I. INTRODUCTION

A.
PURPOSE



This report will demonstrate that the use of sensor technology in bridge health monitoring will help to better maintain civil infrastructure and the report recommends that this technology be applied to all new high traffic flow bridges.

B.
PROBLEM

In the past, bridges have been developed that were, at the time, state of the art. Now, through corrosion and wear, these structures have begun to deteriorate and thus their safety has been compromised.  Due to the increasing complexity of today’s bridges, it is becoming more difficult and costly to visually inspect these bridges.  Many times, these inspection processes are time-consuming and ultimately inconclusive.  



Smart structures benefit from the use of sensor technology installed into structural materials to monitor health and various loading conditions.  This technology can forewarn of any possible problems to a bridge before visual damage is evident, which saves expenditures for repairs.  Smart technology is especially needed due to the intricacy of today’s bridges, making the inspection process more and more difficult.  

C.
SCOPE


The topics to be evaluated in this report include:



1.
Accuracy and Reliability



2.
Durability



3.
Cost



4.
Response Time



5.
Maintenance and Inspection



6.
Safety

II. BACKGROUND

Introduction
All bridges deteriorate through wear and corrosion and it is necessary to inspect these bridges regularly to insure their safety.  Currently, the main non-destructive testing method for bridges is the visual inspection process.  Visual inspections can be subdivided into routine inspections and in-depth inspections.  They are designed to provide an accurate portrait of the corrosion and wear of a bridge. The current standards in the United States are those set by NBIS.  Recently, there has been an effort to complement the visual inspection system with sensor based Health Monitoring.  There are several promising technologies being developed, including fiber-optics, infrared imaging and piezoelectric sensors.  This document will provide an overview of the different visual inspection techniques, outline the main problems associated with said techniques and review sensor based Health Monitoring systems.

NBIS (National Bridge Inspection Program)
Prior to the 1960’s, most bridges were not inspected at all.  In 1967, there was a bridge in West Virginia that collapse killing 46 people [1].  This prompted the federal government to form the NBIS.  The NBIS is the standard set by the American government in 1968.  It requires that all states 

· Maintain an accurate inventory of bridge data 

· Perform regular inspections of bridges, normally not to exceed a 2-year interval 

· Use qualified personnel 

· Calculate load carrying capacity, and scour vulnerability for each bridge [2]

However, these inspections were only mandatory on federal infrastructure.  The NBIS was expanded in 1978 to include all public bridges over 20 feet in length.[1]

Types of inspections
Two types of inspections are commonly used to inspect highway bridges.  These include routine inspections and in-depth inspections.  Routine inspections are scheduled and are performed to ensure the bridge is serviceable and functional. One of the main functions of these inspections is to keep track of degradation and seeing changes since the last inspections.  Trained personnel and proper paperwork are also necessary for these inspections.  In-depth inspections aren’t undertaken at specific intervals.  They are mainly used to examine a specific part or problem with a bridge and to provide information that is not available through routine inspections.  In-depth inspections used more advanced technology and require more trained personnel.[3]

Routine Inspections

Routine inspections are the backbone of bridge maintenance.  They are scheduled on a regular basis (usually every second year) and are used to determine the general condition and degradation of the bridge.  Routine inspections use “condition ratings” to describe the state of various parts of the bridge.  These “condition ratings” are on a scale from 0 to 9, with 0 being “bridge condition beyond repair – danger of immediate collapse” and 9 being a brand new component (see figure 1) [3].  Most components of a bridge are expected to get a rating between 4 and 8; anything below 4 requires immediate action.  Examples of bridge elements examined are deck surface, superstructure and substructure.  This type of inspection relies heavily on subjective assessments made by the bridge inspector.  Bridge inspectors use a variety of tools, including flashlights, cameras, hammers and magnifying glasses.  By NBIS standards, the bridge inspection must be overseen by a registered professional engineer with at least 10 years experience concerning bridges.  On top of this, they must complete a comprehensive training course based on the “Bridge Inspectors Training Manual”.  These engineers will usually oversee a group of technicians that aren’t as highly trained.
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Figure 1: The rating definitions for routine inspections [1]

In-Depth Inspections
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In-Depth Inspections are much more hands-on and, and are only done when needed.  Often, only a specific part of a bridge is examined in this way.  Obviously, this means that the time required to perform such an inspection can be days, weeks or even months.  These inspections may include a load rating to asses the residual capacity of members.  Records from these inspections are very important and must be thorough. They will be used to determine whether a repair is necessary.  Some of the more complex tools used in in-depth inspections are thermal imaging systems and sonic imaging systems.

Problems

The main problem with these visual tests is the fact that they are subjective.  Different inspectors are bound to assess different ratings to the same bridge.  The government made a study to determine the accuracy of these inspections.  Only 68% of inspectors reported results within 1 point of the average. [3]  The other main concern is that they are spaced so far apart.  One inspection every second year is hardly enough to provide an accurate picture of the bridges behavior.  Because of the insufficiency’s of visual inspections, new technologies are being developed that will complement the visual inspection system.

Health Monitoring

Recent years have marked the advent of health monitoring.  Structural health monitoring can be defined as be defined as the diagnostic monitoring of the integrity or condition of a structure.[4]  The systems usually use some type of sensor to continually monitor certain structural elements of a bridge. Examples of these sensors include

· Fiber optic sensors: Internal sensors used to measure vertical, horizontal and torsion deformations, between two points in a structure.  Long gauge fiber optics get a global reading for the whole structure while short gauge provide a more localized reading (e.g. a single column).  The data obtained is run through an algorithm which creates a picture of the bridges behavior under different loads.[5]

· Piezoelectric sensors:  These sensors convert mechanical energy to electrical energy.  When a load is applied to a bridge, they produce an electrical signal which depends on the magnitude of the load.  With the proper software, this information can be analyzed to ascertain the integrity of the structure being evaluated.[6]

· Infrared imaging: An infrared scanner converts heat energy into an electrical signal which is interpreted by computers to produce a thermal image.  These images make it easy to detect subsurface anomalies, such as cracks or delamination.  These images produce only two dimensions, so a Ground Penetrating Radar is often required to find the depth of the anomaly [7].

The main benefits arising from Health Monitoring are faster response times, and the quantitative measurements they produce.  These readings are much more reliable then the subjective reading associated with visual inspections.  However, their long-term reliability and cost must be further evaluated before large scale implementation can become a reality.

Conclusion

The visual inspection process is vital to the safety of our highways.  Bi-annual routine inspections complimented by intermittent in-depth inspections give us a fairly accurate portrait of bridges degradation.  A combination of routine inspections and in-depth inspections has been adequate in detecting structural damage to bridges.  However, many bridges are getting quite old, and these methods are becoming cumbersome, outdated and expensive.  With the advent of health monitoring technology, the reliability of these inspections has been questioned.

III. CRITERIA

1.
Accuracy and Reliability


The accuracy of bridge evaluations is a crucial so that comparative data can be found. This will allow for comparisons of data for short-term and long-term evaluations with respect to civil infrastructure. The reliability of bridge evaluations must be reliable and impartial so that long-term as well as short-term comparative studies are capable. Also the comparison of the data found from day to day will be consistent throughout the industry allowing for the advancement and better understanding of civil infrastructure. 

2.
Durability


A feasible solution to the problem of bridge health monitoring must provide an increase in the durability if the bridge itself.  The increase durability should reduce the number of repairs and increase the accuracy of repairs.  The new technology itself must also meet a certain level of durability, enough this acceptable lifespan can be determine in terms of cost of replacement versus cost of previous methods.  Research done for the new technology will also provide information to engineer a more durable bridge structure.

3.
Cost

When considering the design and construction of a bridge, cost is a major element that will always be considered.  Not only is the building of bridges expensive, but so is the cost of bridge health management.  Bridges are serious expenditures for many governments throughout the world.  Today, the cost of building and maintaining civil infrastructure are continuously rising, and something must be done to minimize these costs and make bridges more affordable.

4. 
Response Time

The ability to identify problems is a bridges structure is important. Thus, the system in place must be able to detect problems quickly and accurately, so that proper action and take place. This would insure that structural problems would be dealt with promptly so that they don’t get worse.

5.
Maintenance and Inspection


In order for proper maintenance to be performed the inspection process must be able to find potential weak areas in a bridges structure. It is important that these weak areas are identified so that maintenance is concentrated on the areas of greatest concern. Once weak areas are found, the overall maintenance of the bridge must be less that with conventional methods. 

6.
Safety

Safety is an utmost primary concern when engineers consider the design of a bridge.  Since the stability of these structures is vital to any transportation system, it only makes sense to keep these structures in the most reliable shape possible to prevent the risk of failure.  

IV. ANALYSIS

A.
Conventional Health Monitoring Methods

1.
Accuracy and Reliability

i)
Analysis of Visual Health Monitoring


A common problem with the health monitoring of civil structures, is the lack of standard criteria for determining the status of a bridge. The conventional method used today are visual inspections. Visual inspections are the most widely used form of non-destructive bridge health monitoring. Since the implementation of the National Bridge Inspection Standards(US) in 1971, there has been no studies on the reliability of visual bridge inspections before 2001. In 2001 the Federal Highway Administration’s Nondestructive Evaluation Validation Center (NDEVC) did an investigation into the reliability of visual inspections, titled “Reliability of Visual Inspection for Highway Bridges” [11]. This study investigates four main objectives to determine the accuracy and reliability of visual inspections. The first and second objectives were to determine the accuracy and reliability of routine and in-depth inspections. The third objective was to determine the influence of several factors on the reliability of the routine and in-depth inspections. The fourth was to study the differences of State inspection procedures and reports. The latter of the four report objectives will not hold bearing in this report but the others will be discussed. 

ii)
Visual Detection

With the creation of the National Bridge Inspection Standards (NBIS), it was necessary to include the assessment of bridges by their conditions. Assessment of the bridges was conducted by inspecting the following items:

· Bridge corrosion

· Welding spots on the bridge

· Bolts, rivets, pins and hangers, fasteners, etc.

· Paint (corrosion, blisters, deterioration)

· Bridge Structural Integrity (pin and hanger connections, cable stays, bearings, etc.)

The NBIS allows for bridge inspectors to determine the condition of a bridge with a degree of accuracy, and national reliability.  

iii)
Visual Inspection Reliability

The accuracy and reliability of visual inspections is variable from inspector to inspector. Each bridge inspector applies his/her own knowledge base (technical background, and experience) to each inspection. Every inspector has his/her own opinions on different problems concerning the field , also with his/her own experience from the past. All of these influence the inspectors ability and opinion on each bridge. It is necessary to create a more effective bridge management system that can be compared and confirmed by other inspectors regardless of background. The following is a list of requirements to create such a system:

· Fewer opinionated judgments made by inspectors; standardize the inspection process to allow for less opinion on bridge integrity and more on applicable data from bridge

· More qualitative and consistent inspection data; an increase of data with validity to the inspection process and functional rating, as well as comparable data between bridges

· Standardizing tools and methods for visual bridge inspections; kits and techniques that all inspectors will use that will allow for national comparison and long term evaluation

· Conforming with the bridge condition ratings provided by federal highway and bridge governing bodies

· Creating comparative long term data showing bridge repair, monitoring, and maintenance 
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This is a chart from the study “Reliability of Visual Inspection for Highway Bridges” showing the findings from 48 inspectors across the US. This inspection was done in a closed environment where each inspector received the same equipment, and inspected the same bridge. The chart shows the large deviation between inspector ratings on each structural part (deck, superstructure, and substructure) [1]

iv)
Visual Inspection Advantages & Disadvantages

Visual bridge inspections is the most common, and widely used bridge health monitoring technique. There are a few advantages and disadvantages to this method of bridge health monitoring, here are the advantages:

· Excellent assessment and interpreting of the data based on understanding and knowledge 

· Excellent ability to compute highly structured areas within inspection tests

With any advantages there are bound to be disadvantages, here is a list of disadvantages for visual bridge health monitoring:

· High cost; paying the inspector, and high cost of the equipment used

· Low speed; the visual inspection is a long process that can take up to a few months on some of the US’s largest bridges

· Opinionated results; as stated above, each inspector applies his/her own knowledge base

· Quality data; the amount of viable data that is acquired from each inspection does not allow for a detailed comparison for data between bridges

· Inspector errors (fatigue, weather conditions, repetitive task of inspection test)

v)
Summary


Visual inspections are the most commonly used technique in bridge health monitoring, but there are many problems with this inspection technique. With all of the problems, it is necessary to search for another viable inspection technique that will allow for fast response to structural bridge failures (large of small; ie. Bridge cable stay deterioration or paint blisters), low cost, accuracy, comparable with other bridges for long term evaluation. With these factors taken into effect, bridge durability and health monitoring should allow for long standing in-service bridge.

2.
Durability

Conventional methods of bridge health monitoring have led to a few major durability problems.  The conventional method of visual inspection is quite inconclusive and time consuming.  The durability of the majority of bridges have been compromised due to the current system of monitoring being used.  These problems have arisen because of the time between inspections allowed by the visual method.  If there is in fact a problem its impact has already been felt by the rest of the bridge before the next inspection.  An example of this would be deterioration in a column of a bridge due to corrosion.  When the problem has been found by the inspector they must decided if it fault requires repair if so then it is repaired.  However during all this the failed component is not completing its task and excess stress is being applied to the rest of the bridge columns, possibly causing them damage.  This is a very costly and safety compromising situation, which greatly effects the durability of the bridge
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With the current method of bridge visual bridge inspection it is difficult to determine the nature of the fault located by the inspector.  This leads to inaccurate repairs that don’t really fix the problem, which greatly reduce the durability of the bridge system in question.  Many assumptions are made about the current designs and materials prior to construction.  Some of these assumptions have been proven incorrect through Smart bridge research.  This proves that some of the materials and methods used in current bridges are not in fact of the highest durability available.

3.
Cost

A.
The Life Cost of a Conventionally Monitored Bridge

The lifetime expected total cost of a bridge can be modeled in five subsections as proposed by M. Frangopol [11]: 

CET = CT + CPM + CINS + CREP + CF
Where CET is the expected lifetime total cost; CT is the initial cost; CPM is the expected cost of maintenance, CINS is the expected total cost of performing inspections; CREP is the total cost of performing repairs, and CF is the cost of failure.

B.
Definition of Cost Variables in Bridge Health Management

The initial cost is considered as the design, planning, and construction of the bridge.  The expected cost of maintenance includes duties such as repaving, painting, and weather-treatment (such as applying plastic polymer sealants).  The expected cost of performing inspections is the amount paid to the civil engineering inspection firms for assessment of the bridge’s condition.  Cost of performing repairs is the total cost needed to keep the bridge at operational standards based on the inspection process. The cost of failure includes the cost of demolition at the end of the bridge’s life span or the cost of stripping the bridge if it is decided that another bridge can be built on the current foundation.

C.
Federal Costs of Bridge Health Monitoring Management

In the United States alone, the proposed annual cost of wear by corrosion alone is estimated to be between $6.43 billion and $10.15 billion, with a $3.79 billion additional cost included to replace structurally deficient bridges over the next ten years [12].  The total cost of repairing all “structurally deficient” bridges in the U.S. at the present moment is estimated to be approximately $78 billion.  As studied by the U.S. Department of Commerce Census Bureau [12], there is a decreasing trend in the amount of bridges in the United States that are considered structurally deficient.   They estimate that the number of structurally deficient bridges has decreased from 18 to 15 percent between 1995 and 1999.  However, in this same time period, the cost of replacing aging bridges has risen by 12 percent.  Bridges are costly pieces of civil infrastructure, and as such, they should be monitored in the best way possible to ensure the cost of keeping them operational remains low.

A.
Dependency of Cost on Inspection Process

Currently, engineers rely on inspection processes to monitor the operational condition of a bridge.  These processes can be costly depending on the type of bridge and they usually occur on average once every two years.  The major problem stemming from today’s inspection is the reliability of the civil engineering inspection firm that is completing the inspection process.  According to the U.S. department of Commerce Census Bureau, employing the best inspection firms versus the average inspection firms can save 46 percent of the annual corrosion cost of black steel rebar bridge decks [12].  This savings corresponds to a $2000 savings per bridge per year for these specific types of bridges.  The problems stemming from our current system of monitoring are due to the fact that the bridges are not monitored in real time, but rather in intervals.  Unfortunately, if a problem such as a major concrete crack were to occur and go unnoticed, it could propagate until the next scheduled inspection.  In the worst case scenario, it could go unnoticed during the inspection process, causing further damage to occur.   During this time, the damage could grow, and transfer into an exponentially growing cost to repair the problem.  Acting as fast as possible on the damage will keep the cost of repair at a minimum.

It will therefore be beneficial to explore new methods that will minimize the costs associated with bridge health monitoring while not sacrificing the reliability and safety of the structure.

4.
Response Time


The United States National Bridge Inspection Standard states that each bridge opened to public use should be inspected at regular intervals not exceeding 2 years [14]. Underwater components that cannot be visually evaluated during periods of low water level or examined by feel for their physical conditions should be inspected at an interval not exceeding 5 years [14]. Other more rigorous maintenance schedules may also be set up based on age, traffic, weight limit, and health of the current system. 

Since most bridges are only inspected every two years, (see Fig-4) the status of such a bridge is only updated every two years. Problems can readily develop and pose a threat to the system within these two years.

Although this system is adequate, collecting the data over a shorter time interval would allow for a better understand of the status of a bridge and reduce the chance of sudden bridge failures. Sensor technology can be used to monitor the health of a bridge and could be beneficial in this area. 

(Fig-4) [3]
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Major bridges are only inspected every two years
5.
Maintenance and Inspection

The conventional technique of inspection is manual inspection using several user-based tools. Manual inspection looks at each of the different components of the bridge and rates them according to their current state. 

During an inspection, components such as timber member would be visually inspected for fungi, parasites, chemical attack, impact, collisions, or mechanical wear [14]. Defects such as cracking (Fig-2), scaling, wear, abrasion, collision damage, and overload are commonly looked for when inspecting a concrete member [14]. 

If a problem was detected, further analysis would be completed by either a destructive or non-destructive test. For example, a non-destructive test would be tapping a beam with a hammer. A destructive test like boring into the beam with a probe would be used for further analysis after a non-destructive test [14]. In the tables (1-6) below, several common destructive and non-destructive inspection techniques are summarized.

(Fig-2) [4]
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Cracks are being visual measured using a card.
Table 1 [16]

	Main Application
	· Cracking, visual, and structural defects

	Specifications
	· A camera or card is used to measure cracks using a moveable guide with 0.1mm markings

	Advantages
	· Low cost

· Immediate data is obtained

· Little operator skill required

	Disadvantages
	· When using a camera the user can influence the field of view and information about crack lengths


Visual Testing (See Fig-2)

Table 2 [16]

Liquid Penetrant Testing

	Main Application
	· Detects defect that are open to the surface of a material

· Checking for leaks in wall vessels and for cracks in welds

	Specifications
	· Penetrant is sprayed on and observed for a reaction

	Advantages
	· Simple with low cost

· Equipment is fairly simple

	Disadvantages
	· 3 stage process

· Inspection relies wholly on the observation of the inspector

· Suitable lighting and weather required for testing

· Proper preparation of test site required


Table 3 [16]

Acoustic Emission Testing

	Main Application
	· Detection and location of cracks

	Specifications
	· As cracks grow they emit energy out ward from the source. When used under stressed conditions these emissions can be picked up and the cracks can be located

	Advantages
	· Very portable and inexpensive

· Highly sensitive

	Disadvantages
	· Highly trained personnel needed to plan, test, and interpret results

· Transducer alignment is critical to results

· Individual measurements cannot be repeated

· Several simultaneous measurements required


Table 4 [16]

Eddy Current Testing 

	Main Application
	· Detects discontinuities such as seams, laps, slivers, cracks and voids in metals

· Measures dimensions of coatings, and platting

	Specifications
	· Alternating current is sent though a probe into the bridge, defects are registered by a perturbation in the electric field created

	Advantages
	· Rapid testing

· Hidden defects and the sizes can be located

· No special operator skills are required

· Low cost

	Disadvantages
	· High sensitivity of the probe can obscure the data

· Reference standards are required and difficult to construct

· Test results are comparative and not quantitative


Table 5 [16]

Electrochemical Potential and Resistance Testing

	Main Application
	· Detect active and passive corrosion

	Specifications
	· Measures the degree of equilibrium in electrochemical processes that comprise the processes of corrosion

	Advantages
	· Corrosion can be located before and visible sign of corrosion appear

	Disadvantages
	· Highly trained staff required for interpreting data


Table 6 [16]

Ultrasonic Testing

	Main Application
	· Flaw detection in welds, casting, joints, plates, connections, and cast sites

· Detection and location of discontinuities (cracks, thickness, voids)

	Specifications
	· Electric wave are transmitted through material being tested. The reflected signal is picked up and converted back to a wave and registered as an echo

	Advantages
	· Units are highly portable and lightweight

· Easy to use

· Can test from only one surface

· Comparative data is obtained

	Disadvantages
	· Surface must be clean and clear of any paint

· Probe alignment is critical

· Expertise needed to interpret data

· Requires searching a large area point by point and thus is expensive

· Hard to examine thin areas


 As seen in the tables above there are many methods to use for inspecting bridges. A disadvantage of many inspection methods is the heavy reliance on the inspector’s expertise and ability to interpret the information. According to the Federal Highway Administration a wide range of inspection ratings can be routinely expected from different inspectors on the same bridge [17]. From this, an important question arises; how can a bridge be properly maintained if the problems found by inspections are questionable?

One of the main objectives of bridge management systems is to spend the least amount of money while still keeping the structure safe and reliable [18]. Bridge owners expect a service life of 75-100 years with routine maintenance although many bridges require extensive maintenance after only 10-20 years [19] . In order for maintenance to be effective the components that require maintenance need to be accurately identified. 

Bridges ratings are based upon what could happen if a member were to fail [14]. Once deteriorated members of a bridge are identified, the effect on the rest of the bridge is determined if that particular member failed [14]. Components are rated on a scale of 1-7 or 1-9 (Table 7) based upon the extent of the damage that could occur to the rest of the bridge. 

Table 7 [19]

Condition Ratings

	Condition Rating
	Description

	7
	Excellent condition

	6
	Very good condition: no repairs needed

	5
	Good condition: possible minor maintenance repairs

	4
	Fair condition: minor repair required

	3
	Average condition: require repair or possible rehabilitation

	2
	Marginal condition: rehabilitation required

	1
	Poor condition: rehabilitation or replacement needed


The bridge rating system is good since it focuses the maintenance to areas of greatest concern. However, as identified earlier, the current inspection processes rely heavily on the inspector’s ability, making it possible for critical elements to be missed. If critical elements are missed then the maintenance performed will not include these critical areas. 

Ultimately, the current processes in use are questionable since they rely heavily on the inspector’s expertise. The inspection’s methods are not bad but they could be better. Bridge sensors might be a good complement to the current system. 

6.
Safety

Today, bridge failures and loss of lives due to these failures are almost unheard of, as designing safe, reliable bridges have been a primary concern of engineers everywhere.  However, the concerns of bridge collapses are always serious, as they are significant links in any transportation system, and they are almost always needed to get from one point to another.  This statement especially holds true for areas where bridges are at a higher threat of jeopardizing safety.  Active tectonic areas such as the west coast of North America are especially susceptible to bridge failure due to the possibility of violent earthquake activity.  In these regions, an enormous amount of stress and strain can be applied to bridges during a small period of time, which can often result in large amounts of damage, if not failure.

A.
Safety Precautions in Conventional Bridge Health Monitoring:

When engineers are considering the design of a bridge, safety is among a prime concern.  The standard of designing a safe bridge in today’s system is by “over engineering” the bridge.  This is where the engineer employs a large safety factor into the design considerations.  The safety factor is defined as the maximum amount of stress a material can withstand divided by the maximum amount of stress that designers want it to withstand [23].  In employing this safety factor, the designers are estimating that the stress will not exceed a certain level.  The major downside to this method is the greatly increased cost of materials associated with the “over-engineering” process.  As the bridge ages, its ability to withstand the same elements that it has in the past will be greatly reduced.  

B.
Dependency of Safety on the Inspection Process

Since safety is a direct correlation to the condition of the bridge, it reasons that it is also heavily dependant on the inspection process.  If the process is not done thoroughly and a major problem such as a corroding support was to develop, the bridge’s safety could be compromised.  It only reasons that exploring new, more reliable means of bridge health monitoring could be beneficial to keep the bridge in a safe and operational state.

B.
Intelligent Health Monitoring Technology Methods

1.
Accuracy and Reliability

i)
Smart Bridges

Today’s civil infrastructures have advanced greatly since the early 1900’s, but techniques implemented to determine the conditions of these old and new bridges have remained the same. The techniques used for visual bridge health monitoring have only advanced where needed, either by the use of a different materials in bridge construction, or because of a need. No great advancements have been made in bridge health monitoring until recently in the early 90’s.

ii)
Smart Technology

There are several different techniques which can be used for intelligent non-destructive bridge health monitoring. A list of the most commonly tried and tested methods for viable smart technology and their implementation in bridges:

· Peizoceramic sensor, which contact the outside surface of the bridge

· Fiber Optics, which runs through the structure

· IR imaging, which is positioned in several areas for non-contact viewing

iii)
Smart Technology Reliability


These are three techniques that can be used for intelligent bridge health monitoring, the viability of such techniques becomes a reality. A better understanding of the technology is necessary to develop this section. Peizoceramic sensors are placed around the bridge and excited using electricity, this then relaying signals back to the control center. Fiber optics require placement within the structure, with a common signal passing through, until problems occur where the signal is interrupted or is shifted. Lastly IR imaging; taking infra-red images of the structure and interpreting the data. Unlike visual inspections, computer error does not exist where human error does. Human error may appear at the application and installation of the sensors, or interpreting the data from the sensors, but the consistency of functioning sensors will be reliable throughout the structure, and comparable to other bridges.  Also the accuracy of the data comprising the output of the structures with be highly structured in itself, so a filtering system will be necessary to remove common interaction (traffic, weather changes, etc.)

iv)
Smart Technology Advantages & Disadvantages


As with visual inspections, there will be disadvantages with the implementations of smart technology. At the current time, the further development of sensor technology is necessary for the widespread implementation. With current tests and smart bridges already implemented, both pros and cons have appeared, here is a list of advantages:

· Quantitative results; there will be a high volume of data recorded from each sensor

· High speed response (real-time)

· High measurement of precision and reliability; these sensors (mentioned above) have a high degree of sensitivity (i.e. from inside a bridge it will record traffic on the bridge) as well they will consistently provide data

· Adjustable to different defects within the structure (piezoceramic and IR only); these sensors will be able to adjust to differing climate conditions or surface features as they are external

Here is a list of disadvantages within smart technology:

· Probable low amount of useful information output; the sensors will provide a high volume of data but most will not relate to structural complications (i.e. Cracks, or deterioration)

· High cost; the sensors as well as the integration into the bridge will have a high cost initially, also any sensor repair will be a large amount 

· Comparability with visual inspections (can only be related to, not compared with)

· Sensor reliability (smart sensors either peizoceramic and fiber optic are affected by weather)

v)
Summary

 Smart non-destructive bridge health monitoring systems are a viable alternative to visual inspections. Widespread implementation of this technology may not be an appropriate goal, but with new bridge construction it is an alternative. Also high traffic flow bridges should be outfitted with sensor technology to extend their life without comprising to their durability. 

2.
Durability

With the placement of Sensors it is simple to tell when a problem is arising and if repairs are necessary.  This precise knowledge of the problem will greatly reduce repair costs and allow construction works to concentrate on important repairs.


The placement of sensors in Bridge construction can greatly improve the durability of the bridge itself as well as the quality and life span of a repair done on a bridge.  Due to the quick response of the sensors the repairs can be done before the entire infrastructure is affected by the failure of a particular component.  The sensors will provide the construction workers with the necessary information to make a quick and exact repair to the bridge. This increased accuracy of repair will reduce the number of repairs needed, reduce the time the bridge will be closed and increase the overall durability of the bridge.


Each particular component of the sensors themselves must also display a certain level of durability. Since there are many different types of sensors it is quite difficult to speak of the sensor durability as a whole [8]. 

The following is chart each particular type of sensors and the weaknesses of each.

Peizoelectric
- are made of porceline and therefore are brittle in the cold.                                                                                                   -accuracy of reading is affected by temperature

Fibre Optic               
- accuracy will vary due to bridge shifting                                        - brittle when exposed to extreme temperatures

Infared


- only precise in moderate temperatures

Mobile Tests             
- bulky test equipment susceptible to damage during moving


Through the information done in researching and implementing Smart bridge technology many construction assumptions have been disproved and others have been reinforced.  The research done by Kellogg, Brown and Root Ltd has shown that the load from transportation vehicles acts differently upon the road then what was thought [8].  The following chart shows the information gathered and how the load actually acts of the bridge.

The dotted line is the vertical strain and the solid line is the horizontal strain.  It shows that the greatest horizontal strain is not exactly when the vehicle passes, but shortly after.  With this information designers can build a much more durable structure.

[image: image6.jpg]) uraqs oz

8 § § § 8

P S———

0

[

Time (s)



[5]

  Also many new materials and techniques have been discovered.  Such as combining sensors with a “saran wrap” like technique to prevent deterioration on bridge columns and provided extra support for the column itself [9].  Also new alloys and plastics have been discovered with far more desirable properties then the materials used [10].


For reasons of durability the implementation of Intelligent Health Monitoring Technology Methods will greatly increase the life span of bridges where the technology is improved.  The technology will also increase the durability of bridges not using the technology, through the new methods and materials been created as a result of technology research and implementation.

3.
Cost

Sensor technology is used in bridge health monitoring by observing problems when they happen in real-time.  This in turn, makes the response time quick, keeping the repair cost at a minimum.  Repairs can be done quickly and can prevent the damage from propagating.

A.
The Life Cost Cycle of a HMT Bridge

Since the use of sensor technology to continuously monitor the bridge effectively eliminates the consistent need for bridge inspections, the equation of cost of a “smart bridge” monitored by intelligent sensor technology can be represented as a cycle-based equation [11]:

LCC = CT + CPM + ∑i=1CMBM + ∑j=1CREP + CF

Where LCC is the life-cycle cost, CT is the initial cost of the bridge, CPM is the bridge maintenance cost, CMBM is the intelligent sensor monitoring based maintenance cost at every ith interval, CREP is the cost of repair at every jth interval, and CF is the cost of failure.  

**visual**-(still looking for one that shows cost cycle)

The cycle based system has effectively replaced the inspection process with the less expensive cost of sensor maintenance.  Since sensor health monitoring identifies the problem as it happens, this will create more frequent repairs than the conventional method, but at a lesser average cost per repair.   


[image: image7]
Fig 1: Standard Degradation vs. Degradation in Health monitored Bridge [6]
Since the most expensive part of the bridge cost function is the initial designing and construction itself, it only reasons that the life of a bridge should be maximized to reduce long term cost.  A major contributor to today’s relatively short life of bridges is the fact that greater repair is done in long intervals.  If a repair system such as the method used in sensor health monitoring were adopted, more frequent and less expensive repairs would be occurring in shorter intervals than in today’s conventional system.  This translates into a better upkeep of the bridge, and thus extends the life-time of service.  In figure 1, the standard degradation curve is compared to the cyclic curves associated with sensor health monitoring.  The lifetime has been significantly increased due to this repeating system.  The curve shows the first, second and third occurrences of sensor maintenance, and the first occurrence of repair.  Of course, the real life of a sensor monitored bridge will consists of many more intervals of repair, sensor maintenance and general maintenance.

B.
Cost of Sensor Implementation

Currently, the cost of implementing sensor technology into bridges is relatively high depending on the size and type of bridge they are applied to.  However, when compared to the overall construction cost of a bridge, this figure is rather insignificant.  For example, the overall building cost of the 1000 foot Star City Bridge in Western Virginia was estimated to be $18 million, while the implementation cost of the smart structure technology was only estimated to be an additional $471,000 [13].  This translates into less than a three percent increase in the total cost of the bridge as demonstrated in figure 2.
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Figure 2: Relative costs of Building and Intelligent Sensor Costs

C.
Investment Return from HMT Implementation

The investment of implementing this technology is difficult to measure against not implementing the technology.  This is due to the fact that the problems that could occur are unpredictable.  Therefore, it is impossible to put dollar amounts into figures such as the time to recovery.

In conclusion, the addition of intelligent sensor technology for bridge health monitoring is a financially smart idea, as it will maximize the lifetime of bridges, while keeping damage, inspection and major repairs to a minimum.

4.
Response Time


Intelligent bridge monitoring has a sizable advantage over conventional health monitoring when it comes to response time. Sensors continually monitor the state of a bridge and can detect problems as soon as they occur. When compared to the conventional methods that pick up problems every two to five years, intelligent technology is much quicker. The ability to react quickly is imperative when it comes to avoiding bridge failures. Numerous bridge failures in the past could have been prevented by the quick response of intelligent bridge monitoring. An example of this is the Koror-Babeldaob (Fig-1) Bridge in Palau, which suddenly collapsed on September 26, 1996 after standing for 20 years.

Fig-1 [7]


[image: image9.png]



Sensor technology could have been prevented the Koror-Babeldaob Bridge collapse 


The Koror-Babeldaob bridge disaster could most likely have been prevented had sensor technology been in place. Results later showed that possible regions of high stress contributed to its failure [15]. The regions of high stress were identified in an inspection and thought to have been fixed. Unfortunately, this was not the case and the bridge later collapsed. Sensors would have picked up this high stress and could have provided warning that the bridge was not fixed, thus averting disaster.


With the increasing complexity of today’s bridges it is important to have tools that diagnose problems quickly. Many things can go wrong with the current system since components are inspected at a maximum of every two years. Implementing sensor technology would allow engineers to detect problems quickly and accurately. 

Considering the amount of aging infrastructure present today a reliable system like this is necessary. Implementing sensor technology when building future bridges would be a wise investment to help keep bridges safe.

5.
Maintenance and Inspection

Smart bridges equipped with sensors are surprisingly complex to inspect. Bridges with sensors must be manually inspected (using some of the tools in Tables 1-6) regardless of the fact that they contain sensors. Obviously, although sensors can provide information about a bridge, they don’t necessarily simplify all parts of the inspection processes but rather complement the existing tools [20]. 

Sensors can be very helpful when installed in bridges. Since the components of a bridge are subject to similar environmental conditions, the deterioration of these components is usually correlated [18]. If a sensor detects a problem, it can often be correlated to another area. Figure 3, shows how sensor data transmitted to a handheld computer can help identify problem areas that might otherwise be overlooked. 

Sensors identify structural problems at the onset making it possible to fix the problem before it gets worse. By identifying problems at the onset, the cost of maintenance over the life of a bridge is reduced since maintenance funds can be used more wisely [21]. But, sensors can also add to the workload of an inspection process.

(Fig-3) [3]
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Data from bridge sensors can help identify problem areas 
Modern sensors suffer from sensitivity to temperature, moisture and other environmental effects [22]. In addition to the structural components of a bridge, sensors would also need to be occasionally checked for proper operation. However, it has been shown that an extended lifetime as well as reduced maintenance is a direct benefit of sensor technology [11]. Over the lifetime of a bridge the inspection and maintenance of a smart bridge would be much less than a conventional bridge. This makes the occasional extra inspection a non-issue in the long run.

There are many points for and against sensor technology. The greatest point against is the need for frequent inspection. The current laws mandates that a bridge must be inspected every two years. If the laws were changed, sensor technology would be much more feasible since there would be fewer inspections needed [14]. Since bridges equipped with sensors are regularly monitored it may be possible to extend the time between inspections to over five years. An extension would require less frequent inspections while still providing an accurate status of the bridge. Further development would also be required to make the sensors more resistant to the weather [22]. With these few changes in place implementing sensor technology would be a wise investment.

6.
Safety

A.
The Ability of HMT to Monitor the Safety of a Bridge

With the aid of sensor technology, we will be able to continuously and reliably monitor the health of a bridge in real-time.  The software developed to run the main central processing unit of the bridge will be equipped with algorithms that will asses the health of the structure based on information obtained by the sensors located on the bridge.  Based on these findings, the software will then deem the bridge as functional (safe) or non-functional (unsafe). However, it would be extremely unlikely that a bridge with sensor health monitoring could become unsafe, as continuous monitoring and repair of the bridge would be occurring.  
B.
Integrating HMT into Intelligent Traffic Systems for Safety Precautions

In large cities in the United States, intelligent traffic systems (ITS) have been implemented to save drivers time and to increase the efficiency and safety of these transportation systems.  These systems are usually controlled from a central location that assesses the traffic conditions based on camera and aerial reports.  If a health monitored bridge integrated into this system were to fail and be deemed unsafe, then the information could be sent the central location, and then the controllers could divert traffic accordingly.

C.
Safer Designing Based on Real World Applications

Perhaps the best aspect of sensor health monitoring in bridges is the fact that engineers can learn off of a real-world application and see how the bridge reacts to wind, traffic, and even thermal loading (large variations in temperature).  From this, engineers can refine their designs based on the information they have gathered on the current bridge design and response.  This has especially proved significant for bridge design in tectonic active areas, as engineers are able to extrapolate information of the bridge’s behavior during an earthquake. This leads to more efficient designs of earthquake resistant bridges.  Based on the results of the health monitoring technology, engineers will be able to employ more efficient safety factors.  By lowering the safety factor to a more efficient level, the cost associated with building materials will also lower.  The implementation of sensor technology in bridge health monitoring would therefore lead to the design of more resistant, safer bridges in the future.

V. CONCLUSION


This report evaluated the use of sensor technology in bridge health monitoring and determined that further implementation would help to better maintain high traffic flow bridges.  Today’s bridges are becoming more and more complex, and outdated visual inspection techniques are not sufficient to monitor the health of the bridge.


 The “old system” suffered from variety of problems.  The reliability of the inspection processes is questionable, since they rely heavily on the judgment of the inspectors.




A bridge inspector performing an in-depth inspection on the beams of a bridge.
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