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ABSTRACT: Needs for Structural Health Monitoring in the last decades were rapidly 
increasing. Research, development and implementation activities related to SHM were of such 
an importance, that SHM became a distinct branch of engineering. Several recommendations for 
codes, vocabulary and university courses are proposed and / or in route of development. The 
amount of published material is increasingly growing.     

SMARTEC SA is involved in SHM for more then a decade, having more than 350 realized 
projects worldwide. Experience gathered from these projects was precious not only from the 
point of view of development and implementation of monitoring components, but also for 
exploring SHM needs and benefits, and for understanding SHM process complexity. 

In this paper, lessons learned in more than 350 SHM projects are presented. Basic notions 
related to structural health monitoring are introduced. Structural health monitoring aims, needs 
and benefits are discussed. The importance of whole lifespan monitoring is highlighted. Core 
activities of monitoring process such as monitoring strategy, installation and maintenance of 
monitoring equipment and data management are presented and discussed. The monitoring actors 
are identified and their interaction with monitoring process is analyzed. 

 

1 INTRODUCTION 

It is difficult to imagine a modern society with no civil and industrial structure – buildings, 
roads, railways, bridges, tunnels, dams, and power plants. Structures form our built environment 
and affect human, social, ecological, economical, cultural, and aesthetic aspects of societies. 
Therefore, good design, quality construction and durable and safe exploitation of structures are 
goals of structural engineering. 

Several partial or full collapses of civil structures remind societies how serious consequences 
may have structural malfunctioning. As an example, the collapse of I-35W Bridge in 
Minneapolis caused losses of 13 lives while 145 people were injured. Unavailability of the river 
crossing generated economical losses of US$ 400000 per day for road-users. In addition, losses 
for Minnesota economy were estimated to US$ 17 millions in 2007 and to US$ 43 millions in 
2008, (estimation made by Minnesota Department of Employment and Economic Development 
– DEED), www.deed.state.mn.us (2009). The cost of rebuilding the bridge was approximately 
US$ 234 millions (estimation made by Minnesota Department of Transportation – MnDOT), 
projects.dot.state.mn.us (2009). 
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The safest and most durable structures are those that are well managed. Measurement and 
monitoring often have essential roles in management activities. The data resulting from a 
monitoring program are used to optimize the operation, maintenance, repair and replacing of the 
structure based on reliable and objective data. 

Structural health monitoring (SHM) is a process aimed at providing accurate and real-time 
information concerning structural condition and performance. The information obtained from 
monitoring is generally used to plan and design maintenance activities, increase the safety, 
verify hypotheses, reduce uncertainty and to widen the knowledge concerning the structure 
being monitored.  

In spite of its importance, the culture on structural monitoring is not yet widespread. It is often 
considered as an accessory activity that does not require detailed planning. The facts are rather 
the opposite. The monitoring process is a very complex process, full of delicate phases, and only 
a proper and detailed planning of each of its steps can lead to its successful and maximal 
performance. SMARTEC’s experience concerning monitoring process activities, actors and 
their interaction, gathered from more than 350 projects realized worldwide, is presented in this 
paper. 

2 350+ MONITORING PROJECTS BY SMARTEC 

The projects that served as a basis of the study presented in this paper were all carried out by 
SMARTEC in period 1995-2008. Predominantly fiber optic monitoring systems were used 
(99% of projects), based on various technologies: low-coherence interferometry (SOFO), fiber 
Bragg-gratings (MuST), Fabry-Perot interferometry (Sensoptic), stimulated Brillouin scattering 
(DiTeSt), and Raman scattering (DiTemp). Various strain sensor types, short-gage, long-gage 
and distributed were applied on a wide range of structures for both static and dynamic 
monitoring. More than 350 projects were performed in more than 30 countries worldwide and 
their classification by type of structure and continent is given in Table 1. 

Table 1: Classification of SMARTEC’s 350+ monitoring projects 
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Asia 163 6 2 6 3 0 1 2 1 1 2 0 187 52

Europe 9 31 22 12 8 10 6 5 7 3 29 10 152 42 

N. America 1 8 1 0 0 1 4 0 0 1 2 0 18 5 

Africa 0 0 1 0 1 0 0 2 0 0 0 0 4 1 

Total 173 45 26 18 12 11 11 9 8 5 33 10 361 100 

Total [%] 48 12 7 5 3 3 3 2 2 1 9 3 100 

*Piles, anchors, retaining walls, harbors.  

In the late nineteen ninety’s structural health monitoring was still under development, with no 
clear procedures or codes explaining how it should be applied to real structures. SMARTEC 
was pioneer in the domain and its role in presented projects was various – from manufacturer to 
developer to consultant to contractor. This rich experience helped us understanding the 
complexity of monitoring process, and lessons learned from that experience are presented here. 
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3 STRUCTURAL HEALTH MONITORING  

3.1 Basic notions 

The SHM can be described as permanent, continuous, periodic or periodically continuous 
recording of parameters that, in the best manner, reflect the performance of the structure, Glisic 
& Inaudi, (2007). The representative parameters to be monitored depend on type and the 
purpose of a structure, construction material, expected loads, environmental conditions, 
expected degradation phenomena, etc. In general, they can be mechanical, physical or chemical, 
as presented in Table 2.  

Table 2. The most frequently monitored parameters 

Mechanical Strain, deformation, displacement, cracks opening, stress, load  

Physical Temperature, humidity, pore pressure 

Chemical 
Chloride penetration, sulphate penetration, pH value, carbonatation 
penetration, oxidation of rebars, oxidation of steel, decaying of timber 

SHM can be performed in the short term (typically up to few days), mid term (few days to few 
weeks), long term (few months to few years) or during the whole lifespan of the structure, and 
the selected monitoring period depends on the type of the structure, its condition and particular 
requirements related to a monitoring project. 

Monitoring at the material level provides information related to the local material behavior, but 
gives reduced information concerning the behavior of the structure as a whole. Monitoring at 
the structural level provides better information related to the global structural behavior and 
indirectly, through the changes in structural behavior, also provides information related to 
material performance, Glisic & Inaudi (2007). 

The concept of monitoring can be understood from comparison with nervous system of the 
human body. An unhealthy condition of the body is detected by the nervous system, information 
is transmitted to the brain, a patient realizes that he is ill and addresses a doctor in order to 
prevent further development of the illness. The doctor undertakes detailed examinations, 
establishes a diagnosis and proposes a cure. This process is presented in Figure 1. 

 

 

 

 

 

 

 

 

 

Figure 1. Monitoring as structure’s feelings.  

The main aim of monitoring, similar to nervous system of the human body, is to detect unusual 
structural behaviors that indicate a malfunctioning of the structure, which is an unhealthy 
structural condition. Detection of an unhealthy condition calls for a detailed inspection 

Pain Exams Diagnosis Cure 

Malfunctioning Inspection Diagnosis Repair 



4th International Conference on Structural Health Monitoring of Intelligent Infrastructure (SHMII-4) 2009 

22-24 July 2009, Zurich, Switzerland 

 

 

 4

(examination) of the structure, diagnosis and finally refurbishment or repair work. This process 
is compared with that presented for the human body in Figure 1. 

Detection of unusual structural behaviors based on monitoring results is performed in accord 
with predefined algorithms. These algorithms can be: 

 Simple, based on models (e.g. comparison of measured parameters with ultimate values) 

 Advanced, based on models (e.g. comparison of measured with designed values) 

  Model free, based on statistic analysis (e.g. autoregressive analysis, wavelet analysis etc.) 

The efficiency of monitoring depends on both the performance of the applied monitoring system 
and the selected algorithms.  

In order to follow the schema presented in Figure 1, monitoring must allow the following 
actions, Glisic & Inaudi (2007): 

1. Detect the malfunction in the structure  

2. Register the time of problem occurrence  

3. Indicate physical position of the problem  

4. Quantify the problem  

5. Execute actions 

Monitoring is not supposed to make a diagnosis and propose the cure – these actions can be 
made only after a detailed inspection and related analyses are carried out. 

3.2 Monitoring needs and benefits 

Monitoring needs and benefits are manifold. Monitoring is naturally linked with safety; unusual 
structural behaviors detected at an early stage minimizes the risk of sudden collapse and human 
lives, nature and goods are preserved. 

Early detection of a structural malfunction allows for an in-time refurbishment intervention that 
involves limited maintenance costs. Monitoring helps building maintenance program and 
enhance durability of structures (well-maintained structures are more durable); an increase in 
durability decreases the direct economic losses (repair, maintenance, reconstruction). 

Sustainable structures calls for new materials, new construction technologies and new structural 
systems; monitoring helps to increase knowledge about their on-site performance, to control the 
design, to verify performance, and to create and calibrate numerical models. 

Hidden (unknown) structural reserves can be discovered by monitoring and, consequently, 
better exploitation of traditional materials and better exploitation of existing structures can be 
made; the same structure can accept a higher load and more performance is obtained without 
construction costs. 

Finally, monitoring helps prevent the social, economical, ecological and aesthetical impact that 
may occur in the case of structural deficiency. 

3.3 Whole Lifespan Monitoring 

Monitoring should not be limited to structures with recognized deficiencies. First, because when 
structural deficiency is recognized, the structure functions with limited performance and the 
economic losses are already generated. Second, the history of events that lead to structural 
deficiency is not registered and it may be difficult to make a diagnosis. Third, the information 
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concerning the health state is important as a reference, notably for complex structures where 
direct comparison of structural behavior with design and numerical models does not allow for 
certain detection of a malfunction. That is why whole lifespan monitoring, which includes all 
the important phases in the structure’s life, from construction to dismantling, is highly 
recommended. 

4 THE STRUCTURAL HEALTH MONITORING PROCESS 

4.1 Core Activities 

The core activities and sub-activities of the structural monitoring process are presented in Table 
3. Each of the core activities is very important, but the most important is to create a good 
monitoring strategy. The monitoring strategy is influenced by each of the other core activities 
and sub-activities and error made when defining monitoring strategy are often difficult to cancel 
once the monitoring is implemented. 

Table 3. Breakdown structure of the core monitoring activities, Glisic & Inaudi (2007) 

CORE MONITORING ACTIVITIES 

Monitoring 
strategy 

Installation of 
monitoring 

system 

Maintenance of 
monitoring 

system 
Data management 

Closing  
activities 

Monitoring aim 

 

Installation of 
sensors 

Providing for 
electrical supply 

Execution of 
measurements 
(reading of sensors) 

Interruption of 
monitoring 

Selection of 
monitored 
parameters  

Installation of 
accessories 
(boxes, cables 
etc.) 

Providing for 
communication 
lines (wired or 
wireless) 

Storage of data 
(local or remote) 

Dismantling of 
monitoring 
system 

Selection of 
monitoring 
systems  

Installation of 
reading units 

Implementation 
of maintenance 
plans for 
different devices 

Providing for 
access to data 

Storage of 
monitoring 
components 

Design of sensor 
network  

 

Installation of 
software 

 

Repairs and 
replacements 

Visualization  

Schedule of 
monitoring  

Interfacing 
with users  

 Export of data 

 

 

Data 
exploitation plan 

  Interpretation  

 

 

Costs   Data analysis  

   The use of data  

When starting a monitoring project, it is important to define the aims of the monitoring and to 
identify the parameters to be monitored. These parameters have to be properly selected in a way 
that reflects the structural behaviour. There are different approaches to assessing the structure 
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that influence the selection of parameters. We can classify them in three basic categories, 
namely static monitoring, dynamic monitoring, and system identification and modal analysis, 
and these categories can be combined. Each approach is characterized by advantages and 
challenges, and which one (or ones) will be used depends mainly on the structural behaviour 
and the goals of monitoring. 

The selection of a monitoring system depends on monitoring aim, selected parameters, 
accuracy, frequency of reading, compatibility with the environment (sensitivity to 
electromagnetic interference, temperature variations, humidity, …), installation procedures for 
different components of the monitoring system, possibility of automatic functioning, remote 
connectivity, manner of data management, and level at which the structure is to be monitored 
(i.e. global structural or local material). 

In order to extract maximum data from the system it is necessary to place the sensors in 
representative positions on the structure. The sensor network to be used for monitoring depends 
on the geometry and the type of structure to be monitored, parameters and monitoring aims. 

The installation of the monitoring system is a particularly delicate phase. Therefore, it must be 
planned in detail, seriously considering on-site conditions and notably the structural component 
assembly activities, sequences and schedules. When installed, the monitoring system has to be 
protected, notably if monitoring is performed during construction of the structure. Any 
protection has to prevent accidental damage during the construction and ensure the longevity of 
the system.  

Structures have different life periods: construction, testing, service, repair and refurbishment, 
and so on. During each of these periods, monitoring can be performed with an appropriate 
schedule of measurements. The schedule of measurements depends on the expected rate of 
change of the monitoring parameters, but it also depends on safety issues – structures that may 
collapse shortly after a malfunction occurs must be monitored continuously, with maximum 
frequency of measurements.  

Basic data management consists of execution of measurements (reading of sensors), storage of 
data (local or remote) and providing for access to data. The monitoring data can be collected 
manually, semi-automatically or automatically, on site or remotely, periodically or 
continuously, statically and dynamically. These options can be combined in different ways. For 
long-term in-use monitoring, the maximal performance is automatic, remote (from the office), 
continuous collecting of data, without human intervention. Possible methods of data collection 
(reading of sensors) are presented schematically in Figure 2. 

 

 

 
 
 

 

 

 

Figure 2. Methods of collecting the data. 

Data can be stored, for example, in the form of reports, tables and diagrams on different types of 
support, such as electronic files (on hard disc, CD, etc.) or hard versions (printed on paper). The 
manner of storage of data has to ensure that data will not be lost (data stored in a ‘central 



4th International Conference on Structural Health Monitoring of Intelligent Infrastructure (SHMII-4) 2009 

22-24 July 2009, Zurich, Switzerland 

 

 

 7

library’ with backups) and that prompt access to any selected data is possible (e.g. one can be 
interested to access only data from one group of sensors and during a selected period of 
monitoring).  

Advanced data management consists of interpretation, visualization, export, analysis, and the 
use of data (e.g. generation of warnings and alarms). Collected data are, in fact, a huge amount 
of numbers (dates and magnitudes of monitoring parameters) and have to be transformed to 
useful information concerning the structural behaviour. This transformation depends on the 
monitoring strategy and algorithms that are used to interpret and analyse the data.  

The monitoring strategy is often limited by the budget available. From a monitoring 
performance point of view, the best is to use powerful monitoring systems, dense sensor 
networks (many sensors installed in each part of the structure), software allowing remote and 
automatic operation. On the other hand, the cost of such monitoring can be very elevated and 
unaffordable. That is why it is important to develop an optimal monitoring strategy. Based on 
our experience, an estimated budget for monitoring of a new structure ranges between 0.5 % 
and 1.5 % of the total cost of the structure. 

4.2 Actors 

The main actors (entities) involved in monitoring are the monitoring authority, the consultant, 
the monitoring companies and the contractors. These entities must collaborate closely with each 
other in order to create and implement an efficient and performing monitoring strategy. These 
entities need not necessarily to be different; for example, a monitoring company can also have a 
role of consultant or contractor. The interaction between the core activities of the monitoring 
process and the main actors is presented in Figure 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Interaction between monitoring core activities and monitoring actors. 

The monitoring authority is the entity that is interested in and decides to implement monitoring. 
It is usually the owner of the structure or the entity that is, for some reason, interested in the 
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safety of the structure (e.g. legal authority). The monitoring authority finances the monitoring 
and benefits from it. It is responsible for defining the monitoring aims and for approving the 
proposed monitoring strategy. The same authority is later responsible for maintenance and data 
management (directly or by subcontracting to the monitoring company or contractor). 

The consultant proposes a monitoring strategy to the monitoring authority. This strategy 
consists of performing the necessary analysis of the structural system, estimating loads, 
performing numerical modelling, evaluating risks and creating another monitoring strategy if 
the initial one is rejected by the monitoring authority. After the delivery of the monitoring 
system, the consultant may perform supervision of the installation and commissioning of the 
monitoring system. 

The company devoted to monitoring (monitoring company) is basically responsible for delivery 
of the monitoring system. However, the same company can often have a role of consultant 
(development of the monitoring strategy in collaboration with the responsible authority) or 
contractor (implementation of the monitoring system). 

The installation of the monitoring system is performed by a contractor with the support of the 
monitoring company and the responsible authority.  

5 CONCLUSIONS 

Structural Health Monitoring process is a complex process that involves many different actors. 
Our experience is that most of the errors in realization of monitoring projects occur due to bad 
understanding of monitoring activities and their mutual interactions, and incorrect distribution 
of tasks among the actors.  

Basic notions on Structural Health Monitoring, monitoring process and actors are presented in 
this paper. Core activities and sub-activities are listed and briefly explained. Definition of 
monitoring strategy is considered as the most important activity and is presented in more details. 
Task distribution and interaction between different entities (actors) involved in monitoring is 
highlighted. 

The presented paper is based on experience gathered from more than 350 projects carried out 
worldwide. We hope our experience will help better understanding of real problems in planning 
and realization of monitoring projects. 
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