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ABSTRACT: In this paper the basic economics of SHM for the extension of service life will be 
outlined. From this analysis it is concluded that there is a compelling case for the extension of 
service life using SHM.  It will be argued that wireless sensors are a good fit for this purpose, 
because of their ability to be rapidly deployed and the ability to share interrogation equipment. 
The majority of the paper will review the various modes of wireless sensing and outline the 
present day pros and cons of the various modes. 

 
 

1 INTRODUCTION 

Civil infrastructure, such as bridges and buildings, is often the most costly asset of a country. 
Over time structures will corrode, fatigue, weather and wear. Eventually structures decay to the 
point where they must be repaired or replaced.  At the moment the health of these structures is 
determined largely through visual inspection by trained personnel. This practice is expected to 
decrease because of increasing pressure on infrastructure management budgets and the 
increasing use of structural elements, which cannot be evaluated by visual inspection. Structural 
Health Monitoring (SHM) has emerged to addressing this problem through the use of 
innovation technology such as wireless sensors.  SHM is expected to become a ubiquitous tool 
for the management civil infrastructure over the next decade.   

One of the significant drivers of structural health monitoring is its application to the massive 
problem of civil infrastructure deterioration. In the 1930's the U.S. and Canadian governments 
began public work programs to develop a transportation infrastructure comprising roadways and 
bridges. The increased weight and numbers of today's trucks compared with design loads that 
were used for the roads and bridges at the time of construction, combined with aging, 
environmental conditions and the use of corrosive salts has resulted in deterioration and 
increasing structural deficiencies. Currently, the U.S. has ~600,000 bridges that consume 
billions of dollars each year in construction, rehabilitation and maintenance. In Canada, there 
are an estimated 10,000 railroad bridges and 30,000 automobile bridges with 40% of these 
bridges requiring repair or replacement. A similar situation is said to exist in Europe and Asia. 

Most existing sensing technologies for structural health monitoring have a serious deficiency in 
that they require a permanent connection to the outside world.  This causes significant problems 
in the installation and ongoing use of these sensors.  Recent cases have shown that the cost of 
installation and preparation of a site for monitoring equipment can easily exceed the cost of 
sensors and interrogation equipment. For example, the cost of installing a monitoring system in 
the Tsing Ma suspension bridge in Hong Kong was reported to be over $27,000 per sensor 
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channel [Xia03]. Installation costs in more recent projects have been reported to be in the range 
of $5,000 per sensor including sensors, installation, power, communications hookup, safety 
costs and interrogation equipment [Celebi02]. In the next few paragraphs we will discuss the 
threshold for economic viability of SHM.   

The decision to use SHM will ultimately be determined by issues of safety and economics.  In 
this paper the issue of safety will not be addressed, but some comments on the economics of 
SHM and the impact of wireless sensing will be given. In order to focus the issue we will 
consider a simple representative example, a highway over pass. For this example we will 
consider 2 cases. The first is the extension of the service life span of the structure through the 
use of SHM near the end of the service life of the structure. The second example will be the 
extension of the service life through the use of SHM for the entire life of the structure.  

The case for service life extension using the combination of load testing and SHM is very 
compelling. For example in the US there are 72,000 structurally deficient bridges of which 
40,000 have a low load rating. Of these 12,000 have no deficiency other than a low load rating. 
Of these 12,000 only 6 are reported as having a load rating based upon load testing [Chase09]. 
Bridges that are load tested are often, but not always, found to have higher load capacity than 
predicted by analysis [BakhtTaljsten07,Pressley05,Saraf96]. Part of this underestimate of 
capacity maybe due to the prudent application of safety margins due to uncertainty about 
materials and construction. Part may also be due over simplified analysis, boundary conditions 
and the load bearing capacity of “non-structural” elements as observed in the Swiss bridge 
system, where “non-structural” elements were found to significantly contribute to the stiffness 
[Burdet93]. However, once data from load testing is available, an updated estimate of the load 
capacity of the structure that is the most appropriate to use. Therefore, one can conclude that the 
service life of many structures could be extended through load testing to ensure capacity and the 
application of monitoring to ensure ongoing capacity and safety.  

The economic value of service life extension is large. To estimate the value of service life 
extension, let us return to the simple highway overpass. The cost to replace a highway over pass 
is variable, but for the sake of argument, we will set it at $10,000,000US. Let us also assume the 
discount rate or the cost of borrowing money is 6%. If the load testing and SHM could extend 
the life of the over pass by 2 years this would have a value of $1,240,000. The cost to 
implement this should be considerably less, and so the value largely realized. If we assume this 
approach will work for 90% of the low rated structures and that the average cost to implement is 
$200,000 per structure this approach would have a value of ~11B$US in the US alone. Wireless 
technology is an attractive means of SHM, as implementation would be simplified by the lack 
of hard wiring and communications infrastructure. Simple communications systems on the 
owner’s vehicles could periodically retrieve information that could be used for evaluation and 
monitoring of the structure [Bastianini07]. 

The economic case for the extension of service life by monitoring the structure throughout its 
life is quite different. For example, if we assume for the same over pass that it has a service life 
of 30 years that can be extended by 2 years on average, with the application of monitoring over 
its life span then the value of that can be estimated. Once again we use a 6% discount rate. Now 
however, the 30 year life span of the structure means the cost of implementation and operation 
must be low for the case to make economic sense. Using the assumptions above the $1,200,000 
of future savings would be discounted 6% per year to have a present day fractional value of 
(0.94)30 = 0.16. Therefore the present day value would only be 0.16x$1,200,000 = $188,000. To 
have economic value then the cost to implement and operate an SHM monitoring system must 
be small. If we compare this to the total capital cost of the structure this is less than 2%. To have 
a reasonable value the SHM must be considerably less than this, let us say less than ½ for the 
sake of argument. One can argue that the service life extension could be greater than 2 years and 
one could argue other points such as a smaller discount rate. However, the case still suggests 
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that SHM systems must have low installation and operating costs to economically viable. This is 
where the case for wireless SHM systems is strong. By eliminating a large part of the 
installation costs, sharing of interrogation equipment and by integration with inspection systems 
or asset management systems the costs can be low enough that the economic case is viable. 

A wireless technology could make the monitoring of many more sites feasible and therefore 
significantly increase the utility of SHM. Also exciting is the possibility that these sensors may 
be interrogated fast enough that measurements can be carried out from a vehicle moving at 
highway speeds and could be interrogated without the need to close down the site to traffic. In 
this paper the various modes of wireless sensing for civil infrastructure will be outlined and 
important issues of protocols and interrogation distance of these modes will be outlined. 

2 MODES OF WIRELESS SENSING 

Wireless sensors replace a hard-wired or fiber optic link with some form of wireless link.  
Although one can imagine using ultra-sonics or other types of wireless link, it is the 
electromagnetic wireless link that has proven most useful to date.  Within electromagnetic based 
wireless sensors several different modes have demonstrated usefulness in the monitoring of civil 
infrastructure: 

1. Wireless communication type: This type of sensor uses traditional sensors such as metal foil 
strain gauges and measurement electronics, but communicates the results via a wireless link. 
The principle advantage of this type of system is that communications can occur over a 
relatively long distance. There are many systems of this type 
[Straser98,Hill02,Wang05,Milos01,Chen02,Cho08].  One major drawback of this type is that 
the sensor must contain its own power source. It remains to be seen if battery or power 
scavenging systems can be developed that will allow these systems to be embedded in structural 
monitoring systems. 

2. Power on measurement sensors: This type of sensor uses traditional sensors such as metal 
foil strain gauges. Signal conditioning systems within the sensor then convert measurement into 
a form suitable for transmission via a radio link. The power to run the measurement electronics 
and the radio communication system are supplied from the interrogation system, typically 
through coupling coils on the sensor and the interrogator. The advantage of this type is that the 
sensor does not require any form of power and hence can be embedded or left in the field with 
no need to provide continuous power. Examples of this type are the corrosion sensor 
[Carkhuff02], chloride sensor [Watters01,Watters03] and mote [Crossbow inc.]. 

3. Passive wireless sensors: This type of sensor operates with no internal power source and 
relies on the power transmitted from the interrogation system in order to carry out a 
measurement. The broad advantage of this type of system is that the sensor itself requires no 
source of power and can therefore be embedded within a structure. Examples of this type are 
SAW [Varadan01,Wolf01,Pohl00], magneto-elastic [Grimes02] coupled coil [Andringa07] and 
resonant RF cavity [Chuang05] sensors. 

The optimum choice of sensor type will vary form application to application. In the next section 
several examples of wireless sensors will be examined and the issues for each one will be 
outlined. 

3.0 WIRELESS COMMUNICATION TYPE SENSOR 

Wireless sensors of this type come in many forms, but can be generalized as shown in figure 1. 
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Figure 1. General schematic for a wireless sensor that uses conventional sensors and a wireless 
communications link. The sensor converts the measureand to a signal, which is conditioned into 
a suitable form for transmission by the radio electronics. The measurements are then transmitted 
to the base station. Typically the system has communications both from and to the base station 
from the base station, which would often be linked to a data management system. 

In a typical measurement sequence the base station might initiate the process by signalling the 
sensor to begin taking a measurement. The wireless sensor would then power up electronics to 
the state required and take a measurement, a strain measurement for example. This would then 
be conditioned, by being converted into a digital signal and then bundled into data packet to be 
transmitted by the radio electronics. It should be stressed that this is only one way the system 
might operate and that many permutations of sequences are used in practice. For example, it is 
common to have the sensor continuously taking measurements and periodically send packets 
containing many measurements to the base station. Very often a base station will also have 
communication links with many wireless sensors simultaneously. Confusion over which sensor 
is transmitting data packets is eliminated by a number of communication protocols. In the 
following sections several issues related to the use of wireless sensors for civil structural health 
monitoring will be discussed.  

3.1 COMMUNICATIONS PROTOCOLS 

A protocol is a set of rules or guidelines. A communications protocol is a set of rules or 
guidelines that dictate how information is to be communicated between two or more nodes of a 
communications network. In the case of wireless sensors it is the rules that dictate how 
information is communicated between wireless sensors and the base station or other wireless 
sensors in a network. Many of these protocols have been transformed into standards of 
international bodies such as the IEEE 802.11 set of standards. These standards specify in 
considerable detail how information is to be sent and received. It may include provisions for 
multiple nodes in a network and for error detection and correction. The civil and electrical 
engineers setting up sensor networks will not in most cases directly implement a protocol, but 
will indirectly use these protocols already embedded within products. In the implementation of a 
wireless sensing system, consideration should be given as to the compatibility of the wireless 
sensor with alternative equipment suppliers and also to the expected longevity of the protocol.  

3.2 SENSOR RANGE 

Wireless sensors rely on the transmission of information using electromagnetic waves. Range 
over which information can be reliably transmitted has been thoroughly studied and the 
parameters that influence this are well known. To send information the transmitter launches a 
radio wave with power PT this wave then travels for a distance L to the receiver. As the wave 
travels it is attenuated, scattered and the power density will also decrease according to the well 
known 1/L2 relationship. Due to all these factors the power seen by the receiver is much less 
than the transmitted power. The receiver in turn requires a certain power level (PR also known 
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as the sensitivity) to reliably receive information at a particular rate using a particular protocol. 
In the case of free space transmission the requirements can be expressed quite simply. 
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GT and GR are the gain of the transmitting and receiving antennas. The waves radio waves are 
launched using antennas. Antennas can be designed to be omnidirectional and launch radio 
waves in all directions, or directional. Antennas that are directional will have gain, meaning that 
the electromagnetic waves are focused towards the receiver. A gain of 10 would mean that the 
power density at the receiver with the antenna directed at the receiver will be 10 times higher 
than an omnidirectional antenna. For free space the maximum distance from between a 
transmitter and receiver can be easily estimated. For example at 900 MHz (wavelength 33 cm) if 
the sensitivity PR is 10 fW (10-14 W), and the gain of the antennas is 1 (omnidirectional) , with a 
transmitted power of 1 mW then the maximum distance between transmitter and receiver will be 
~ 9 km. In practice transmission is not through free space and losses between transmitter and 
receiver will be much greater, reducing the maximum distance between transmitter and receiver. 
In addition if there are interfering sources of radio signals then the effective sensitivity of the 
receiver will be much greater. 

 
Figure 2. Schematic diagram of a transmitter receiver communication link. L is the distance 
from transmitter to receiver.  
 
There are many examples of this type of sensor system.  There are several commercial versions 
of this type of sensor [Straser98,Hill02,Wang05,Milos01,Chen02,Cho08]. Most are based on 
widely deployed wireless communication technology.  This type of system is also in its infancy 
and the number of sensing systems based on wireless communication available is expected to 
grow significantly over the next few years. However, these systems are relatively high power 
users and will require local power sources such as batteries or solar power. These systems will 
be of greatest use in applications where the distribution of power and communications is very 
costly. For example, this type of wireless would be a viable option on remote portions of a large 
bridge or a large number of small bridges in rural locations. Although the cost of the systems is 
expected to decrease as volumes increase the presents cost of $500 to $800 per sensor will 
restrict the number of applications in which wireless sensors offer an economically viable 
alternative to wired sensors.  

These sensor systems also offer the unique ability to communicate between sensors. Although 
this capability is tantalizing, there has not yet been convincing demonstrations of the utility of 
this capability for civil structural health monitoring, Inter-sensor communication and daisy 
chain communication may offer a means to lower communication power requirements. 
Sensor systems based on wireless communication need to have the power issue addressed. More 
research is needed into low power communication systems for sensing. In addition much more 
work is needed to demonstrate to full potential of battery powered systems.  An important 
question is what battery life can be achieved in the environments typically found in civil 
structural health monitoring? 
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4 POWER ON MEASUREMENT SYSTEMS 
 
Power on measurement systems also use a radio communications link to transmit readigns taken 
from a sensor. However, these contain no local power supply, but use received RF energy to 
generate DC power for the electronics. This approach has been demonstrated in several projects 
for civil infrastructure monitoring and is a very active field of research in general. In the 
literature this apporach is often refered to as an RFID tag sensor or a passive RFID tag sensor.  
 

 
 
Figure 3 Schematic diagram of the typical configuration of a power on measurement or RFID 
tag sensor.  

SRI in Menlo Park California has developed a wireless Chloride sensor that is intended to be 
embedded within bridge decks and interrogated from a moving vehicle [Waters01,Watters03]. 
The sensor consists of an electrochemical cell for chloride sensing, a signal conditioning 
section, a coil to pick up power from the interrogator and electronics for radio communications.  
 
When the interrogator comes within a few meters of the sensor power is coupled to the sensor 
coils.  The sensor then becomes active and transmits a code which identifies the sensor.  The 
chloride sensor is then activated and a measurement of chloride concentration taken.  The 
measurement is then transmitted back to the interrogator.  This measurement can be taken in a 
matter of seconds.  With this sensor system it is hoped that chloride measurements can be made 
without the need to extract concrete core samples.  
 
Clearly there are significant advantages that can be gained from this type of sensor. There is no 
need for power or communications to be routed into the sensor. The sensor can therefore be put 
into service in remote locations that would not be viable for wired or fiber optic sensors. 
However, the interrogator must be within a few meters of the sensor in order to activate it. The 
architecture of this type of system is very general and it could be used with most known sensor 
types. 
 
4.1 SENSOR RANGE 
 
These sensors will have limited range as the required power for the sensors must come from 
received power. This can be calculated using equation 1 once the level required to power the 
sensor is known. The range of these sensors is not expected to exceed much further than 10 
meters. There are however, examples in the literature of sensors functioning at distances beyond 
1 m and as far as 15m. This was accompished with radiated power levels that may not be 
allowed in commercial applications [Le08,Todd07]. Efforts are being directed towards lowering 
the power required for sensors and great strides have been made. Systems have been 
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demonstrated where the sensing system required less than 100 microwatts to operate 
[Calhoun05]. Significant research is still required into sensor systems that operate at low power, 
with the accuracy,longevity and resolution required for civil infrastructure applications.  
 
5 PASSIVE WIRELESS SENSORS 
 
Passive wireless sensors are the third class of wireless sensors. In this type of sensor, radio 
waves are directed towards the sensor and the influence of measureand detected through 
observing changes in absorption or reemission of the radio waves. Passive wireless sensors are 
an emerging alternative, where the sensor is a passive device and hence there is no requirement 
for local power. Several types of passive wireless sensing systems have been demonstrated. For 
example, surface acoustic wave (SAW) sensors have been developed for monitoring a number 
of properties [Wolf01,Pohl00] and are based on the perturbation of the propagation velocity of 
acoustic waves by the measurand of interest. Interrogation is most often done through the use of 
pulse /echo techniques [Wolf01,Pohl00]. Magneto resonant [Grimes02] and resonant coil based 
systems are other methods for measurement of a large number of physical parameters [Bulter02, 
Andringa07]. These sensors have proven useful for measuring corrosion [Andringa07]. Another 
example of a passive wireless strain sensor, based on resonant RF cavities, was introduced by 
our group [Chaung05]. The sensor consists of a passive resonant cavity sensor that is embedded 
in the structure, and an interrogator. The interrogator radio waves at a particular frequency and 
uses pulse/echo technique to measure the response of the sensor. An antenna that is attached to 
the sensor will receive the signals and couple them into the sensor cavity which will absorb all 
signals except for those in a narrow frequency band, as determined by the cavity’s dimensions.  
The remaining signals are then transmitted back to the interrogator, which uses the information 
received to calculate strain on the sensor. As outlined in Fig. 4 these sensors have a simplified 
block diagram and include on active electronics on the sensor. 
 
 

  
 
Figure 4. Illustration showing basic operating principle of passive wireless strain sensors. In this 
type of sensor radio waves are used to excite the sensor and then detect this through a 
measurement of the absorption of the radio waves or through the measurement of the reimission 
of the radio waves from the sensor. 
 
For illustration purposes we will consider the RF cavity sensor in more detail. However, the 
analysis for other passive wireless sensors is similar. The sensor can be thought of a as a simple 
coaxial cavity with length l. The reason for choosing this design include a uniaxial sensitivity, 
and results which are simple to interpret. A small conductor extending into the cavity excites an 
electromagnetic field within the cavity. The resonant frequency of the cavity is a function of the 
cavity length as given by [Pozar98]: 
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where c is the speed of light in vacuum and l is the length of the cavity. When the material in 
which the sensor is encased is strained it will force a change in dimensions of the cavity. This 
change in dimension will result in a change in resonant frequency that can be used to 
unambiguously determine the strain in the structure. If the elastic properties of the sensor 
material differ from the material in which it is embedded, a gauge factor may be required. 
Manipulation of the equation (1) governing the resonant frequency in the presence of a small 
strain of the cavity gives the approximation: 
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Clearly as long as the unstrained resonant frequency is known then the strain can be determined 
with high precision and very little ambiguity. One advantage of this approach is that, unlike 
optical sources for fiber optic sensors, RF signals can be generated with very high accuracy and 
stability. RF signal generating sources can be easily frequency locked to quartz crystal 
oscillators which are easily obtained with error less than 1 part per million [See Stanford 
Research Systems inc.]. 
 
Clearly this sensor type has the ability to measure strain with sufficient resolution for civil 
structural health monitoring. Shown below is an example where temperature is being measured 
through the temperature induced strain in a cavity.  
 

 
Figure 2.  Comparison of wireless temperature sensor and thermocouple [Thomson08] 
 
Passive wireless sensors have been demonstrated for a large number of sensor types such as 
strain, temperature, biomolecules and PH. However, the development of these sensors is in a 
relatively early stage and the number of demonstrations applicable to civil infrastructure 
monitoring based on these technologies is expected to grow over the next few years. 
 
5.1 RANGE OF THE SENSOR 
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The range over which passive sensors can be interrogated is estimated using the same approach 
to was used to derive equation 1. However, we must now consider that the signal must traverse 
the path to the sensor and also the return path.  Therefore, the signal will be reduced by the 
square of the path loss. In the best case the signal strength will now decay with the L4 rather 
than the L2 of equation 1 [Card07,Pohl00].  In the case of the RF cavity sensor it can be 
estimated to be 
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Here Pt is the power transmitted by from the interrogator antenna towards the sensor, Pr is the 
returning power received at the interrogator and D is the return loss of the sensor attached to the 
sensor antenna. For a passive sensor, D represents the ratio of energy received by the sensor to 
the energy retransmitted during an interrogation cycle. Typically, D ranges from 1/0.3 to 1/0.1 
for RF cavity sensors and 1/0.01 for SAW sensors. If the minimum detectable power for a 
detector is know, it can be substituted into equation 5 and the maximum interrogation distance 
can be estimated. If the thermal noise limit for detection is assumed and radiated powers of 1 
mW are assumed then theoretical maximum interrogation distances are estimated to be greater 
than 40 m [Card07]. SAW sensors range can also be estimated using equation 5, but would 
typically have much higher losses in the sensor. Coupled coil sensors have a more limited range 
as the path losses tend to fall with L6 due to the coil coupling. 
 
6.0 SUMMARY TABLE 
 
The table below provides a summary of the characteristics of the three types of wireless sensors. 
 
Type Maximum 

Distance 
Embeddable Cost/sensor Other issues 

Wireless 
Communication 

Greater than 
100m 

Unkown $500 Protocols 

Power on 
measurement 

~10 m Yes $500 Protocols, 
Proprietary systems 

Passive >10 m Yes $500 Proprietary sensors 
 
 
Table 1: Summary of characteristics of different wireless technologies. 
 
7.0 SUMMARY 
 
The economic case for the application of SHM for service life extension is very compelling. 
Wireless sensing systems have many attributes that make them attractive for service life 
extension. Several wireless sensing systems have been demonstrated in structural health 
monitoring applications.  Over the next few years many more wireless sensing systems will be 
demonstrated and many more will become commercially available.   
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