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ABSTRACT: When designing a Structural Health Monitoring system, one should always focus 

on the specific requirements of the structure under exam. The first step in the design process 

consists in identifying the probable degradation mechanism and the associated risks, in 

cooperation with the structure’s owner and designer. Next, the expected responses to these 

degradations are established and an appropriate Structural Health Monitoring Systems is 

designed to detect such conditions. Only at this stage, the appropriate sensors are selected. Once 

the sensors are installed and verified, data collection can start. If these logical steps are followed 

and the monitoring data is correctly acquired and managed, data analysis and interpretation will 

be greatly simplified. On the other hand, if one designs an SHM system starting from a specific 

sensor system, it often ends up with a large quantity of data, but no plans on how to analyze it. 

When selecting the best sensors for the specific risks associated with a given structure, it is 

often necessary to combine different measurement technologies. As an example, a cable stayed 

bridge could require fibre optic sensors for strain monitoring, a corrosion monitoring system for 

the concrete pylon, vibrating wire load cells for measuring the stay forces and a laser distance 

meter to observe the global deformations. To insure that the data form these systems if correctly 

fused and correlations between the measurements can be found, an integrated data acquisition 

and management system is required. Our experience has shown that the use of relational 

database structures can greatly simplify the handling of this large and heterogeneous data-flow. 

With as appropriate data structure, the measurement data and other related information on the 

monitoring network, the structure and its environment can be organized in a single repository 

that will follow the structure's life in the years.  

This paper presents a generalized architecture for SHM monitoring system combining multiple 

sensing technologies and several application examples to real structures, including bridges, 

buildings and dams. 

 

 

 

1 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 solicitation are very different form the 

ones taken into account during its design and in many cases they are mostly unknown in both 
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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 limited 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, Inaudi, 

2007).  

Instrumental Monitoring is a new safety and management tool that ideally complements 

traditional methods like 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, Inaudi, 2004). 

1.1 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, Inaudi, 2003), (Glisic, Inaudi, Vurpillot, 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 example 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,...  

Physical: material temperature, humidity,...  

Chemical: pH, chlorine, sulfate,...  

Environmental: air temperature, humidity, solar irradiation, wind,...  

Actions: vehicle loads, forces,... 

 

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

Semi-continuous: automatic measurements over per-defined time periods (for example one 

measurement per hour, for one week every 3 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 is collected automatically by the system and downloaded periodically through a 

data line or manually.  

On-line: all data is permanently available online. 

Real-time: data is 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.  

1.2 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, 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 de 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 as 

shown in figure 1. 

 

 

Figure 1: Integration of several sensing technologies into a single database and user interface 

 

Although many vendors of sensors and data acquisition systems provide their own software for 

data management and presentation, these tend to be closed system 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-user with a single integrated interface that does 

not require him to learn and interact with several different user interfaces.  
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1.3 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: 

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 it’s 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 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 conditions 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.  

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 can guarantee the safety of the structure and its users.  

Monitoring insures long-term quality 
Each quality policy requires measurements and feed-back 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.  

Monitoring allows structural management 
Monitoring data can be used to perform “Maintenance on demand”. Optimize 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. 

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. 

1.4 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, Bailey, Brühwiler, 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. 

1.4.1 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 
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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 live 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 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 his live provides an 

excellent baseline to compare and asses 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 that the original 

construction cost. These types of problems can often be detected in the first 10 years of life with 

appropriate instrumentation and analysis. 

1.4.2 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 faith of a 

bridge based on visual inspection and modelling alone cannot be considerer 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 be therefore be considerer 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 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 



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

22-24 July 2009, Zurich, Switzerland 

 

 

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 brides 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.   

2 DESIGNING AND IMPLEMENTING AN SHM SYSTEM 

Designing and implementing an effective Structural Health Monitoring System is a process that 

must be carried out following a logical sequence of analysis steps and decisions. Too often 

SHM system have been installed without a real analysis of the owner needs, often based on the 

desire to implement a new technology of follow a trend. These monitoring system, although 

perfectly working from a technical point of view, often provide data that is 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 structural health monitoring systems that respond to the needs of all parties involved 

in the design, construction and operation of structures of all kinds.  

2.1 Step 1: Identify structures needing monitoring 

This step might seem trivial, but is indeed a very important first step. Before considering a 

structural health monitoring system, it is important to consider if a specific structure will really 

benefit from it. The following list includes some of the situations where and 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 form 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. 

2.2 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 
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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.  

2.3 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 is 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. This is very important to select the sensors with 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 need 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. 

2.4 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 forth 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 complementarily. On the other hand, having too many 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.  

2.5 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 in 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 must be defined at this step by the responsible engineer and the 

owner.  



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

22-24 July 2009, Zurich, Switzerland 

 

 

The result of this step is an as-built plan of the SHM system, a system manual and a calibration 

report.  

2.6 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. 

2.7 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 for further investigation, including inspection, testing or 

installation of additional sensors. 

The output of this step is a series of alerts, warnings and periodic reports.  

2.8 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 and regulations reduce the uncertainty and improve the 

interaction between the different actors involved in the process.  

Recommendations and drafts codes for the implementation of SHM system are however starting 

to appear; certainly an important step towards a mature SHM industry.  
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3 BRIDGE SHM 

To put the previous methodology in practice, we will now consider how it can be applied to 

design integrated structural health monitoring systems for bridges. 

Table 1 discusses the typical expected responses and the candidate types of sensors to measure 

risks that are typically found on bridges. 

 

Risk / uncertainty Response / consequence Candidate sensors 

Correspondence between 

Finite Element Model and real 

behaviour 

Strain distribution and 

magnitude different form 

model 

Local strain sensors, including 

strain gauges, vibrating wire 

gauges and fibre optic sensors 

Dynamic strain due to traffic, 

wind, earthquake, 

explosion,… 

 

Large strains, fatigue, cracks Local strain sensors, including 

strain gauges, 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 pre-stress Global deformations, bending Long-gauge fibre optic strain 

sensors, settlement gauges, 

laser distance meters, 

topography 

Change in cable forces Force and strain redistribution Load cells: vibrating wire, 

resistive or fibre optics 

Correspondence between 

calculated vibration modes an 

real behaviour 

Mode shapes and frequencies 

different form model 

Accelerometers, long-gauge 

fibre optic strain sensors 

Non-working bearings and 

expansion joints 

Reduced movement, 

movements occur at wrong 

location, strain redistribution  

Joint-meters:  potentiometers, 

vibrating wire or fibre optics 

Cracking of concrete or steel Crack opening Crack-meters: potentiometers, 

vibrating wire or fibre optics 

Temperature changes and 

temperature gradients in load 

bearing elements 

Strain redistribution, cracking Temperature sensors: 

electrical, fibre optics point 

sensors or distributed sensors 

Differential settlement 

between piers or foundations 

Global movements, tilting, 

strain redistribution 

Laser distance meters, 

topography, settlement 

gauges, tilt-meters 

Change in water table or pore 

water pressure around 

foundations 

Change in pore water pressure  Piezometers: vibrating wire or 

fibre optics 

Stability of slopes around 

foundations and abutments 

Slope sliding Distributed fibre optic soil 

stability sensors, laser 

distance meters 

Change in the concrete 

chemical environment: 

carbonation, alkali-silica 

reaction, chlorine penetration 

Corrosion of rebars Concrete corrosion and 

humidity sensors 

Environmental conditions Actions on bridge Weather station, wind speed 

measurements 
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Traffic and overloads Actions on bridge Weight-in-motion station, 

dynamic strain sensors 

Construction schedule and 

specific actions 

Difficulty in analyzing data Webcam, image capture and 

archival 

Table 1: Risks, responses and candidate sensor types 

 

These indications should be considered as a stating 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. 

4 CONCLUSIONS 

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

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

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

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

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

construction or after a short time (Levi and Salvadori, 1992). Those failures and their analysis 

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

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

considerations.  

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

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

bridges and help us in taking informed decisions about their health and destiny. This paper 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 the design of a matching 

monitoring system and data analysis strategy.  
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