ocean oil fields in China, in which the 
ice pressure is the main environmental load to offshore platforms during 
the winter. In the 1960s and 1970s, there were, respectively, two platforms 
destroyed by heavy ice force action. Since the 1980s, the ice conditions and 
ice pressure acted on the platforms in Bohai ocean have been monitored under 
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the support of the China Ocean Oil Company. Based on these facilities, an on-
line structural health monitoring system for steel jacket platform JZ20-2MUQ  
is integrated. In recent years, Ou et al. (2005) has implemented an intelligent 
structural health monitoring system into the offshore platform CB32A under 
the support of the Ministry of Science and Technology, China.

15.4.1 Description of the offshore platform CB32A

An offshore platform CB32A with a jacket height of 24.7 m was constructed 
in 2003 and located in water with a depth of 18.2 m, as shown in Fig. 15.12. 
The offshore platform consists of a jacket, pier and platform. The jacket 
consists of four legs with a slope angle of 1:10. The altitudes of the foot 
and top floor of the jacket are respectively –19.7 m and 5.0 m.

15.4.2 The structural health monitoring system

A finite element model was first established for structural analysis. Based on 
the structural analysis results, an SHM system was designed which included 
sensory, data acquisition, data communication, data management, module 
of structural analysis, and warning systems. The SHM system was operated 
on-line and remotely controlled via internet. 

(a)

15.12 The offshore platform CB32A and its SHM system.
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(b)

(c)
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 The sensory system included 259 OFBG sensors, 178 PVDF sensors, 56 
fatigue life meters, 16 acceleration sensors, and an environmental condition 
monitoring system. The sensors were attached on welding lines of 12 tube 
joints and 20 members. For the environmental condition monitoring system, 
anemoscopes and currents were selected to measure speed and direction of 
wind, the height, length, and direction of waves, and the speed and direction 
of currents. The sensory system installation scenarios are shown in Fig. 
15.12.
 For the data acquisition system, the PXI bus technique was employed and 
the sampling rates were 1000 Hz for accelerometers and 50 Hz for other 
sensors. For the data communication system, a wireless communication system 
was employed to transmit the collected data on site from the CB32A to the 
administrative office, as shown in Fig. 15.12. Oracle database was employed 
to manage collected data and structural analysis results. The collected data 
can be automatically processed in real time and warnings automatically 
emitted.
 The SHM system was then integrated and has been operating online in 
real time since October 2005. Users can download data via the internet.

(d)
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15.4.3 SHM-based safety evaluation methods

Safety evaluation of the CB32A can be directly done by comparison of 
the peak of measured stress with the strength of the steel material or by 
comparison of the peak of measured loads with the specified limits for 
design. The fatigue accumulated damage can also be calculated through 
rainfall analysis based on time-history of measured stress. Warnings are 
immediately emitted in the following three cases: (i) A critical change in 
stress, loads and/or fatigue accumulated damage occurs; (ii) Stress, loads 
and/or fatigue accumulated damage equal to or exceed the specified limits; 
and/or (iii) Damage is detected using various damage detection strategies. 
However, all these methods are for member-level safety evaluation, not for 
structure-level safety evaluation. 
 Ou et al. (2003) proposed a method of structure-level safety evaluation 
for jacket offshore platforms. Considering that the base shear is the control 
variable for the safety of jacket offshore platforms with short height, safety 
evaluation can be conducted by comparison of the peak of the measured base 
shear (obtained using the mass and measured acceleration response of the 
structure) with the load capability along various orientations under various 
loadings, as shown in Fig. 15.13. Ou et al. (2003) further proposed that the 
load capacity of a jacket offshore platform can be calculated using a pushover 
method based on the commercial finite element (FE) model software package 
SACS. The typical load capacity curves of a jacket offshore platform under 
ice action are shown in Fig. 15.14. It can be observed that the base shear 
versus the top floor displacement of the platform behaves like elasto-plastic 
materials. The first and second characteristic points correspond to yield and 
ultimate capacities of the platform, which are listed in Table 15.1 for wave-
current loading and ice loading. 
 In fact, the damage the platform may incur during long-term service 
results in performance deterioration and decrease in loading capacity. Thus, 
the base shear versus top floor displacement of the platform varies in long-
term operational conditions. Calculation of the base shear versus top floor 
displacement in real time is time-consuming. Ou et al. (2003) proposed that 
base shear versus top floor displacement should be calculated for all possible 
damage cases in advance and saved in the SHM system, providing the 
dactylogram for safety evaluation if the system readily emits timely warnings 
based on the dactylogram. Base shear versus top floor displacement of the 
CB32A is recalculated provided that the CB32A is in service for one-year 
and damage occurs. The results are listed in Table 15.2.

15.4.4 Warning thresholds

The Offshore Platform Design Code is formulated based on the limit-state 
concept and offers performance criteria for various limit states. The two 
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15.14 Base shear versus top floor displacement of the platform under 
ice action.
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principle limit states are defined as (i) serviceability limit state; and (ii) ultimate 
limit state. Two warning levels corresponding to these two limit states were 
proposed by Ou et al. (2003). Consider when the offshore platform and its 
accessory facilities are out of order when the deformation of platform is too 
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large, which means that the stiffness of the offshore platform is not permitted 
to decrease dramatically. Therefore, a Level 1 warning should be emitted 
to notify that the structure behaves in the elastic stage and the base shear 
cannot exceed the yield point. Consequently, the yield point is the Level 1 
warning threshold. For level 2, it refers to ultimate loading capacity. 
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Table 15.1 Ultimate base shear and warning thresholds for the CB32A (without damage)

Loading Direction Ultimate Level 1 Level 2 Direction Ultimate Level 1 Level 2 
cases (°) base shear warning warning (°) base shear warning warning 
  (kN) threshold threshold  (kN) threshold threshold 
   (kN) (kN)   (kN) (kN)

Ice 0 6552 4914 6552 180 6552 4914 6552
 45 16577 12433 16577 225 9154 6865 9154
 90 15727 11795 15727 270 9557 7168 9557
 135 14539 10904 14539 315 9154 6865 9154

Wave 0 17235 12926 17235 180 17262 12947 17262
 45 18287 13715 18287 225 16765 12574 16765
 90 17241 12931 17241 270 16004 12003 16004
 135 18227 13670 18227 315 16646 12485 16646

Table 15.2 Ultimate base shear and warning thresholds for the CB32A (with damage)

Loading Direction Ultimate Level 1 Level 2 Direction Ultimate Level 1 Level 2 
cases (°) base shear warning warning (°) base shear warning warning 
  (kN) threshold threshold  (kN) threshold threshold 
   (kN) (kN)   (kN) (kN)

Ice 0 5791 4343 5791 180 5791 4343 5791
 45 14717 11038 14717 225 8127 6095 8127
 90 13900 10425 13900 270 8447 6335 8447
 135 12908 9681 12908 315 8127 6095 8127

Wave 0 13081 9811 13081 180 13136 9852 13136
 45 14072 10554 14072 225 12870 9653 12870
 90 13010 9758 13010 270 12073 9055 12073
 135 14044 10533 14044 315 12703 9527 12703
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 For offshore platform CB32A, the methods of safety evaluation based on 
SHM are shown in Fig. 15.15.

15.4.5 Overview of findings

The wind, wave and current are measured by the SHM system and listed in 
Table 15.3. It can be seen that the environmental load effects are quite small 
compared to the design limits. Strain has been continuously measured by 
the OFBG sensors. Fig. 15.16 shows the measured strain peak of joint 110 
for 120 days, on 25 Feb 2006, on 9 Feb 2006 and time-history of strain on 
9 Feb  2006. It can be seen that the maximum strain amplitude can reach 
greater than 40 MPa under live loads, which is small compared with the 
strength of steel. In the morning of 9 Feb 2005, there is a spike pulse in 
strain caused by a boat striking the platform.
 The modal frequencies and mode shapes were identified using measured 
acceleration based on an ambient vibration. The initial FE model was updated 
based on the identified frequencies and mode shapes. The updated FEM 
was employed to calculate the base shear under measured environmental 
load effects and the results are listed in Table 15.4. The threshold values 
for warning are listed in Table 15.4. Comparison of the results in Table 15.4 
indicates that CB32A is reliable at present.

15.5 Applications: the National Aquatic Center for 

the Olympic Games ‘water cube’

15.5.1 Descript of the building

The National Aquatic Center for the Olympic Games is a cuboid steel structure 
with a size of 171 × 171 × 31 m covered mainly with a EFTE polymer 
membrane to form a sandwich configuration, as shown in Fig. 15.17. The 
steel structure consists of H2O-shaped elements, as shown in Fig. 15.17. The 
structure began construction in 2004 and was completed in 2007.

15.5.2 The structural health monitoring system

Considering that the building is important and the ETFE membrane was 
first adopted in China, the owner of the building decided to install an SHM 
system to monitor the stress states during construction and the performance 
in operational conditions. To meet the requirements of the building owner, 
the SHM system was designed to be continuously operated for two weeks 
in summer and in winter, respectively, and through the entire duration of 
Olympic Games in 2008. Data are processed online and warning should be 
timely emitted in case of emergency. The data interpretation and analysis are 
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15.15 Methods of safety evaluation based on SHM for jacket offshore platforms.
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15.16 Measured strain segment of joint 110.

Table 15.3 Measured environmental load effects

Measured Wind Wind Current Current Wave Wave 
time speed  direction  speed   direction  height  direction  
 (m/s) (°C) (m/s) (°C) (m) (°C)

2006-1-27:03:24 5.13 293.72 0.199 134 0.23 0.2
2006-1-27:03:54 5.3 301.73 0.185 134.1 0.23 0.2
2006-1-27:04:24 3.85 318.02 0.221 125.4 0.23 0.2
2006-1-27:04:56 3.9 309.47 0.247 146.2 0.23 0.2
2006-1-27:05:32 3.86 296.65 0.239 139.2 0.18 0.1
2006-1-27:06:02 3.27 316.96 0.216 134.4 0.2 0.2
2006-1-27:06:38 3.98 332.44 0.135 161.4 0.19 0.2
2006-1-27:07:11 5.08 41.62 0.076 160.3 0.2 0.2
2006-1-27:07:46 4.41 34.05 0.103 155.2 0.2 0.2
2006-1-27:08:18 4.62 32.49 0.061 231.2 0.2 0.2
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Table 15.4 Measured base shear and safety evaluation (kN)

Measured Base Direction Warning Warning Safe or 
time shear  level 1 level 2 failure

2006-1-27:03:24 12.10 293.72 9390.4 12520.6 Safe
2006-1-27:03:54 12.44 301.73 9283.2 12377.6 Safe
2006-1-27:04:24 8.62 318.02 10208.7 13611.6 Safe
2006-1-27:04:56 9.35 309.47 11068.4 14757.9 Safe
2006-1-27:05:32 8.60 296.65 9351.2 12468.3 Safe
2006-1-27:06:02 6.81 316.96 10201.2 13601.6 Safe
2006-1-27:06:38 7.08 332.44 10311.0 13748.0 Safe
2006-1-27:07:11 9.97 41.62 11211.3 14948.4 Safe
2006-1-27:07:46 8.03 34.05 11083.1 14777.5  Safe
2006-1-27:08:18 8.35 32.49 11056.7 14742.2 Safe
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further carried out in detail offline. The phenomena to be measured are grouped 
into two categories: load-effect monitoring and response monitoring. For load 
effects, earthquake effects (ground motion), wind effects and temperature 
effects are considered. For response monitoring, strain of the members at 
critical locations are measured. Ambient vibration techniques are used to 
determine dynamic properties and global characterization of the building. 
Additionally, vibration of the building under earthquakes and wind must be 
monitored. Therefore, acceleration of this building is also monitored.
 To determine the types, characterization, quantities and locations of sensors, 
a prior ANSYS FE model to best represent the existing knowledge of the 
building was established, as shown in Fig. 15.18. Additionally, an FE model 
was also established for simulation of the change in stress and deformation 
when the support jacks are removed at the end of construction. The response 
of the building was calculated using the FE model under 140 loading cases 

(a)

(b)

15.17 The National Aquatic Center for Olympic Games.
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15.18 FE model of the structure.

(a)

(b)
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(c)

(d)

15.18 Cont’d
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(a)

15.19 The structural health monitoring system of the building.

and the sensory system of the SHM system was then designed according to 
the computational results.
 For wind load effect monitoring, an ultrasonic anemoscope was installed 
near the building to measure wind speed, direction, attack and ambient 
temperature. The sampling rate for wind load was 32 Hz. Additionally, the 
wind pressure distribution on the membrane was critical in verifying design 
assumptions, design parameters and analytical processes used in the design 
and construction with an aim to improve computational and assessment 
wind load models for safety evaluation. Therefore, 29 wind pressure meters 
were pasted over a corner of the roof, as shown in Fig. 15.19. Also, 30 
OFBG temperature sensors were welded at some elements to the measure 
temperature lapse rate for temperature compensation. For response monitoring, 
230 OFBG strain sensors were welded at 230 critical elements. 1 tri-axial 
accelerometer was attached at a foot of a column for earthquake ground motion 
monitoring, 1 tri-axial accelerometer was attached on the midpoint of the 
roof for measurement of vibration and another 27 axial accelerometers were 
dispersedly attached at the roof for measurement of vibration and extracting 
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15.19 Cont’d

(c)

(b)

global dynamic properties based on ambient vibration technique. It should 
be noted that the temperature of the roof between two membranes was in 
the high 70s°C and all sensors were selected to meet the requirement of the 
temperature. The schematic of the integrated SHM system is shown in Fig. 
15.19.

www.EngineeringBooksPDF.com



503Structural health monitoring research in China

15.5.3 Overview of findings 

For the dome structure, stress monitoring is one of greatest issues when 
the support jackets are removed during the end of construction. The SHM 
system monitors the stress of critical elements during the removal of support 
jackets and the variation of the stress during this process is shown in Fig. 
15.20. At the same time, the calculation results using the FE model are also 
depicted in Fig. 15.20 for comparison. It can be observed that stresses vary 
dramatically, even to about 450 MPa of web-member 3620, during this 
process and the calculated results agree well with the monitored stresses. 
The measured results provide very critical instruction for the construction 
and the SHM system plays an important role in ensuring structural safety 
during construction.
 The National Aquatic Center is redundant. Therefore, variation of 
temperature generated significant change in intrinsic forces. The temperature 
and the change in stress of elements were measured in the winter of 2006 
and summer of 2007. The measured temperatures and strains are shown 
in Fig. 15.21. It can be seen that the temperature variation generates great 
change in the strain of elements (the maximum variation in strain reaches 
to about 400 MPa). The strain increases with decreasing temperature, and 
vice-versa, decreases with rising temperature. For the lapse rate, the upper 
chord temperature was lowest and the temperature of the web layer and 
lower chord is almost the same, though slightly higher in winter. However, 
in summer, the temperature along the height of the roof is uniform and in 
the high 60s°C. Because this building is still under construction and without 
damage, all measured data can serve as a baseline for evaluating future 
changes in the condition, performance and health of the building.
 There is no snow in late winter and the wind load effect is very small; 
therefore, the temperature variation is the main load effect at this stage. 
Because the structure is redundant, vibration is very small under ambient 
excitation. No available acceleration related data has been measured so 
far.

15.6 Applications: the Harbin Songhua  

River Bridge

15.6.1 Description of the bridge

The Harbin Songhua River Bridge is a cable-stayed bridge with a 360 
meter center span, as shown in Fig. 15.22. It is designed to carry two 2-lane 
carriageways. The bridge is the longest bridge in the north-eastern area of 
China.
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15.20 Monitoring and computational stress during removing support 
jackets.
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15.21 Monitoring temperature and strain in 2006 and 2007.
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15.22 The cable-stayed Harbin Songhua River Bridge.

15.6.2 The structural health monitoring system

To monitor the structural health, safety, and performance of the bridge, an 
SHM system was designed. To meet the requirement of the bridge owner, 
the SHM system was designed to be continuously operated for two weeks in 
summer and winter, respectively, and the data interpretation and analysis were 
then carried out in detail offline. The phenomena to be measured were grouped 
into two categories: load-effect monitoring and response monitoring. For load 
effects, wind effect and temperature effect were involved. An anemoscope 
was installed at the tower top to validate the designed wind parameters and 
provide wind load information for operational condition assessments. The 
temperature sensors were installed to measure the air temperature above 
and below the girder levels. The temperature sensors simultaneously play 
the role of temperature compensation. For response monitoring, strain of 
the girder at critical cross-sections and cable forces were measured. 24 
OFBG sensors were attached at critical locations for measurement of girder 
strain and temperature. The location of the OFBG sensors is shown in 
Fig. 15.23. Ambient vibration techniques were used to determine dynamic 
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properties from which the cable tension forces were calculated. Therefore, 
52 accelerometers were attached to cables for cable force measurement. 
An additional 26 accelerometers were symmetrically installed on the deck. 
The location of the 26 accelerometers was determined based on the sensor 
placement optimization procedure proposed by the authors, as shown in 
Fig. 15.23. The global dynamic properties were determined to calibrate the 
bridge theoretical model and form basic references of subsequent structural 
damage detection and safety evaluation. 

 Z1-1 Z1-4 Z2-1 Z2-4 H1-1 H1-4

 Z1-2 Z1-5 Z2-2 Z2-5 H1-2 H1-5
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(a2)

(a1)

(b)

15.23 Locations of sensors: (a) OFBG strain and temperature sensors; 
(b) Accelerometers.
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15.6.3 Overview of findings

On 16 August 2004, the proof load tests were carried out to capture the 
response of all of critical elements before the bridge opened to traffic. Since 
that day, the SHM system has been operated. The monitored data indicated 
that the measured load-effects and response of the bridge were all less than 
their corresponding design values. More information from the monitored 
data is summarized as follows:

15.6.4 Controlled load tests

The proof load tests were conducted at the bridge to obtain response of all 
of the critical elements under known truck loads for open public traffic. 
Twenty-four 30-ton trucks were used for loading, as shown in Fig. 15.24. A 
total of ten loading position lay-outs were arranged in the test. During the 
tests, the SHM system recorded the response. Fig. 15.24 shows the girder 
strain at the midspan cross section measured by OFBG sensors when the 
twenty-four trucks were symmetrically distributed over the center span of 
the bridge. The maximum measured strain reaches about 400 , which is 
about 25% of the yield strain of the steel girder. 
 Crawl tests with two loaded trucks were also performed. Two 30-ton trucks 
on two of four lanes crawled throughout the bridge in various speeds. Strain 
at critical locations were measured by OFBG sensor at a sampling rate of 
250 Hz. Figure 15.24 shows the girder strain at the midspan cross section 

(a)

15.24 Proof load tests and measured strain of the girder.
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measured by OFBG sensors. It can be observed that the strain reaches its 
peak value (about 20 ) at the moment the trucks cross the midspan.
 The frequencies were extracted after post-processing of the ambient 
monitoring acceleration and are shown in Table 15.5, providing an insight 
to the global properties of the bridge.
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 Additionally, wind effects were also monitored during the controlled load 
tests. The maximum wind speed was about 7 m/s, within the design range 
of 28 m/s. The wind usually blows in the N-S direction.

15.6.5 Operational condition monitoring

A comprehensive measurement by this SHM system was performed in 
May 2005. The girder strain was continuously collected for two weeks at 
a sampling rate of 62.5 Hz and two typical segments of the girder strain at 
midspan cross section are shown in Fig. 15.25. The peaks in the time-history 
curve were generated by trucks when they crossed through the measured 
strain section. Therefore, the volume of trucks crossing over the bridge can 

Table 15.5 Identified frequencies of the deck (Hz)

 1st 2nd 3rd 4th 5th 6th

Longitudinal  0.031
Vertical 0.361 0.449 0.826 1.168 1.181 1.342
Torsion 0.593 0.777 1.015
Transverse 0.703
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15.25 Monitoring stress and statistic analysis.
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be accounted through the time history of measured strain. The peaks were 
picked up from the history of measured strain and a statistical analysis 
carried out. The results are shown in Fig. 15.25. The statistical analysis 
results indicate that the stress within the range of 30–40 MPa occurs most 
frequently and the maximum stress is about 50 MPa, which is generated by 
very heavy trucks. Additionally, the stresses of the cross-sections at tower-
foot and midspan of side-span are shown in Fig. 15.25. The maximum 
stresses at the tower-foot and midspan of side-span were 18.962 MPa and 
28.7 MPa, respectively. Cable forces were also obtained based on ambient 
vibration techniques and are listed in Table 15.6. For comparison, designed 
cable forces are also tabulated in Table 15.6. It can be seen that there is no 
obvious change in cable forces.
 All the monitored and analytical data at this regime can be served as a 
baseline for evaluating future changes in the condition, performance and 
health of the bridge.

15.7 Conclusions

This chapter summarizes the state-of-the-art and practice of structural health 
monitoring for civil infrastructures. Although Chinese researchers have 
made great efforts in development of SHM, a number of challenging issues 
are in need of further study. The following lists some topics to be further 
investigated:

(i) Wireless sensors and sensor networks for strong earthquake ground 
motion observation in earthquake engineering.
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(ii) Information fusion technologies for integration of loading-effect 
monitoring results with global response and local response monitoring 
results to synthetically make decisions.

(iii) Assessment and evaluation methods of performance and loading-
capacity deterioration in life-cycle based on SHM technologies (damage 
detection, model updating and safety evaluation are still very difficult 
for large-scale infrastructure).

(iv) Extension of structural health monitoring technology to disaster 
monitoring, including strong wind, earthquake, fire, accidents and so 
on, and the integration of accumulated and evolving damage monitoring 
with disaster monitoring.

15.8 Sources of further information and advice

For more information about the activities of structural health monitoring for 
civil infrastructures, please visit the library of Harbin Institute of Technology, 
Dalian University of Technology, Tongji University, Center-South University 
and South-East University. They are the main research centers of structural 
health monitoring for infrastructure in mainland China. PhD thesis and 
research reports on structural health monitoring are available. 
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Table 15.6 Identified cable forces

Cable Mass per Length (m) Frequency  Monitoring Design Error
No. unit (kg/m)  (Hz) cable cable (%)
    force (kN) force (kN)

C13 120.48 177.9728 0.75256 8644.9 8869.6 2.53 
C12 109.89 166.4528 0.7813 7433.8 8144.8 8.73 
C11 99.11 155.0362 0.8793 7367.3 7274.8 –1.27 
C10 87.23 143.7388 0.9206 6110.1 6404.4 4.75 
C9 78.68 132.5915 1.0375 5956.0 5824.4 –2.60 
C8 78.68 121.6321 1.1344 5991.3 5824.4 –2.87 
C7 78.68 110.9106 1.1797 5387.7 5824.4 7.50 
C6 78.68 100.4935 1.3231 5563.9 5824.4 4.47 
C5 61.37 90.4672 1.4706 4344.7 4519.6 3.87 
C4 61.37 80.9376 1.6379 4314.2 4519.6 4.54 
C3 54.08 72.0057 1.8117 3681.4 3936.6 6.46 
C2 54.08 63.7567 2.0882 3834.4 3936.6 2.60 
C1 54.08 54.9513 2.4306 3858.9 3936.6 1.97
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