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Executive Summary

This report aims to simplify the process of selecting bridge health monitoring systems for
the bridge engineer. Hundreds of bridges in the state on Minnesota are obsolete or structurally
deficient. To safely extend the life of these bridges, rigorous inspection would be necessary.
These inspections are both costly and time consuming. However, the field of bridge health
monitoring may be able to relieve some of the cost and burden on the bridge engineer. Bridge
engineers have many responsibilities and it is impossible to expect one to know: (a) the
capabilities of a particular system and (b) which companies offer particular systems and services.

To help the engineer, the report gives a brief overview of the general systems that are
commercially available. The report does not go into detail on each company’s particular system,
but offers the general characteristics, advantages, and disadvantages of a system. An overview
of 25 systems based on different techniques is presented. These include: 3-D laser scanning,
accelerometers, acoustic emissions, automated laser scanning, chain dragging, concrete
resistivity, digital image correlation (DIC), electrochemical fatigue, electrical impedance (for
corrosion), electrical resistance strain gauges, fatigue life indicators, fiber optic sensors, global
positioning (GPS), ground penetrating radar (GPR), impact echo, infrared thermography, linear
polarization resistance (for corrosion), string pots (linear potentiometer), linear differential
variable transducer (LVDT), macrocell corrosion rate sensors, chloride content, scour devices,
tilt and slope, ultrasonic C-scan, and vibrating wire strain gauge systems. The report also
discusses other terminology that the authors consider necessary for understanding the report.
Some of these terms have many different interpretations and need to be clearly defined. These
definitions pertain to the time frame for monitoring, the scale of the monitoring, and the type of
monitoring metrics used to identify bridge health.

To help understand commercial systems, the authors developed a company questionnaire.
The goal of the questionnaire was to characterize the different types of systems and services that
are available commercially. Due to the variety of objectives for the systems that are available,
the nature and time frame of the monitoring must be known. Similarly, it is helpful to know the
parameters that a particular company will measure and what these measurements can tell the
owner. Software capabilities and services provided are a necessary component of system choice
as the owner may want to have the system installed or to use automatic alarm capabilities. In
general, the questionnaire seeks information on the major uses, components, and goals of the
equipment and software that are available and necessary to define a company’s system.

The report contains a very brief summary of each company that responded to the survey.
The questionnaire was sent to 72 companies as a way to gather information on the capabilities
and characteristics of their particular system and services. Thirty-eight (53%) of these
companies responded to the questionnaire and are included in the report. The goal was to focus
on companies that offer complete monitoring systems. A complete system was defined as one
that comprises a control unit, communication, software, and sensors. Some companies only offer
inspection systems, while others offer long-term solutions meant to work for many years. Many
companies specialize in a particular type of system, while others claim to offer custom systems
that can be tailored to a specific bridge. The majority of long-term and short-term monitoring



companies offer an alarming feature. Normally, the alarm is triggered by breaching a pre-
determined value and a message is sent to the bridge owner.

The authors developed evaluation criteria to help discern system needs. The criteria are
subdivided into four main categories. These categories are: the nature of the monitoring, the
type of bridge and bridge components to be monitored, the monitoring system features, and the
evaluation of the supplier. The first three categories can help to narrow down which commercial
systems are helpful and the bridge owner should use the fourth category as a guide for finalizing
a particular system.

A selection program was developed using Microsoft EXCEL to help the owner choose a
monitoring system. The owner must answer a list of questions pertaining to the bridge that needs
monitoring. As the owner answers these questions, the program awards points to the companies
whose systems or services match the owner’s needs. Once all of the questions are answered, the
program lists the companies that are the *best fit’ for the owner. After using the program, the
owner should contact the companies that best match the owner’s needs and use the criteria
mentioned above to evaluate company performance. The report also explains how to add
companies that are not in the database for future use.

An illustrative example of program use is presented. The example uses computer screen
images of the Microsoft EXCEL spreadsheet to show how to answer particular questions by
filling in the cells and explains the results that are given by the program. The example also
shows how to use the weighting column and when the owner may want to change the weights of
particular categories.

In summary, the report summarizes the types of systems that are commercially available for
bridge health monitoring. The report explains criteria that are necessary for determining which
commercial system will work for an owner’s particular needs. As a final thought, the authors
would like to note that many companies claim to offer ‘turn-key’ systems that are immediately
useful to the bridge owner. However, it is difficult for the owner to know exactly what
thresholds should be used for alarming purposes. Generally, only differences in data are truly
known. It is difficult to automatically know the extent of the damage and if the bridge should
stay in service. In general, the most useful condition report that most current systems can
provide is a warning that changes have taken place in the system, which suggests that damage
probably exists.



Chapter 1: Introduction

1.1 Brief discussion of aging infrastructure

The transportation infrastructure is quickly aging. Increases in traffic, in both urban and
rural areas, puts more strain on the bridge networks than was originally intended. Bridge
engineers need a reliable way to assess structural integrity of bridges to maintain the continuous
operation of the road network while ensuring the safety of the public. Traditional visual
inspection techniques are both time consuming and expensive. They are also qualitative and can
only assess outward appearance. Any internal damage may go unnoticed for a long period of
time. According to Minnesota Department of Transportation (Mn/DOT) records, as of March
17, 2009, 296 highway bridges are rated as structurally deficient or obsolete. Of these 296
highway bridges, 115 are structurally deficient along with 1,068 local bridges. How does a
bridge engineer keep track of these problems? Are inspections conducted every other year
enough? A possible solution to these issues is the use of a structural health monitoring system.
These systems can detect changes in the bridge superstructure and, in some cases, predict
impending failures. These systems can monitor bridges in real time and warn state engineers of
possible problems to avoid tragedies like the 1-35W collapse in August 2007.

1.2 Motivation for Report

State bridge engineers are responsible for many aspects of bridge networks. Due to the
large number of systems that are available, it is impossible for an engineer to sort through all
these systems without knowledge of: (a) the capabilities of a particular system and (b) which
companies offer particular systems and services. This report briefly explains the concepts,
advantages, and disadvantages behind commercially available health monitoring systems. It
simplifies the task for system selection, from the large number of commercially available
systems that exist, using a computer program to find the system that best fits the needs of a
specific bridge.

1.3 Overview of Chapters

Chapter 2 offers a brief overview of the general systems that are commercially available.
It does provide detailed information of the systems offered by each company that was surveyed,
but offers the general characteristics, advantages, and disadvantages of a system. The chapter
also discusses other terminology that the authors consider necessary for understanding the report.
Some of these terms have many different interpretations and need to be clearly defined.

Chapter 3 describes the development of the company questionnaire. The goal of the
questionnaire was to try to separate different types of systems and services that are available
commercially. This questionnaire was sent to all of the companies of which the authors were
aware offered commercial bridge monitoring systems as a way to obtain information on the
capabilities and specifics of the particular systems.

Chapter 4 contains a very brief summary of each company that chose to participate in the
report by responding to the questionnaire. The intent was to focus on companies that offer
complete monitoring systems. A complete system was defined as control unit, communication,
software, and sensors.



Chapter 5 describes the evaluation criteria developed to discern system needs. The
criteria are subdivided into four main categories. The program uses the first three to narrow
down systems and the bridge owner should use the fourth category as a guide for finalizing a
particular system.

Chapter 6 discusses the selection program developed to help in the process of choosing a
monitoring system. The chapter explains how to use the program and the process of awarding
points to the companies. It also explains to the user how to add companies that are not in the
database.

Chapter 7 contains an illustrative example of program uses. It describes how particular
questions are answered by filling in the cells, and it explains the results that are given by the
program. The example also explains the weighting column and when it should be changed.

Chapter 8 offers a summary of the paper and conclusions for the project. The project
defines health monitoring vocabulary and defines criteria necessary for proper selection of
commercially available health monitoring systems. The project also offers a Microsoft EXCEL
program as a selection tool for the bridge owner.



Chapter 2: Overview of Health Monitoring Definitions and Systems

This chapter defines and describes the components and systems commercially available
to monitor bridge health. In addition to different types of sensing systems, there are other terms
applicable to bridge health monitoring that are also defined. It is important for the user to
understand the terms related to health monitoring, as well as the methods and capabilities of the
various sensing systems, when choosing a system to meet the bridge needs. A glossary is
included in this chapter, the goal of which is to define terms used in the development of the
health monitoring system criteria. The glossary consists of four sections. The first two sections
define structural health monitoring, as well as different terms used to describe the
implementation of the system and how it will be used. The next section, titled “Monitoring
Metrics”, defines the quantities that can be measured using commercially available health
monitoring systems. For the final section of the glossary, a literature review was conducted.
The information gathered was used to describe the theory behind each sensing system, what it
measures, how it is applied in health monitoring applications, and possible advantages and
disadvantages.

2.1 Definition of Bridge Health Monitoring

Bridge monitoring is the application of structural health monitoring (SHM) and
inspection techniques to bridge structures. SHM for buildings and bridges has been evolving
over the past decade from methods used in the health monitoring of other structures (e.g.,
aircraft, rotating machinery, etc.). A definition of the terminology associated with SHM is
necessary before further discussion of the technologies used for the bridge monitoring.

According to Chang (1999), the goal of structural monitoring is to gain knowledge of the
integrity of in-service structures on a continuous real-time basis. Scheduled maintenance and
periodic inspections offer only limited knowledge of structural condition, and these methods are
costly in terms of extensive labor and downtime. However, advances in sensing technologies,
material and structural damage characterization, and monitoring diagnostic technologies enable
the integration of distributed sensors for real-time inspection and damage detection. Thus, the
essence of structural health monitoring is the development of autonomous systems for the
continuous monitoring, inspection and damage detection of structures with minimum labor
involvement. Unlike traditional non-destructive evaluation methods, structural health monitoring
techniques use the change in measurements at the same location at two different times to identify
the condition of the structure.

Chang et al. (2003) focus the goal of structural health monitoring as the determination of
the location and severity of damage in buildings and bridges as they happen (i.e., in real time).
Given the limitations of health monitoring technologies in 2003, Chang et al. adopt the
expression “global health monitoring” as those methods that can determine if damage is present
in a structure without locating the damage. Chang et al. also refer to non-destructive methods as
“local health monitoring” methods because they can be used to locate damage once it has been
established by the “global” methods that damage is present.

Worden and Dulieu-Barton (2004) make a more marked distinction between structural
health monitoring (SHM) and non-destructive evaluation (NDE), even though they classify both,
along with condition monitoring (CM) and statistical process control (SPC) under the umbrella
of “methods for monitoring and assessing damage”. According to Worden and Dulieu-Barton,
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SHM refers to sensor networks that monitor the behavior of structures while they are in service.
However, they define NDE as the characterization of damage, the location of which is already
known from the SHM network, after the structure is taken out of service temporarily. Worden
and Dulieu-Barton further expand the definition of SHM by identifying five principal issues in
damage identification: (1) detection of damage, (2) localization of its probable location,
(3) classification of the type of damage, (4) assessment of the extent of damage and (5)
prediction of the residual life of the structure.

Farrar and Worden (2007) further narrow the concept of structural health monitoring by
tying it closely to a general definition of damage, in which the latter is any change to the
materials or geometry of a structure such that it no longer operates in an optimal manner. In this
scenario, structural health monitoring (SHM) is defined as the process of implementing a damage
identification strategy. Farrar and Worden also distinguish between (1) SHM as a means for
determining the ability of a structure to perform under the aging and damage accumulation that
occurs from long-term use in its operational environment and (2) SHM as a tool for rapid
screening to provide near real-time information about the performance of a structure during
extreme events.

The definition and goals of structural health monitoring have been changing as
technologies evolve. While there are several definitions that have been proposed for structural
health monitoring, they coincide in several features that are essential for structural health
monitoring. These include (1) real-time monitoring of (2) in-service structures using (3) an array
or network of sensors to collect data the can be used to (4) represent changes in the condition of
a structure over time. The data is (5) communicated over a network, and (6) data processing
algorithms may be used, if possible, for damage localization, classification and assessment, as
well as residual life prediction. The general definition for bridge monitoring, that is, the
application of SHM to bridge structures, does not rule out inspection, non-destructive evaluation
and short-term monitoring. In fact, in this document a broad spectrum of bridge monitoring
interventions are envisioned, from inspection to short-term monitoring, and from long-term
monitoring to collapse warning.

2.2 Types of Monitoring

Health Monitoring can be subdivided into multiple types of categories. Both the time
frame of monitoring and the scale of monitoring are necessary considerations that need to be
addressed before choosing a type of monitoring system. A bridge owner may want to monitor
the bridge health for a period of a year or a few months, while in other cases only a one-time
short-term solution may be necessary. Conversely, a new structure may have an expected
lifetime of 50 years and the owner would like a monitoring system that would last an extended
period of time as well. Regarding the scale of monitoring, a specific joint or member in a bridge
that has been problematic in the past may be the focus of the monitoring. On the other hand, an
overall assessment of bridge response to loading may be the goal. The following definitions
have been established to address the issues above.

2.2.1 Time Frame
Short-term — monitoring to obtain bridge response information for a short-term objective.

Examples include, but are not limited to load rating, tracking short-term fatigue growth,
extending the life of a bridge for a year or less, or monitoring the response of a bridge for
a permit vehicle.



Long-term — monitoring of a new, retrofitted, or structurally deficient bridge to track
response over an extended period of time, usually more than one year.

Inspection — monitoring to assess the condition of the bridge or its components (e.g., the
deck) as part of a regularly scheduled program (e.g., once every year or two).

Early Warning — monitoring that offers alarm features which will provide notification
automatically when certain pre-determined parameters are exceeded.

Collapse Warning — monitoring that will close the bridge and warn motorists in the event
of a bridge collapse.

2.2.2 Scale
Local — monitoring that focuses on a specific location in the bridge; examples include
monitoring to assess growth of a known crack, local buckling, corrosion at specific
locations, and strain measurements.

Member — monitoring that focuses on a specific member or member-sized region of a
bridge; e.g., strain distributions in or deflections of a particular member.

Global — monitoring that focuses on the overall health of the entire bridge; examples
include natural frequencies and mode shapes, bridge deflection distributions, acoustic
emissions, temperature distributions, and wind profiles.

2.3 Monitoring Metrics

Monitoring metrics are a system of parameters intended to measure bridge condition and
performance. Depending on the type of bridge and the needs of the bridge owner, different
measurements should be taken in order to properly monitor bridge health. Some metrics can be
measured for any type of bridge; however, there are some measurements specific to concrete and
steel bridges. It is important to know how each metric applies to the bridge of interest and what
will be useful in monitoring the health of the bridge.

2.3.1 General Metrics
Acceleration - the instantaneous rate at which the velocity of a point in a vibrating bridge
IS changing with time. Acceleration is the most common measure taken to characterize
vibrations. It is possible to define the frequencies and shapes of the different modes of
vibration from a single acceleration trace. The frequencies and modes can be compared
to values obtained from previous acceleration measurements to determine if the bridge
has deteriorated or has been damaged.

Climatic Conditions - pertains to the environmental conditions in the area of the bridge
that may relate to bridge performance. Parameters that can be measured include: air
temperature, wind speed, wind direction, relative humidity, and solar radiation.

Curvature - the rate of change of slope along the length of a flexural member and
produced by transverse loading (i.e., normal to the longitudinal axis). From principles of
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structural mechanics, curvature is known to be directly proportional to bending moment
in the member.

Displacements - the overall linear movement (i.e., translation) of a bridge either in
relation to its original position or on a global scale. It is possible to measure the
displacement in one, two or three independent directions.

Load - the total load of objects passing over a particular area of a bridge. This measure
can be useful to enforce weight restrictions, as well as to define the range (i.e., spectrum)
of typical traffic loads.

Tilt/Slope - the angular change of components in a bridge. This is useful in determining
distortion in bridge geometry. Slope is the rate of change of deflection of a flexural
member with respect to length. Angle changes with respect to a vertical plane are also
useful to assess ‘out-of-plumb’ elements. It is useful to know if there has been a large
change in angle on an element.

Scour - the removal of soil around the piers of bridges due to fast moving water currents
during flooding. Removal of soil can lead to instability of piers.

2.3.2 Concrete Metrics
Corrosion - It is possible to determine whether or not the steel reinforcement embedded
in concrete is at risk of depletion from attack of chloride or carbon dioxide. Some
corrosion monitoring techniques determine the probability of corrosion occurring, while
others determine the approximate corrosion rate. Different sensors and/or procedures
may be required to monitor the corrosion of epoxy coated and non-epoxy coated rebar.

Cracking — the separation of concrete surfaces at the location of fractures is typically
characterized by the width, length and number of cracks. Small-scale cracking (i.e., few,
short, narrow cracks) is expected to take place in all concrete; however wider, longer
and/or more numerous cracks are not expected. It is possible to detect the formation of
these cracks through acoustic emission sensors. It is also possible to monitor known
cracks using strain gauges placed over the area of interest.

Location of rebar/delaminations — The location of reinforcement in concrete can be
determined using several non-destructive methods. These or similar techniques can be
used to determine if the concrete above and below the reinforcement has begun to
delaminate.

Strain — the relative elongation or shortening present in the concrete in specific locations
of a bridge. In the service load range, the concrete behaves in a linear manner allowing
the estimation of the stresses present at the particular location in the bridge.

Strength — the strength of concrete is typically characterized from tests of cylinder or
cubes that are cast at the same time and from the same mix as the bridge member or
component. For determining the initial in-situ strength of the concrete, measurements of
concrete temperature can be taken while the member or component is curing and
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compared to previously obtained temperature-strength correlations for the particular
concrete mix. This can be useful for quality control of the concrete during construction.

Tension (in rebar/tendons) — In post-tensioned systems, the tension in the cables is
important to the overall strength of the concrete member. Also, if delamination occurs in
reinforced concrete, the concrete cannot transfer forces to the rebar causing a reduction in
stress. Thus, tension measurements can be used to assess the overall health of the
structure.

2.3.3 Steel Metrics
Corrosion — the chemical reaction whereby steel loses electrons to water and oxygen and
other corrosive materials (e.g., road salts). Monitoring is useful in order to determine
extent and rates of corrosion within the structure.

Crack Growth — the elongation and/or widening of a known crack. Fatigue cracks may
grow or remain static, with the former posing larger concerns than the latter regarding
potential failure. Therefore, it is useful to a bridge owner to know if a fatigue crack is
growing under the current loading conditions.

Cracking — the number, width and length of cracks in a steel member or component at
locations of stress concentrations or fatigue loading. Such information is useful for
predicting the remaining life in a steel bridge or for averting a sudden failure.
Quantification of cracking is important because extensive cracking at a critical location or
member in a steel bridge can cause large changes in stresses at other bridge locations.

Strain — the relative elongation or shortening present in the steel in specific locations of a
bridge. In the service load range, the steel behaves in a linear manner allowing the
estimation of the stresses present at the particular location in the bridge.

Tension (in cables)— Cables in suspension bridges are designed to handle tensile forces.
Monitoring the magnitude of these forces is of interest, especially in cases where bridge
loads have increased beyond design levels, or if deterioration of the cables is suspected or
known.

2.4 Types of Systems

Many types of systems are available for bridge health monitoring. These systems involve a
variety of different physical and chemical processes that have been harnessed to monitor certain
bridge characteristics. In the following section, the different types of systems are defined, and
the advantages and disadvantages of each are enumerated.

2.4.1 3-D Laser Scanning
A 3-D Laser Scanning system generally consists of one or more scanners that are
installed on tripods. The scanner has a laser source and, depending on the type of
scanner, uses either the time for the emitted laser beam pulse takes to reflect back to the
scanner or the phase difference of the peak amplitude in the reflected light to measure the
distance to the point. The laser can rotate to accommodate large structures. However, if
multiple profiles of a bridge need to be monitored, more scanners would be necessary.
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Accuracies of the scanning system can be from 10 mm to 1 mm (Park 2007). This makes
3-D laser scanning a fairly precise system. One advantage to this system is that an entire
bridge can be surveyed without ever setting foot on the bridge. Another advantage is that
entire views of a structure may be obtained instead of many measurements at discrete
points that may be far apart from one another. However, there are also some
disadvantages. Differences of surface types on the same bridge can have an impact on
accuracy (Mina 2007). This may cause measurements on composite bridges to have
more errors than on bridge surfaces that are just concrete or just steel. Also, weather
conditions (fog, rain, etc.) can create noise in the signal response, possibly reducing
accuracy (Mina 2007). This noise is due to premature reflections due to the weather
conditions. However, others claim weather conditions are not an issue (Park 2007).

2.4.2 Accelerometers

Accelerometers have been widely used as a measuring device for dynamic
phenomena for many years. These devices determine acceleration at a given instant and
they can sample at high frequencies to produce high-resolution time histories of
acceleration. The acceleration causes a known mass to generate a force in the sensor
creating a small current or a change in the current. Since the force and mass are known,
then the acceleration can be obtained by proper calibration. Using the acceleration versus
time data, a displacement (or velocity) history can be obtained by numerical integration.
Even though this type of system has been used for many years, there are still issues with
the error that can be propagated during the numerical integration (Park 2007). Recent
algorithms have made the calculations more accurate, but further improvements are still
needed (Vaccaro 2006). Also, these devices generate large amounts of data, so intensive
processing is necessary to get an accurate picture of deflection. One perspective on the
use of accelerometers is that they can provide useful measurements, but due to possible
error in their use, the data should be should be corroborated with another type of system.
For example, some suggest that accelerometers coupled with GPS can negate the errors
that both systems may exhibit (Roberts 2004).

2.4.3 Acoustic Emission (AE)

Acoustic emission (AE) systems generally use piezoelectric sensors to detect
small amounts of energy that are released from a source, possibly damage. The energy is
released as stress waves that travel away from the point of interest in a radial fashion.
The piezoelectric sensor uses a ceramic medium that produces a current when force is
exerted on the sensor by the elastic wave. A network of many sensors is necessary to
determine the location of interest. The release of energy may be due to crack initiation,
crack propagation, corrosion, etc. One useful feature about AE is that it detects events as
they happen (Ji 2008). These events do not have to occur at the site of the sensor (like a
strain gauge for instance), but can happen anywhere in the structure and still (most likely)
be detected. Events are defined by intensity above a certain threshold and, possibly,
length of duration. However, there are also some disadvantages to AE. The emissions
themselves can be very weak, and sometimes hard to detect due to background noise
from many other sources (cars, construction, rain, etc) (Ji 2008). The background noise
may also be due to reflections of the stress waves within the medium. Typical systems
detect frequencies from 1 kHz to 2 MHz (Carlos 2003). This is due to the low
frequencies associated with background noise (e.g., less than 1 kHz) and the attenuation
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present in the material of the medium at high frequencies (e.g., more than 2 MHz). The
processing of these signals is very important and can be difficult. Strategies involving
triangulation and also neural networks coupled with arrival times are used to determine
locations of damage. Also, discerning different types of damage is another challenging
facet of AE. ASTM recognizes AE as a testing procedure and offers some guidelines,
but these are more directly related to pressure vessels and not specific to bridges (Carlos
2003). For application in construction, it has been noted that AE develops lower energy
levels in masonry structures than in concrete structures and may, therefore, be more
difficult to implement for some materials (Shigeishi 2001). Steel is the easiest structure
to monitor acoustically because it transmits the stress waves with much less attenuation.
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Figure 1: Acoustic Emission Schematic (ASTM.org)

2.4.4 Automated Laser Total Station

A laser Total station is a stationary laser system that is able to monitor the
displacement of nodes on the bridge. By placing prism targets at areas of interest on the
bridge and placing the total station at a location that has an unobstructed view of all
targets, displacements can be measured. To calibrate the station, all prisms must be
manually located. Then the total station is able to automatically measure the distance and
relative angles for all prism points. This data can be converted into 3-dimensional
coordinates (Merkle 2004). Laser total stations have been used to measure displacements
of shorter bridge spans during load testing, as well as tests in a laboratory, and the data
compared well to the values achieved using LVDTs and string transducers (Merkle
2004). One issue that has been noted is the inability to conduct dynamic measurements,
as it takes time to scan and locate all targets on the bridge (Merkle 2004).

2.4.5 Chain Dragging
Chain dragging is used to determine bridge deck health. By dragging a chain
across the deck of a bridge and listening to the acoustic response, subsurface
abnormalities can be detected. Changes in the response mean indicate where these
abnormalities are located. This method is widely used and accepted as a monitoring
technique. However, results are highly dependent on the inspector that is listening to the
sounds of the chain. Therefore, the method is subjective and different inspectors may



obtain conflicting results (Scott 2003, Yehia 2008). Even though the results are
subjective, it is a fairly accurate technique (Scott 2003). A disadvantage is that bridge
lane closure is necessary for measurements. Currently, an automated chain dragging
system is being developed by Mississippi State University (Hearn 2005). This system
may be able to remove some of the subjective nature out of this method but sufficient
literature is not yet available.

2.4.6 Concrete Resistivity

By comparing the resistivity between two or more electrodes, the user is able to
get a general idea of the resistivity of the concrete in the region of interest.  Resistivity
can be a useful measuring metric for concrete, because it is indicative of whether or not
corrosion can take place. If resistivity is high, ions cannot be transferred through the
concrete, and the corrosive reaction cannot take place (YYang 2008, Reis 2006). At low
resistance values for the concrete, corrosion becomes much more likely. Therefore, it is
possible to assess the risk of corrosion based on the resistivity of the concrete in the area
of the rebar. The resistivity can also be used to estimate the moisture content of the
concrete, which can be indicative of the depth of corrosion (Yang 2008, Reis 2006). The
carbon content of the concrete will have some effect on resistivity as well. However,
there are no effective non-destructive methods to measure level of carbonation in the
concrete (Yang 2008). It has been observed that if the area of measurement is too
localized, chloride ions displacing hydroxyl ions can lead to an apparent increase in
resistivity (Reis 2006).

2.4.7 Digital Image Correlation (DIC)

Digital Image Correlation (DIC) can be used to determine strain in a structure.
The process involves a digital camera with a specific resolution being used to monitor a
structure. A baseline image is taken, and a specific distance is correlated with a certain
number of pixels. From this, the response of the structure can be determined with
pictures from a later date. For the process to be most effective, a pattern must be painted
on the surface or some other set of distinguishing marks must be present in the area under
consideration (De Roover 2002). An advantage to DIC is that no gauges need to be
placed on the surface of the bridge. Also, in complicated areas such as connections, the
whole displacement field can be measured with one picture as opposed to many strain
gauges (De Roover 2002). It has been shown that DIC is as accurate as an LVDT (De
Roover 2002). A disadvantage is that the camera must stay in one specific place without
being moved to make sure images can be compared. Another disadvantage may be that
multiple cameras would be necessary for complete bridge monitoring otherwise a loss of
accuracy would have to be acceptable. It should be noted that accuracy depends on the
number of pixels per distance. It seems that DIC is best suited for specific members or
connections that are worrisome and their behavior is poorly understood.

2.4.8 Electrochemical Fatigue Sensing System
Electrochemical Fatigue Sensor (EFS) systems are designed to detect the growth
of fatigue cracks in metal at a specific location on the bridge of interest. By applying a
polarizing voltage between the structure and the sensor, the sensors analyze the
fluctuations of electrical current in an electrolytic solution in direct contact to the area of
interest (Phares 2007, Li 1999, and Phares 2009). The fluctuations are a result of cyclic
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stress and can be indicative of fatigue damage, and fatigue crack growth. This allows the
bridge owner to assess the presence of fatigue cracking and growth in critical metal
components of a bridge. In tests it has been found that the results can be verified by
visual inspection at the bridge location (Phares 2007 and Phares 2009). The sensing
system is able to detect microplasticity in the metal, which indicates the likely formation
of a crack (Phares 2009). The process of testing the metal does not affect the fatigue life
of the area of interest (Phares 2007, Li 1999, and Phares 2009). This system is only able
to monitor specific locations of a bridge for crack growth; therefore, care must be used to
select inspection sites. The system has not been used as a continuous monitoring system,
but the application may be possible.

2.4.9 Electrical Impedance (Post-Tensioning Tendons)

Electrical Impedance measurement of post-tensioning tendons in concrete are
used to gather information concerning corrosion conditions in post-tensioning tendon
ducts. The post-tensioning tendons are electrically isolated (as much as possible) from
the concrete and reinforcement present in other parts of the bridge. A model can be
constructed analogous to a resistor (any defects present in the ducts) and a capacitor (the
duct) in parallel (Elsener 2005). An estimate of expected resistivity values between the
tendons in the duct and the reinforcing steel can be made. Using alternating current, the
impedance between the rebar and the tendon can be measured. The “real” part of the
impedance is the resistance between the tendons and the reinforcement. Any drop in
resistance when measuring a tendon indicates ingress of water, which may carry
corrosion enabling chlorides. This allows the bridge engineer to note any tendons that
will have potential corrosion issues in following years. It is not possible to detect where
the defects are located, only that they are present. This system is relatively simple and
does not require much extra equipment (Elsener 2005).

2.4.10 Electrical Resistance Strain Gauges

Electrical resistance strain gauges measure the relative stretching of a small
segment of material. These strain gauges are typically made from a metallic alloy
specially designed to ensure optimum measurements. As the location is stressed,
expansion or contraction occurs, changing the length and cross-sectional area of material.
This changes the electrical resistance properties of the wire, which allows the user to
determine the strain at the location (Dally 2005). In short term monitoring situations,
electrical resistance strain gauges have been found to agree well with other types of strain
gauges (Ravisankar 2001, Watkins 2007). However, in long term applications, accuracy
may become an issue. One issue with electrical resistance strain gauges is their inability
to withstand exposure to the elements (Ravisankar 2001, Watkins 2007). Another issue
with electrical resistance strain gauges is the noise present in the signal due to electrical
wiring. However, it is possible to remove the electrical noise through signal processing
(Watkins 2007). Electrical resistance strain gauge data can be used to calculate principal
strains (and principal stresses if the material is assumed to be linear, elastic) when using
strain gauge rosettes, which are multiple strain gauges at different angles, all in the same
plane (Dally 2005).
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2.4.11 Fatigue Life Indicator

The fatigue life indicator is designed to give an indication of the remaining design
life for a critical metal joint on a bridge, specifically a welded joint. The sensor,
consisting of a metal shim with an initial crack, is placed on the metal surface. As cyclic
loading occurs the crack grows. Electrically conducting tracks are placed along the crack
path and the sensor is able to measure the length of the crack. Crack propagation is
proportional to fatigue life loss, and gauge readings indicate the number of tracks
remaining, the latter which indicate the fatigue life that has been consumed. This can
vary for different weld types (Tubby 2005). In order for the sensors to be installed on a
pre-existing bridge, previous information about the joint is required. In cyclic loading
tests, it has been shown that the sensors conservatively estimate the failure of the
particular weld. In most cases, the sensor calculates failure after the calculated design
strength, but still before the actual failure of the weld. The sensors do not conservatively
estimate failure at very large cyclic stresses, unless special care is taken to ensure proper
load transfer (Tubby 2005). Little testing has been done with large variations in loading
for each cycle, but it is predicted that the sensors may be used as an indicator of fatigue
life in these situations (Tubby 2005).

2.4.12 Fiber Optics

Fiber optic sensors are capable of monitoring several different metrics using a
variety of physical principals to interpret changes in a signal of light traveling along a
fiber-optic strand. The fiber optic strand contains the light, allowing it to travel the
length of the strand. Fiber optic systems are based on 4 different principles:
interferometry, polarization, spectroscopy, and light intensity (Casas 2003). Spectrally
based fiber optic systems measure the change in wavelength of the original light source.
A common example of this application is the Fiber-Bragg grating, which is designed to
remove a specific wavelength, transmitting the remainder of the original signal. Light
intensity based sensing systems measure the change in light intensity over the course of
the optical fiber. In the case of interferometry, the change in shape of the light wave is
investigated and used to infer changes in environmental conditions. Polarization based
sensing analyzes the changes in optical polarization of a light signal (Yin 2008). Due to
the wide variety of physical principals used in fiber optic technology, many types of
measurements are possible. Sensors have been used to investigate strain, displacement,
temperature, pressure, slope, acceleration, corrosion, loading, and cracking of concrete
(Casas 2003, Inaudi 1999). These sensors can be embedded in concrete components of
any bridge as well as be placed on exposed components. One issue with fiber optic
sensors is that some systems may be sensitive to changes in temperature; however, it is
possible to compensate by using a reference temperature gauge to correct any errors
(Casas 2003). Another possible limitation to fiber optic sensors is that in some cases
great care must be taken when installing the sensors (Fuhr 2000). Fiber optic sensors
have a distinct advantage in being immune to electromagnetic interference since the
signal is light based. It is also possible to connect multiple gauges to just one optical
strand.

2.4.13 Global Positioning System (GPS)
Global positioning systems (GPS) are a relatively new approach to monitoring.
The United States GPS system consists of three components: satellites orbiting the Earth,
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control stations, and GPS receivers (www.gps.gov). The satellites, of which the control
stations know the position, constantly emit a signal. The signal is picked up by the
receiver, which picks up multiple satellite signals to triangulate a position. GPS has been
used to monitor bridges since the mid nineties with varying levels of success. Using this
system alone, precision may be in the centimeter range (Duff 1998). However, receivers
must always be in contact with at least four satellites, which may be challenging in
certain locations. Depending on the goal of the monitoring, precision may or may not be
what the owner needs, but precision down to a few millimeters is possible although
expensive. To achieve such precision, a form of GPS called kinematic or relative GPS
may be used (Brown 2006). This system involves a base unit with known coordinates
and rover units. The difference in position can be used to obtain greater precision. For
dynamic monitoring, the base sends out a carrier signal and the rovers transmit back to
the base their position and time. In general, a GPS monitoring system is probably best
used either in conjunction with other monitoring systems, or to give a qualitative
description of the behavior of the bridge.

2.4.14 Ground Penetrating Radar (GPR)

Ground Penetrating Radar is used often to investigate general deterioration of
concrete, typically in a bridge deck. GPR operates by sending out a radio signal. By
measuring the time and intensity of the reflected radio waves and comparing these with
previous results, the user is able to infer the condition of the material being studied
(Parillo 2009, Yehia 2008). Typically, the radio waves reflect in a similar fashion off the
rebar, unless the concrete is non-uniform, implying deterioration. By analyzing the data,
the user is able to determine possible locations of cracks, voids, delamination, and
corrosion in the concrete. Experiments have found that GPR has agreed strongly with
visual inspection and chain dragging, and comparisons to core samples have also been
accurate (Parillo 2009, Yehia 2008). There have also been tests to determine the ability
of GPR to find voids in grouting in post-tensioning systems. It has been found that in a
controlled lab setting it is possible, although there has been little research in this area
(Giannopoulos 2002). One advantage of GPR is the speed at which data can be collected.
One disadvantage of GPR is that traffic lanes must be closed to carry out the data
collection. Also the data analysis can be a subjective process. However, computer
programs are available to aid in the analysis of the GPR data from the site making the
data less subjective (Parillo 2009). GPR can be operated manually or can be placed on a
vehicle to increase the speed of data collection.

2.4.15 Impact Echo

Impact echo is a process that involves striking the surface of the deck with a
round sphere and listening to the response. Depending on the frequencies present in the
response, depth of the slab can be determined (see Figure 2.2). If the depth calculated is
not equal to the actual depth, then a defect exists at that depth (Yehia 2007). Impact echo
is generally used on bridge decks to search for delaminations, voids, grout voids, cracks,
or other subsurface anomalies during routine inspections. Three-dimensional maps of a
deck can be visualized using results from testing (Gucunski 2006). An advantage to
impact echo is that defect depths can be calculated (Gucunski 2006, Yehia 2007).
Another advantage is that the method is highly accurate (Yehia 2007). One disadvantage
to impact echo is that many points have to be tested to get a comprehensive map of

13



defects. Another disadvantage is that lanes must be closed to traffic while testing is being
done. Also, interpretation of the results without specialized programs and training can be
difficult (Gucunski 2006).
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Figure 2: Impact Echo Schematic (Gucunski 2006)

2.4.16 Infrared Thermography

Infrared thermography is a way to scan concrete for sub-surface abnormalities. It
is generally used for concrete deck assessment. The camera detects infrared radiation
from the surface and maps the intensity. The intensity will depend on the emissivity of
the surface. A difference in intensity usually means that there is an abnormality under the
surface of the concrete. This abnormality may be due to delamination and spalling due to
corrosion, among other things (Maser 1990). In the case of delamination, an air layer
forms between the intact concrete and the spalled portion. This layer of air acts as an
insulating layer. Many issues can arise when using infrared thermography. First,
differences in surface texture or debris may cause changes in the intensity (Maser 1990,
Yehia 2007). Also, if asphalt is overlaid on concrete, results can be misleading. Another
consideration may be air temperature and weather, as these will impact the radiation
emitted from the bridge deck as well (Maser 1990, Yehia 2007). However, it is noted that
the metric of interest is radiation difference, not the absolute intensity. Additionally, if
water is in the voids as opposed to air, the void will not be detected (Yehia 2007).
Despite the disadvantages, there are many appealing aspects of thermography. One
advantage to thermography is that it can be deployed with minimal traffic delays as
opposed to other techniques such as chain dragging, chloride content tests, and corrosion
potential (Maser 1990, Yehia 2007). Other advantages are that the results are easy to
interpret and the equipment is portable (Yehia 2007).

2.4.17 Linear Polarization Resistance (LPR)
Linear Polarization Resistance is used to estimate the rate at which corrosion of
steel rebar in concrete is taking place. A range of small polarizing electric potentials
(positive and negative) is applied (in addition to the potential due to corrosion) between
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two electrodes, while the current is measured. Comparing current vs. potential yields a
relatively linear relationship, the slope of which is the polarization resistance (Reis 2006).
This value of polarization resistance, in theory, can give the rate at which corrosion is
occurring based on a relatively simple set of equations (Yang 2008). Any system
utilizing LPR must have a polarized electrode. Therefore, there must be a way of
polarizing either the rebar or an electrode in order to monitor the LPR. LPR can both
over- and under-estimate the rate of corrosion (Reis 2006, Vedalakshmi 2008, McKenzie
2005). However, LPR is quite capable of indicating a change in corrosion behavior.
Ultimately, LPR is useful because it warns the bridge owner of sudden increases in
corrosion activity on the reinforcement.

2.4.18 Linear Potentiometer (String Pots)

The linear potentiometer (see Figure 2.3) measures displacement. The end of a
steel wire is attached to a point and the other end is wrapped around a spool. Since the
radius is known, a displacement can be calculated by measuring the rotation of the spool.
This device can also measure velocity by taking dynamic measurements. Potentiometers
are slightly more accurate than LVDTs (Corda 2003). Also, the device has a larger
measurement range than an LVDT (Corda 2003). The potentiometer can be used for any
application where displacements should be measured. An example may be across an
expansion joint or along the length of a suspension cable.
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Figure 3: Linear Potentiometer Schematic (http://www.unimeasure.com/how-work.htm.
Reprinted with permission)

2.4.19 Linear Variable Differential Transformer
A Linear Variable Differential Transformer (LVDT) sensor is capable of
measuring the displacement in one direction of one point relative to another point on a
bridge. This is accomplished by placing a cylindrical magnetic core attached to two
points, with the core being placed inside three electric coils. An alternating current is
applied to the middle coil. As the core moves in relation to this middle coil, a voltage is
induced in the secondary (outer two) coils, with the amplitude and sign of voltage
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linearly related to the position of the core (McDonald 1998). Both AC and DC versions
of LVDTs exist. The DC versions still require an oscillating current so more internal
circuitry is necessary. Due to this increase in internal circuitry, the DC versions do not
have as large of a temperature operating range as AC versions (Pierson 2009). The use of
LVDTs to measure displacement is quite common. Often LVDTSs are used to verify the
accuracy of new displacement monitoring systems and prove to be very accurate
compared to these other methods (Park 2007, Merkle 2004). It has also been shown that
LVDTs are capable of performing in low temperatures, with minimal loss in accuracy
(McDonald 1998).

2.4.20 Macrocell Corrosion Rate Monitoring

Macrocell Corrosion Rate Monitoring is useful in estimating the rate at which
corrosion of the reinforcement is occurring in the concrete. It is possible to determine the
onset of corrosion at a specific depth by using a piece of metal similar or identical to the
reinforcement as an anode and using a metal resistant to corrosion as a cathode. In a
typical chloride induced corrosion reaction, one section of the steel bar begins to rust,
which frees up electrons. These electrons flow to the non-corroding portion of the
reinforcement, where a chemical reaction converts the electrons, oxygen, and water into
hydroxide ions. These flow to the anode portion of the steel (Yang 2008). It is possible
to measure the electrical current and potential difference between the anode and the
cathode (Raupach 2001). A large change in current implies a larger flow of electrons,
which implies that the reaction is taking place at a faster rate. It is also possible to use a
series of anodes in order to monitor depths at which corrosion can take place. Because
measurements are not frequently obtained, getting exact corrosion rates is unlikely.
However, it is possible to get an indication of the general corrosion behavior in the
concrete. It is possible to get further information about the corrosion behavior through
measurements of concrete resistivity (Raupach 2001).

2.4.21 Potential Measurements / Chloride Content

Measurements of electric potential of electrodes in concrete give the owner an
indication of the possible risk of corrosion. This method requires two electrodes; one is
the reinforcement of the bridge, while the other is a reference electrode (designed not to
corrode), either embedded or on the surface (Yang 2008). The electric potential
difference between the two electrodes is measured. A variation on this method uses an
electrode coated in silver chloride instead of the rebar as one of the electrodes; the
potential difference is particularly sensitive to the chloride content around the silver
chloride (YYang 2008). In both cases, a higher potential implies concrete conditions at the
reinforcement are typical of those found during corrosion, thus it is likely that corrosion
IS occurring. The potential is also dependent on the resistivity of the concrete at the
reinforcement; thus humidity of the concrete should be taken into account when
analyzing the potential data (YYang 2008, Elsener 2003). Tests on corrosion rates showed
that the potential was correlated to the corrosion rate present in the concrete (Reis 2006,
Raupach 2001). During an investigation into the correlation between chloride content
and corrosion initiation, an increase in potential did not directly correspond to corrosion
initiation (Reis 2006).
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2.4.22 Scour Devices

Scour occurs when water flows at fast rates around bridge piers or past bridge
abutments and can produce instability in the bridge. Generally, scour takes place during
times of flooding when fast moving water accelerates near bridge piers due to contraction
of the channel, and the current carries away sediment near the pier foundation (Lu 2008).
Permanent scour detection devices must be able to withstand the large current and debris
associated with flooding. Many methods for measuring scour are mentioned by Lu. One
system is bridge mounted sonar, which provides a continuous and accurate record of
scour depth. Another is Acoustic Doppler current profiling, which is portable and
measures scour depth. This system is not well suited for flows with high turbidity or
rapid flow rates. A third method is the application of GPR (ground penetrating radar),
which is also not well suited for flows with high turbidity or rapid flow rates. A fourth
method involves the use of Fiber-Bragg grating. Sensors are placed along a vertical fiber
optic strand. Sensors detect changes in strain, especially large changes, which will
correspond to initial sub-surface sensors becoming exposed (Lin 2005). Another method
utilizes numbered bricks. The numbered bricks are placed into an excavated river bed.
Then, as sediment is washed away, the numbered bricks float to the surface or are washed
away. The scour depth can be found by checking which bricks remain. The sixth method
is the sliding magnetic collar (SMC), which uses a collar that slides down to the river bed
and measures depth. Yet another method is the steel rod method, which measures how
far a steel rod must drop to come in contact with the riverbed. A recently reported
method measures scour depth using a steel tube with filters throughout the height
(Mercado 2008). The tube protects the system from debris and the filters are used to
force air through the system. Depending on the resistance measured at different levels,
soil depth (scour depth) can be detected. The advantage of this type of system is that it
can withstand major flood events and be a permanent solution for bridges that undergo
consistent flooding (Mercado 2008). It may also allow the bridge owner to close the
bridge prior to pier movement and failure due to scour (Mercado 2008). This last type of
scour monitoring system is the only type considered in the remainder of the present
study.

2.4.23 Tiltmeters/Inclinometers

Tiltmeters and inclinometers measure the angle of inclination of an object.
Generally, these devices would be used to monitor pier behavior in response to
temperature changes and loading conditions. The fiber optic tiltmeter operates using a
beam of light, a shield, and a sensor. Depending on the angle of inclination, the amount
of light passing through the shield changes, causing a change in intensity. Measuring this
change in intensity allows for a calculation of angle of inclination. The accuracy of these
devices is around 0.005 degrees (Kulchin 2004). Other types of tilt and incline
measuring devices are available as well. These include vibrating wire based sensors,
Micro-Electro Mechanical Sensors (MEMS), electrolytic cell based sensors, and
pendulum based sensors. Tiltmeters and inclinometers can offer the behavior of a
specific point on a bridge. Displacement can be found by integrating the slopes along the
span of the bridge. However, knowing the slope at one point will probably not offer a
general view of what is happening to the bridge. To understand the full nature of the
behavior of a pier, slopemeters would be necessary in numerous places. Therefore,
slopemeters alone will probably not be an adequate way of monitoring a bridge.
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2.4.24 Ultrasonic C-Scan

Ultrasonic C-scan imaging is done by sending out ultrasonic waves into a
material. The reflections of these waves are read by a transducer and sent to a computer
program. This program processes the data and creates a two-dimensional map of the
bridge components. The image that is generated can be analyzed and the internal
characteristics of the component can be deduced (lyer 2003). Generally, this system is
used to locate voids in grout and corrosion in post-tensioned bridge tendons. An
advantage about C-scan imaging is that it can detect both corrosion and voids in a single
test (lyer 2003). A disadvantage is that analyzing the data can be a challenging task.

2.4.25 Vibrating Wire Strain Gauge

Vibrating wire strain gauges are able to measure the strain at a point by
monitoring the changes in vibration properties of a tensioned wire attached to the area. A
wire under tension is anchored at both ends to the area under investigation. The wire can
be excited by an electromagnetic force from a coil surrounding the wire housing. This
same coil is able to measure the frequency of vibration of the coil. By comparing the
new frequency measurement to the wire’s vibrating frequency at installation, the strain
can be calculated (Ravisankar 2001, Neild 2005). It is possible to install vibrating wire
strain gauges either on the surface of a structure or embedded in concrete. Test results in
laboratory experiments designed to simulate civil engineering applications found that the
gauges predicted strain close to the theoretically expected values (Ravisankar 2001, Neild
2005, Zalt 2007). It was also found that comparisons to different types of strain gauges
yielded similar measurement values (Ravisankar 200I, Zalt 2007). Due to differences in
thermal expansion of the strain gauge and the material, it is possible for unequal strains in
the medium and the sensor to develop, affecting the results (Ravisankar 2001, Neild
2005). However, this can be solved by using a reference temperature gauge at or near the
area of installation of the strain gauge. It is necessary to calculate the “gage factor” for
the sensor. This value is related to the physical properties of the wire. It has been
observed that vibrating wire strain gauges are capable of reliable measurements over an
extended period of time while monitoring an actual bridge (Domalik 2005).
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Chapter 3: Development of Commercial Company Questionnaire

3.1 Standard Questionnaire

The standard questionnaire (Table 3.1) was developed from information taken from the
research reports, journal and magazine articles, websites, and product prospectuses obtained by
the research team. The preliminary questionnaire was modified based on feedback received by
the research team from the Mn/DOT Technical Advisory Panel (TAP).

The questionnaire seeks information on the major uses, components, and goals of these
systems that are available. First, it was considered necessary to make a distinction between
systems that are meant for short-term monitoring, long-term monitoring, inspection, or early
warning. Next, the second question requests information on the sensors a system uses so that the
type of data that will be collected is known. This question leads to a third question that deals
with how the measurements obtained by the system may be helpful. The fourth question asks
about mobility of the system. The owner may want a system that can be moved from bridge to
bridge, or one that is permanent and robust. The next two questions deal with when and on what
the system may be used, a necessary piece of information for a bridge owner.

The seventh question seeks information on power source possibilities for the system.
Since a bridge location may be far removed from direct power, or it may be strategically situated
in direct sunlight, it is necessary to know what power options are available for a particular
system. The next question addresses whether or not the company offers a full ‘turn key’ system
or just some components of that system. A ‘turn key’ system is a complete system (control unit,
sensors, communication, and software) that could be installed off the shelf and be immediately
useful to the bridge owner. The ninth question addresses the operating temperature range of the
equipment, which could be of concern in Minnesota due to the extreme cold in the winter or
extreme heat in the summer (when exposed to direct sunlight on or near a roadway).

The next two questions focus on remote communication and alarming, two functions that
could become mandatory on future bridges and offer convenience for the bridge owner. These
two functions are the main reason that bridge health monitoring will become a helpful tool for
the bridge engineer. A system that can let the bridge engineer know when a problem occurs
without the need for constant visual inspection is vital to aging infrastructure. The twelfth
question concerns the functions that the software will perform so that an estimate can be made of
the effort that must be expended by a bridge owner to interpret the data. The next two questions
focus on the services that the vendor provides so that the bridge owner can estimate the extra
training and installation the bridge engineers may need to perform. The fifteenth question
requests current applications of the bridge health monitoring and/or inspection equipment so that
the owner may see examples of the work. Lastly, information is sought regarding the specific
performance measures of the equipment, as these measures will be of interest in the criteria
selection process.
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Table 1: Standard Questionnaire

(1) What is the purpose of the system?
e Long-term monitoring
e  Short-term monitoring
e Inspection
e  Early warning
e  Other (please specify)

(2) What types of sensors or equipment are used?
e  Accelerometers
e Acoustic Emission
e  Strain Gauges
e  Fiber-optic
e  Electric Resistance
e  Vibrating Wire
Load Cells
Wind Gauges
Tilt
Temperature
Displacement
e GPS
e  3-D Laser Scanning
e LVDT
e  String Potentiometers
e Other (please specify)

(3) What performance measures are monitored and how are these helpful? (e.g., crack formation and propagation,
strain, displacement, corrosion, vibration, chloride content)

(4) s the system:
e  Permanent (any piece permanently fixed)?

e Reusable (everything can be unattached and moved)?
e  Portable (nothing attached/installed and are easily moved)?

(5) When can/should the equipment be installed?
e  During Construction
e  Post Construction

(6) On what types of bridge can it be used?

e  Steel Girder
e  Steel Truss
e  Cable Stayed
e  Prestress Concrete Girder
e Reinforced Concrete
e  Other
(7) What type of power source is used?
e Solar
e Battery
e AC
e  Other

(8) Is it a complete system and what does it include (sensor, control unit, software, communication)?

(9) What is the operating temperature range?

(10) How does the system communicate remotely with the user (if at all)?

(11) Does the system have an alarm feature and how is it communicated?

(12) What does the software do (data processing, interface, communications, etc.)?

(13) What services and or support are offered with purchase?

(14) What training/installation is required of the user or are these included (ease of use)?

(15) What examples/applications of the system are available?

(16) What specifications/performance measures for the equipment can you provide us (e.g., sampling rate limits,
resolutions, data ranges, temperature ranges, measurement accuracy)?
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3.2 Completed Questionnaire Analysis

The completed questionnaires are included in Appendix A. Initial analysis of the data
included in the completed questionnaires enables the following observations.

3.2.1 Components vs. Complete Systems
Some of the companies that were identified offer primarily components of
systems, with specific applications. Others offer completely customized systems, with
no “off-the-shelf” products readily available. However, many offer the ‘turn key’
systems described above. The majority of these companies offer complete systems that
are already designed and typically measure specific properties and responses of the
bridge with applicable and known data interpretation.

3.2.2 Monitoring Modes

Many of these companies can offer a variety of time frames for monitoring.
However, most seem to be geared toward short-term or long-term monitoring. Bridge
inspection companies were also identified that can perform very short term monitoring
using portable equipment to test the health of a bridge. It is important to distinguish
between these different types of companies as they all offer different approaches to
health monitoring. By distinguishing the monitoring mode, a more structured selection
process will help to identify the most appropriate type of system depending on the given
task.

3.2.3 Permanent, Stationary and Movable Equipment

Other categories that might distinguish between systems may depend on whether
the bridge is already in service or being built. Some systems are permanent because they
can only be installed on bridges during construction or they require permanent
attachment; for example, sensors may need to be embedded in the concrete or placed on
the rebar. However, other stationary equipment may be easily movable as measurements
are taken at different locations on the bridge. Still, other systems may record
information as the equipment moves down the bridge, such as automatic chain dragging
or GPR. It is important to realize that some systems will only work for specific kinds of
bridges. A typical split from one system to another is between steel bridges and concrete
bridges, with many systems working better on one, but possibly working on both.

3.2.4 Data Communications

Another criteria category will refer to the nature of data communications. This
may refer to communications between the datalogger and the office that is analyzing the
data. Or, it may refer to communications between different components of the
monitoring equipment, such as the wireless systems. These tend to work for all bridge
types and are typically implemented after construction, yet some may embed RFID
(remote frequency identification) sensors in the concrete to look at strength or salt levels.
The wireless systems can save the difficulties and cost of connecting many wires over
large distances on long span bridges. However, fully wireless systems may be more
difficult to power and the information can be difficult to synchronize with time.
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Chapter 4: Health Monitoring Company Descriptions

4.1 Company Survey

Seventy-two companies were contacted regarding their health monitoring offerings, with
approximately one-half opting to take part in this data collection phase. A summary containing
pertinent information for each company’s response has been prepared below. Each summary
includes the type(s) of health monitoring system(s) available from the particular company, as
well as other interesting characteristics. These companies were found through internet searches
for systems, through information sent to Mn/DOT, through literature searches, and through a
recent survey done by lowa State for the Wisconsin Department of Transportation. Two of the
38 responding companies did not provide sufficient detail for the authors to include these
companies in the program database. They offer completely customized systems that are difficult
to quantify in the database. However, these companies are included in this summary section.

4.2 Company Descriptions

4.2.1 Acellent
Acellent offers both complete active and passive acoustic emission systems in
coordination with temperature sensing. These systems can detect damage within a
structure in the form of cracks, delaminations, and corrosion. The system works on
multiple bridge types. They also offer alarm features for both the active and passive
systems to alert the bridge owner.

4.2.2 Advitam
Advitam offers custom monitoring systems involving accelerometers, strain
gauges, acoustic emission sensors, and many other sensors. They will monitor known
specific defects or bridge health as a whole, both short-term and long-term. Advitam
offers complete systems and will maintain the system if necessary. They offer remote
capabilities and alarm features.

4.2.3 Advanced Telemetrics International (ATI)

ATI offers wireless monitoring capabilities. They can attach many types of
sensors to their wireless units depending on the needs of the owner. Specifically, they
offer a strain concentration sensor that measures strain within a 6 foot span. ATI offers
complete systems (sensors, software, control unit, communications) with remote alarm
communications.

4.2.4 Bridge Diagnostics Incorporated (BDI)

BDI offers both long-term and short-term monitoring solutions. These may be
wireless or hard wired and have a wide variety of sensors depending on the owner’s
needs. BDI offers complete systems with remote communications and alarm
capabilities. They specialize in load testing and monitoring, but offer a wide range of
services and capabilities.

4.2.5 Crossbhow Technology
Crossbow offers stations to wirelessly connect various sensor networks. These
stations are meant for low power, low data-rate applications. Full systems can be
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purchased with processing software. The system has both alarm and remote
communication capabilities. The products have a one year warranty. The networks are
to be user installed.

4.2.6 Digitexx Data Systems
Digitexx offers long and short-term monitoring solutions for bridge owners.
They offer a variety of sensing systems to be customized to particular applications. They
offer full systems with alarm and remote communication capabilities. Digitexx will
install and maintain the system if necessary.

4.2.7 Dunegan Engineering
Dunegan offers both short and long-term monitoring solutions. Their systems
focus on acoustic emissions to detect fatigue cracking in steel members. Their
AESmMart2000 software package processes data to detect crack growth and depths.

4.2.8 Engius
Engius focuses on short-term monitoring of concrete. Their system uses
embedded thermistors to keep track of concrete strength during and after construction of
the bridge. The system has remote communication and alarm capabilities.

4.2.9 Excelerate
Excelerate offers an automated chain dragging system for inspection purposes.
Their system uses chains and the acoustic response to determine delaminations in the
concrete surface. The system is set up on a portable pushcart and runs on battery power.

4.2.10 Fiberpro
Fiberpro specializes in Fiber Bragg sensors. They offer long-term solutions using
strain, temperature, acceleration, and displacement sensors. They offer complete
systems for all types of bridges. Their systems require AC power and do not
communicate remotely.

4.2.11 Futurtec

Futurtec offers a system called the “First Alert Monitoring System”. As the name
suggests, the Futurtec solution is a health monitoring system. Various factors, such as
displacement, tilt, vibration, wind speed, and temperature are used to provide an
indication of structural behavior. The information collected can be observed over the
internet and used to determine the overall health of the bridge. The system can also be
linked to any gates or lights, preventing access to the bridge in case of large overall
changes in the bridge. The acquired data is processed by a “neural engine” which makes
decisions on condition. This system may be applicable to an early warning system for
bridges at risk.

4.2.12 Geomation
Geomation offers long term bridge monitoring solutions. These custom systems
can measure strain, temperature, loads, and displacements. They offer complete systems
with remote communication and alarm capabilities. The systems work for any type of
bridge and generally focus on quasi-static measurements for long-term health.
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4.2.13 Geomedia Research and Development
Geomedia offers a system to detect delaminations, asphalt deterioration, concrete
deterioration, and rebar corrosion using the Impact-Echo method. This complete system
can be used on any concrete or asphalt element on the bridge. The software provided is
able to store field data and conduct some data processing. Geomedia can provide
training if requested.

4.2.14 GSSI
GSSI focuses on bridge deck assessment. Their system is a portable GPR unit
that locates voids, rebar, and concrete cover. They offer a two year warranty with the
system and also provide user training for up to two people. The system is complete with
unit and software.

4.2.15 Harmonic Footprinting
Harmonic Footprinting uses sensors to determine the vibrations occurring at a
specific metal joint. When the vibrations at the joint do not match previous vibrational
signatures, an alert is sent to the owner. The company also offers customized health
monitoring systems based on the bridge of interest. Harmonic Footprinting also offers
completely customized systems to meet the bridge owner’s needs. This company is not
included in the database.

4.2.16 HBM
HBM offers both short and long-term monitoring solutions. They monitor strains,
displacements, and vibrations to assess bridge health. These custom systems are
available as a fully integrated complete system. The system has remote communication
and alarm capabilities.

4.2.17 Impact Echo Instruments
Impact Echo focuses on inspection of bridge decks and concrete. Their system
uses impact echo to assess the health of the bridge deck. Using the information that is
recorded from the acoustic waves, the depth of the surface can be calculated. Calculated
depths that are smaller than the overall depth can be used to find where damage exists in
the concrete.

4.2.18 Infrasense
Infrasense offers long-term, short-term, and inspection health monitoring systems.
These systems use GPR or IR (Infrared Thermography) to find corrosion, delamination,
and debonding in concrete structures. The units come with software for data processing.
Infrasense’s main area of expertise is in bridge deck condition assessment.

4.2.19 Instantel
Instantel provides systems designed to monitor bridge vibrations as well as
conditions around the bridge such as ground motions. The system is complete and the
user is able to access the data off site; an alarm featuring is also possible. Training is
available and Instantel may provide upgrades for software and hardware when equipment
IS returned for service.
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4.2.20 Invocon, Inc.

Invocon specializes in wireless health monitoring systems for aerospace
applications. The systems are capable of measuring accelerations, strain, humidity,
temperature, pressure, or any measurement from an electrical resistance based sensor.
The DIDS system monitors for collisions using acoustic emission, and can notify the user
in case of an impact. Invocon provides the user with software and a variety of levels of
training.

4.2.21 Leica Geosytems
Leica specializes in providing health monitoring systems that monitor 3-D
displacements and tilt of the bridge. The systems can monitor 3-D displacement using
GPS, 3-D laser scanning, or laser totaling stations. Computer software is used for
analysis of the data and also for equipment support. The user can be notified of
displacements exceeding a predefined threshold via email.

4.2.22 LifeSpan Technologies
LifeSpan offers both long and short-term monitoring solutions. The systems are
custom designed and use a multitude of sensors to monitor metrics such as strain,
acceleration, temperature, and displacement. They offer complete systems that have both
remote and alarm capabilities. These solutions can be used on a variety of steel and
concrete bridges.

4.2.23 MALA
MALA offers bridge deck inspection systems. The system uses GPR to find
delaminations and voids due to corrosion. The portable system displays deck images in
real time to survey the condition of the concrete on the bridge.

4.2.24 Matech
Matech offers an Electrochemical Fatigue Sensor (EFS) that can be employed on
any metal element in order to detect crack initiation/propagation. An electric potential is
constantly applied to the section of interest and the current is measured by the sensor.
Changes in current may mean that steel cracking has occurred. A specially designed
computer program analyzes the current data to look for crack indicators.

4.2.25 North American Geotechnical Co.

North American Geotechnical’s system tests the resistance to airflow through
different layers of sediment and water to measure scour. By analyzing the data, one can
deduce where the soft unstable soil stops and the stable soil begins. This monitoring
allows the engineer to know at what depth the piles are in stable ground. The device is
made of a steel tube with numerous filters to test at different heights. The tube can
corrode, but the company indicates that it will last 10-15 years in a coastal environment
and longer in a freshwater environment. It is mainly meant for bridges that flood often
and undergo large changes in volumes of water.

4.2.26 Omnisens SA
The Omnisens system takes distributed stain and temperature measurements over
the bridge span using fiber-optic strain and temperature sensors. Remote monitoring is
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possible and software is able to process and store data from the bridge. Sensor layout is
designed by Omnisens and training may be provided.

4.2.27 Osmos USA

Osmos offers a bridge health monitoring system that continuously monitors the
condition of vital bridge components. Fiber optic sensors monitor both the static and
dynamic displacement of the bridge. Analog sensors may also be implemented to
measure other properties of the bridge at various locations, such as tilt and vibrations.
The measurement of dynamic displacement allows an observer to determine whether the
structure is behaving elastically, and whether the normal frequency signature is present.
A “Weigh-in-Motion” device may also be implemented to help observe any affects from
larger truck loads. All of the data is transmitted to the internet and may be viewed by
any authorized persons.

4.2.28 Physical Acoustics Corporation (PAC)

Physical Acoustics Corporation offers both long and short-term monitoring
solutions as well as inspection tools. The primary focus of a PAC system is on acoustic
emission. AE is able to detect signs of failure (be it cracking, rupture, or rebar breaking)
by detecting sound waves created by a release of energy. PAC offers other a variety of
other sensors to augment the acoustic detection system. The system is complete and has
alarm and remote communication capabilities.

4.2.29 Pinnacle Technologies
Pinnacle Technologies or Applied Geomechanics offers long and short-term
monitoring systems. These systems use GPS to monitor bridge response in real time.
They also augment the system with other sensors to verify the bridge response. They
will provide installation and maintenance if the owner desires. The systems have remote
communication and alarm capabilities.

4.2.30 Practical Technologies LLC
Practical Technologies manufactures a collapse monitoring system designed to
monitor for the actual collapse of a bridge. This is accomplished by monitoring for
breakage in fiber optic cables spanning the bridge. The system then allows the user to be
notified as well as notifying those coming toward the bridge of the failure.

4.2.31 Roadmap GPR Services
Roadmap GPR services specializes in the use of Ground Penetrating Radar on
bridges. The GPR system can be used to scan both reinforced concrete bridge decks and
reinforced concrete bridge decks with an asphalt overlay. This information can tell the
owner where damage in the concrete has occurred.

4.2.32 Roctest Group / Smartec
The Roctest group provides health monitoring systems using many types of
sensors for any bridge type. The company is capable of monitoring crack formation and
growth, strain, global displacement, rotation, accelerations, temperatures, loads, water
level, tilt, corrosion, and vibration. Remote monitoring with a Roctest system is possible,
with software provided to fit the specific needs of the bridge owner. Some additional
services available are on-site service and support, data-analysis, and training sessions.
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4.2.33 S + R Sensortec GmbH

S + R Sensortec GmbH specializes in the monitoring of corrosion conditions in
concrete bridge structures. Their systems measure the corrosion rate using the Macrocell
Corrosion Rate Monitoring technique. They also use a sensor that takes measurements at
multiple depths to give the user the location at which conditions are indicative of
corrosion. The company suggests annual measurements and use of the software to
indicate if corrosion will be a problem. S + R Sensortec GmbH is also able to aid in the
design of the system and in assessment of collected data.

4.2.34 Sensors & Software, Inc.

Sensors & Software Inc. specializes in the manufacture of GPR devices for use on
bridges. Their system locates voids and damage within the concrete. Systems provided
are complete and include software able to store GPR data collected on site and provide
post-processing. Training for use of the system may also be provided by Sensors &
Software Inc.

4.2.35 Strainstall
Strainstall offers a health monitoring system that is used for long-term monitoring
and early warning of fatigue in welds. It may be installed during or after construction.
The sensors are not reusable, but the other system components are reusable. Currently,
the data must be retrieved by either manually reading an indicator or downloading the
data to a laptop. There is no alarm feature. It is recommended that the data be analyzed at
least every two years.

4.2.36 Structural Monitoring Systems Ltd.

The Structural Monitoring Systems Ltd. system monitors the initiation and growth
of cracks on any solid surface. This is accomplished using a comparative vacuum
monitoring system. Processing of the data is completed by the sensor, which also
contains a data processor. Warning of cracking is sent to the user immediately. Training
is provided by the company.

4.2.37 Vienna Consulting Engineers
Vienna Consulting Engineers (VCE) provides completely customizable systems
for the bridge owner. VCE offers a wide variety of sensors for use in systems including
vibration monitoring, strain, displacement, load and environmental conditions. The
system can be programmed with alarm feature that can transmit alarm via internet text
message or email. Software, training, system design and installation may all be provided
by the vendor.

4.2.38 Virginia Technologies Inc.

Virginia Technologies offers an embeddable sensor specially designed to monitor
corrosion in reinforced concrete structures. The system is designed to measure the rate of
corrosion in concrete using Linear Polarization Resistance. The embeddable sensor also
has capabilities for measuring resistivity, chloride content, and potential in concrete. It is
possible to access the information off-site; however, there is no software for the user.
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Chapter 5: Criteria for System Evaluation

A series of selection criteria have been developed based on several items. These items
include the variety of systems identified in Task 1, as well as the data collected for the various
systems from the vendors in Task 2. In addition, personal communications with various experts
helped to shape the nature of the Selection Criteria.

The Selection Criteria have been subdivided and organized into a set of questions. Some
of these questions (groups A, B and C) are meant to identify the needs of the bridge owner, and
they will be used specifically to identify particular systems that have characteristics which satisfy
the owner’s needs. The questions are followed by possible answers. The owner is free to identify
the options that best fit the needs of the particular bridge that is to be monitored. Some questions
are followed by sub-questions to further narrow down what the owner would like to accomplish.
The questions in group D are suggested by the research team for the user (i.e., bridge owner) to
seek additional information to evaluate vendor performance once the search has been narrowed
down.

The answers to the Selection Criteria (groups A, B and C) will be used to identify the best
fitting system from the database of systems for which data have been collected. To achieve this
goal, an EXCEL spreadsheet was developed that has the characteristics of the available
commercially offered systems. The best matches between the answers to the selection criteria
and the specific systems in the EXCEL database are reported by the program. The intent of this
spreadsheet application is to identify the systems that will most closely accomplish the
monitoring goals of the owner.

As indicated above, the questions in group D are suggested by the research team for the
user (i.e., bridge owner) to seek additional information to evaluate vendor performance. This
information can be used to further refine the system selections that are made using the EXCEL
spreadsheet application. The questions in group D, as well as the associated database material,
cannot be included in the EXCEL spreadsheet application. First, the effort needed to contact all
of the previous clients for each of the vendors in the database is beyond the scope of the current
project. Second, the information that is needed is time sensitive, and vendor performance should
be evaluated using the most up-to-date information from previous clients. Thus, in the present
project, vendor performance is addressed by proposing the group D questions which are to be
evaluated at a future time by the user (i.e., bridge owner).
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Table 2: Evaluation Criteria

A. Questions pertaining to the nature of the monitoring you seek to accomplish with this system?

1. What is the time frame for the monitoring?
(a) Short-term monitoring (e.g., load rating, fatigue crack growth monitoring, extension of bridge
life, permit vehicles).
(b) Long-term monitoring (e.g., bridge health/condition for new or retrofitted bridges).
(c) Inspection (e.g., deck condition, corrosion monitoring, to be used during inspections).
(d) No preference
2. What warning systems are you looking for?
(@) Early warning (e.g., changes in structural condition that set off an alarm for immediate
action).
(b) Bridge collapse or component failure (e.g., bridge continuity sensor indicating bridge
collapse and linked to flashing lights/moving signs).
(c) No Preference
3. What is the size or scale of the monitoring?
(a) Local (e.g., known crack growth, local (plate) buckling, corrosion sensing, strain
measurements).
(b) Member (e.g., strain distributions in member, member deflections).
(c) Global (e.g., natural frequencies of vibration, bridge deflections, temperature distributions,
wind profiles).
(d) No Preference
4. When would you like to install the system?
(a) During Construction
(b) Post Construction
(c) No Preference

B. Questions pertaining to the type of bridge and bridge components that this system will monitor

1. What is the type of bridge to be monitored?
(@) Steel Girder
(b) Steel Truss
(c) Cable Stayed
(d) Prestressed Concrete Girder
(e) Reinforced Concrete
(f) Suspension
(g) Tied-arch
(h) Bridge Deck Only
2. What general properties of the bridge would you like to monitor? (To be answered for all bridge
systems.) (pick any)
(a) Climatic Conditions (e.g., wind speed/direction/humidity, temperature/solar radiation, air
pressure)
(b) Load
(c) Displacements
Using what type of sensor/system?
i. GPS
ii. 3-D Laser Scanning
iii. LVDT
iv. Digital Image Correlation (DIC) of high-resolution images
v. Linear potentiometers (string pots)
vi. Fiber Optics
vii. Laser sensors
viii. No Preference
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(d) Tilt/slope (using tiltmeters or slope indicators)
(e) Acceleration/Vibration (using accelerometers)
(F) Scour (using pneumatic tubes and filters)
(9) Curvature Sensors
(h) Over-Pressure
(i) Ground Velocity
3. What properties of the concrete bridge components would you like to monitor?
(a) Strain (e.g., in concrete, steel reinforcing bar, steel wire, or prestressing tendon).
Using what type of strain sensor?
i. Electrical Resistance Gauges
ii. Vibrating Wire Gauges
iii. Fiber Optic Gauges
iv. No Preference
(b) Concrete Cracking (e.g., flexural, shear, shrinkage, D-cracking or spalling/crushing)
Using what type of sensing system?
i. Acoustic Emission
ii. Strain Gauges (see choices in 3a).
iii. No Preference
(c) Locating Rebar/Voids or Delaminations
Using what type of sensing system?
i. Ground penetrating radar (GPR)
ii. Automated chain dragging
iii. Infrared thermography
iv. Impact echo
v. No Preference
(d) Concrete Strength
i. Thermistor
(e) Corrosion
1. Measurements in concrete
i. Chloride content
ii. Moisture Content
ili. No Preference
2. Measurements on rebar
i. Chloride content
ii. Linear Polarization Resistance (LPR)
ili. Anode Current
iv. No Preference
3. Measurements for post-tensioning tendons
i. TDR (Time-Domain Reflectometry) (U of Delaware holds a patent)
ii. Impact-Echo
iii. Electric impedance
iv. Ultrasonic C-Scan (researched by Penn State)
v. No Preference
4. Measurements for pre-tensioned concrete girders (see techniques for reinforcing
bars)
(f) Tension
i. Ultrasonic Sensors
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4. What properties of the steel bridge would you like to monitor?
(a) Strain (e.qg., in plates, rolled sections, connections, etc.)
Using what type of strain sensor?
i. Electrical Resistance Gauges
ii. Vibrating Wire Gauges
iii. Fiber Optic Gauges
iv. No Preference
(b) Fracture (e.g., brittle, ductile, or fatigue)
Using what type of sensing system?
i. Acoustic Emission
ii. Metal Fatigue (Metal fatigue life indicator)
iii. Strain (ATIs strain concentration sensor)
iv. Comparative Vacuum Monitoring
v. No Preference
(c) Crack Growth
i. PeakStrain gauge
ii. Electrochemical Sensors
iii. Acoustic Emission
iv. Comparative Vacuum Monitoring
v. No Preference
(d) Corrosion (portable ultrasonic gusset plate thickness measurements)
(e) Tension Force in Cables
i. Electrochemical Sensors

C. Questions pertaining to the type of monitoring system.

1. Do you require this system to be reusable, movable or portable?
(@) Yes
i. Reusable (All components can be unattached, moved, and reused.)
ii. Movable (Nothing is attached and the equipment is easily moved, but it cannot be
operated while it is being moved.)
iii. Portable (Nothing is attached, the equipment is easily moved, and it is fully operational
as it is being moved.)

(b)No
i. Permanent (Some or all components are permanently fixed).
2. Do you want a complete system provided by a single vendor?
(@) Yes (All components provided by a single vendor in a fully integrated system.)
(b) Yes (All components provided by a single vendor, but some may not be integrated.)
(c) No (Components can be purchased from different vendors.)
3._Would you like to be able to access the data offsite?

(@) Yes
1. Is communication available at the site?

a. Yes
i. Telephone (landline)
ii. Cable (landline)
iii. T10
iv. No Preference

b. No
i. Cell phone

ii. Satellite phone
iii. Radio Communication
iv. No Preference

31




(b) No
a. Direct Computer hookup
b. Manual Collection
4. Is a direct power source available at the bridge?
(a) Yes (Alternating Current)
(b) No
What source would you like?
i. Solar
ii. Battery
5. What will be the range of operating temperatures and other environmental conditions for the
bridge?
(a) High (Highest possible temperature)
(b) Low (Lowest possible temperatures)
6. What would you like the software to accomplish?
(a) Graphical user interface
(b) Sensor calibration and checking
(c) Data Analysis
(d) Data Collection
(e) Alarm thresholds and notification
(f) Offsite monitoring capabilities
7. What services would you like included/available with purchase?
(a) System Design
(b) System Installation
(c) Data Collection
(d) Data Analysis
(e) Software Training Courses
8. Is it acceptable for the system to require training of the operators?
(@) Yes
(b) No

D. Questions pertaining to the evaluation of the suppliers

Questions to ask the supplier
1. Has the supplier provided monitoring equipment in previous applications?
(a) Yes
i. 1to5 applications
ii. 6 or more applications
(b) No
(c) Not known
2. If so, who were the clients who purchased the equipment?

Questions to ask previous clients

3. How long has the system been in continuous use?
() <1year
(b) 1-5 years
(c) 5+ years

4. Was the equipment delivered/installed on time?
(@) Yes
(b) No
(c) Not known

5. Was the equipment reliable?
(a) Yes

32




(b) No
(c) Not known
6. How robust was the equipment? (i.e. how long did the equipment last)
(@) <1year
(b) 1-5 years
(c) 5+ years
7. Did the clients find the monitoring data useful (measurements, alarms, etc.)?
(@) Yes
(b) No
(c) Not known
8. Were the services provided by the vendor (if any) satisfactory?
(@) Yes
(b) No
(c) Not applicable or not known
9. Was the vendor’s warranty support acceptable?
(@) Yes
(b) No
(c) Not known or not applicable
10. How easy was it to make contact with the company?
(a) Responded quickly
(b) Multiple Contacts necessary
(c) No response
11. On ascale of 1-10 (ten being best), how would you rate the company’s product and services?
1 2 3 4 5 6 7 8 9 10

12. What feedback, if any, could you offer to future clients? (i.e. what problems, if any, did you
encounter with the products or services)

Questions for the bridge owner

13. Is the feedback from previous clients mostly positive or mostly negative?
(a) Mostly positive feedback
(b) Mostly negative feedback
(c) Feedback is unclear or not known

14. Does research support this type of general system?
(a) Most papers find it applicable
(b) Few papers find it applicable
(c) No research available
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Chapter 6: Monitoring Needs and Assessment Program

The assessment program for bridge health monitoring systems is based on the criteria
articulated in Chapter 5. The program seeks to match the bridge owner’s needs with the
capabilities of a company’s given system. After the owner answers questions based on the
bridge in need of monitoring, the program will list the “best-fit” companies. Thirty-six of the 38
companies were included in the program database. Thus, the program effectively allows the user
to choose one or more companies that will offer an effective health monitoring system, based on
the user’s needs.

The implementation of this assessment was made using the Microsoft EXCEL
spreadsheet program. The first sheet in the EXCEL workbook is a survey for the user to
complete based on the owner’s needs, with the second sheet offering instructions for completing
the survey. The survey is a sequential list of questions with “yes” or “no” answers. Any question
that is not answered is assumed have a “no” answer, and thus it is not counted in the matching
process. The program allows the user to define the weight they wish to place on each question.
The program has a default value of 1, but allows the user to change the value to 2, 3, 5, 10, and
100 for each question. This is intended to let the user define the importance of various aspects of
the health monitoring system. Built-in safeguards are included in the program. For example, if
the user answers more than one “yes” answer in a section asking for only one choice, the
program will show an “error” flag in the output column. The “error” flag is not removed until the
answers are modified such that a single “yes” is provided in a section for which a single “yes”
answer is necessary. Also, there are many questions that have sub-questions, which will only
appear when a “yes” or “no” answer has been provided to a more general question. If a question
has multiple sub-choices, at least one choice must be chosen for the program to count that
question (with the option to answer “no preference”).

As the user answers the questions pertaining to the bridge that needs to be monitored, the
program assigns points to the different companies in the database. The number of points that a
particular question is worth is determined by the weighting column. The third sheet of the
EXCEL workbook has the companies listed with “yes” and “no” answers to the questions from
the user survey on sheet one. The answers to the questions for a given company were deduced
from the questionnaires that were sent out during the data collection phase of the project (see
Chapter 3). The fourth sheet of the EXCEL workbook assigns the point value from the
weighting column for “yes” answers and a zero otherwise.

The points assigned by the questions are added up in the final column. The program lists
the best matching companies and calculates the percentage of the total possible score for each
company. The user can choose to display 1, 3, 5, or 10 “best fit” companies. The column
adjacent to the score shows the percent match compared to the “perfect” score. The “perfect”
score is based on a hypothetical company that would have a “yes” for every possible question.
The user should never have to look at sheets 3 (Company Database) or 4 (Scoring Sheet) unless:
(1) they would like to see which questions matched correctly, or (2) they would like to add new
companies to the existing database or modify the entries for an existing company. If either
option is necessary, it is useful to know that the column headers correspond to the questions
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identified in Chapter 2. The headers are marked by the section letter, question number, and
question answer.

6.1 Adding a Company

To add a company, first the sheet must be unlocked. This can be done under the
Protection item, and the sheet is unlocked using the password “unlock”. Then, the company
should be typed in the row directly below the last company in sheets three and four. In the
“Company Database” sheet, each question should be answered with a *“Y” for yes or an “N” for
no in the row following the company name. After this has been completed, on the “scoring
sheet”, click on the box corresponding to column C and the last row that was previously
completed. Drag to the right to column DO so that the whole row is highlighted from column C
to DO. Next, in the lower right hand corner, click and drag it down one row. This will expand
the scoring formulas one more row down. Next, in column DQ, click on the lower right hand
corner of the box above the new row being added and drag down one box. Then, double click on
the new box, changing the last number in the entry by positive one.

After that is complete, column A needs to be changed. Double click in box A3. Change
the second entry in the RANK function from $DQ$3:$DQ$37 to $DQ$3:$DQ$38. This will add
the new row to the ranking function. If previous companies have already been added, the second
number will be different and should correspond to the row number of the company being added.
This completes the procedure on sheets three and four. Now go to sheet one (User
Questionnaire) and go to the final list of suggested companies. In B170, in the function
VLOOKUP, change the second entry 'Scoring Sheet'!$A$3:$DQ$37 by adding plus one to the
last number.  For example, 'Scoring Sheet''$A$3:3DQ$37 would change to 'Scoring
Sheet'!$A$3:$DQ$38. This also needs to be done to every other box in columns B and C rows
170 to 179.

6.2 Adding a Question

The process for adding a question to the program is more complicated. Please contact the
authors of this report for more information.
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Chapter 7: Program Use Example

7.1 Scope

The use of the program requires very basic knowledge of Microsoft EXCEL. Here, an
example is shown to enumerate the use of the program described in Chaper 6. The program is a
list of questions for the user to answer. These questions range from the time frame of the
monitoring, to the metrics monitored, to bridge specifics, to services that are offered by a
particular vendor.

The sections highlighted in yellow are boxes that can be filled in or changed by the user.
The sections highlighted in orange are sub-questions that the user may be prompted to answer
depending on answers to previous questions in the program. Only yellow or orange boxes may
be changed by the user. The rest of the worksheet is locked. The program also has a weighting
column that can be changed by the user. These weights should be changed if a particular aspect
of the monitoring system is very important to the engineer.

7.2 Example

Suppose the owner would like to monitor a bridge with the following monitoring abilities
and site characteristics:

* Global long-term monitoring with early warning capability
» Existing Steel Truss Bridge

» Fatigue crack growth

» Occurrence of fracture

» Bridge/member displacement

» Communication available on site

» All Services and Software Capabilities required

First, the user would place a “Y” in the yellow box corresponding to the “Long Term”
answer for the first question. The user is able to change the weight of this question, but decides a
value of unity is appropriate. Second, the user places a “Y” in the yellow box corresponding to
the “Early Warning” answer for the second question. Since this aspect of the monitoring is of
great importantance, the user changes the weight from 1 to 3 (as seen in Figure 7.1). The user
continues answering the question with a “Y” placed next to the “Global”, *“Post Construction”,
and “Steel Truss” options. The “Post-Construction” option is necessary because the bridge is an
existing structure.
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E10 - IAE

A B [ D E F

| Bridge Project Name: Date.

2 |Questions pertaining to the nature of the monitoring Input Input Type IOutput Weight

3 ‘What is the time frame for the monitoring?|Choose One

4 Short Term)| (Y/N) N 1
5 Long Term||Y (Y/N) v 1
6 Inspection| (Y/N) N 1
7 No preference (Y/N) N 1
8

9 ‘What warning systems are vou looking for?|Choose Any

10 Early Warning|[¥ (Y/N) v 9|~
11 Bridge Collapse or Component Failure (Y/N) N é

12 No Preference (Y/N) N

13 o

14 ‘What is the size or scale of the monitoring?|Choose Any P

15 Laocal (Y/N) N 1
16 Member| (Y/N) N 1
17 Global v (Y/N) v 1
18 No Preference (Y/N) N 1
19

20 ‘When would vou like to install the system?|Choose One

21 During Construction| (Y/N) N 1
22 Post Construction|| ¥ (Y/N) v 1
23 No Preference (Y/N) N 1
24 |Questions pertaining to the type of bridge and components for monitoring

25 What is the type of bridge to be monitored?|Choose One

26 Steel Girder| (Y/N) N 1
27 Steel Truss||Y (Y/N) ks 1
28 Cable Staved| (Y/N) N 1
29 Prestressed Concrete Girder| (Y/N) N 1
30 Reinforced Concrete (Y/N) N 1
31 Suspension| (Y/N) N 1
32 Tied-Arch (YN N 1
33 Bridge Deck Only| (Y/N) N 1
34 ‘What general properties of the bridge would you like to monitor? |Choose Any

35 Climatic Conditions| (Y/N) N 1
36 Load| (Y/N) N 1
37 Tiznlarsment tal Y [N} A 1
4 4 » ¥ | User Questionnaire .~ Directions Company Database Scoring Sheet %1 |I|<

Ready

Figure 4: Weighing Column

Next, the user scrolls down to answer the general properties that should be monitored
(see Figure 7.2). The user places a “Y” next to “Displacements” and sub-choices appear below
(i.e., the sections highlighted in orange). It is decided that fiber optic sensors should be used for
these measurements. However, the “no preference option” would be available as well. If “no
preference” was chosen, any of the available sensors that are shown would be included in the
results. If no answer is given in the orange section, no answers would be counted toward the
final tally. Notice that the answers for the concrete bridge components are left blank and that the
orange sections are not asking for answers.
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B4 -0 x v B[y

A B C
34 ‘What general properties of the bridge would vou like to monitor? |Choose Any
35 Climatic Conditions (Y/N) N 1
36 Load| (Y/N) N 1
37 Displacements(Y (Y/N) T 1
38 Using what type of displacement sensor?|Choose Any
39 GPS (Y/N) N 1
40 3-D Laser Scanning| (Y/N) N 1
41 LVDT| (Y/N) N 1
42 digital image correlation (DIC) (Y/N) N 1
43 lnear potentiometers (string pots) (Y/N) N 1
1 fiber optics| Y (Y/N) Ve 1
45 laser sensors (Y/N) N 1
46 no preference (Y/N) N 1
47 Tilt/slope| (Y/N) N 1
48 Accleration/Vibration| (Y/N) N 1
49 Scour (Y/N) N 1
50 Curvamure| (Y/N) N 1
51 Over Pressure (Y/N) N 1
52 Ground Velocity| (Y/N) N 1
53 ‘What properties of the concrete bridge components would you like to monitor?|Choose Any
54 Strain (Y/N) N 1
35
56
57
58
59
60 Concrete Cracking| (Y/N) N 1
61
62
63
64
65 Locating rebar/voids or delaminations (Y/N) N 1
66
67
63
69
70
71
7 P N R S < i
4 4 » M| User Questionnaire - Directions Company Database Scoring Sheet Fa |]|4

Edit

Next, the user answers questions pertaining to steel bridges. To monitor fracture, it is
decided that acoustic emission should be used. The bridge is fracture critical so that this is given
a weight factor equal to 3 (Figure 7.3). Crack growth is also chosen and can be monitored with
acoustic emission (AE) as well (Figure 7.4). Notice that there is an “N” in the question about
being portable. However, this is no different than leaving it blank since a question left blank is
automatically assumed to be an “N”. The user wants remote communication and is prompted to
answer whether or not communication is available.
telephone line nearby that can be accessed, so internet is available. However, direct power is

Figure 5: Displacement Sensing

unavailable at the bridge, so solar and battery power are chosen
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B104 (K Y

Strength (using thermusters)|

Corrosion|

Tension (in rebar or tendons))|

What properties of the steel bridge would you like to monitor?|Choose Any

Strain|

99
100
101

102

Fracture| Y

103
104
105
106
107
108

Usmg What Type of Sensing System?|Choose Any

acoustic emission YI

metal fatigue (metal fatigue life mdicator)|
strain concentration|

comparative vacuum|

no preference

109

Crack Growth| T

e ww wow

110
H 4 b H

User Questionnaire

Directions

Using What Type of Sensors?|Choose Any
Company Database Scoring Sheet ta

Edit

Figure 6: Fracture Critical Sensing
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B129 ~O RV E|Y

A B e D E. E
109 Crack Growth|Y (Y/N) Y 1
110 Using What Tvpe of Sensors?|Choose Any
11 PeakStrain gauge (Y/N) N 1
112 electrochemical sensors| (Y/N) N 1
113 accoustic emission|| Y (Y/N) b 1
114 comparative vacuum) (Y/N) N 1
115 no preference| (Y/N) N 1
116 Cotrosion| (Y/N) N 1
117 Cable Tension| (Y/N) N 1
118 |Questions pertaining to the type of monitoring system
119 Do you require this system to be reusable, movable or portable?|N (Y/N) N 1
120
121
122
123
124 Do you want a complete system provided by a single vendor?|Y’ (Y/N) Y 1
125 Would you like to be able to access the data offsite?||Y (Y/N) Y 1
126
127 Is communication available at the site?(|¥" (Y/N) I
128 Choose Any
129 Telephone| ¥ (Y/N) v 1
130 Cable] (Y/N) iy 1
131 T10 Y/N) N 1
132 no preference] (Y/N) N 1
133
134
135
136
137
138
139
140
141 Is a direct power source available at the bridge?|N (Y/N) N 1
142 ‘What source would you like?||Choose any
143 Solar|[¥ YN v 1
144 Battery|¥ (YN v 1
145 ‘What is the range of operating temperatures for the sensors on the bridge (assuming no protective enclosure)?|(High'Low)
H 4 » M User Questionnaire - Directions Company Database Scoring Sheet ] |]4

Edit

Figure 7: Crack Growth Sensing and Power Options

Next, the user needs to answer questions about operating temperature. The bridge sees a
large range of temperatures, from 100 to -20 degrees Fahrenheit. Notice that the program
reminds the user that the temperatures are in degrees Fahrenheit. The user would like all of the
software and services to be available to them, even if they are not initially needed; therefore, all
of the final options are answered with a “Y” (see Figure 7.5). The last choice the user need to
make is how many companies to display. It is a good idea to choose 10 to start to make sure that
there is enough differentiation between the companies. If not very many answers have been
given, many companies may have the same score.

Figure 7.5 shows the drop down list that can be changed to show 1, 3, 5, or 10
companies. The column next to the company names shows the total number of questioned that
were matched. The next column shows the percent match from the “perfect” company. The
“perfect” company has a “yes” for every answer in the database. The user can see that two
companies matched at 90% and should probably investigated into further. If these two do not
seem worthwhile, the companies that matched at 83% could be contacted. Once a match is
made, the user should go to the summaries in Chapter 3 and to Appendix A and read the
descriptions and questionnaire for that particular company to get a description of what they offer.
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Finally, contact with the company should be made and responses to Questions 1 and 2 in
Part D of the Evaluation Criteria (Table 5.1) should be requested. Additionally, a list of previous
clients should be obtained from the company, and responses to Questions 3 - 12 in Part D of the
Evaluation Criteria (Table 5.1) should be requested from each of the compnay’s previous clients.
Finally, the owner should use the information collected from the company and its previous
clients to answer Questions 13 and 14 in Part D of the Evaluation Criteria (Table 5.1). The
answers to these questions should enable the owner to make a final decision regarding the
suitability of the company as a vendor of monitoring systems and services.

[ B167 - £ 10
A B C D E F
145 What is the range of operating temperatures for the sensors on the bridge (assuming no protective enclosure)?|(HighLow)
146 Highest possible system operation temperature 100((F) 100| 1
147 Lowest possible system operation temperature| -20/(F) -20| 1
148
149 ‘What would you like the software to accomplish?||Choose Any
150 Graphical user interface(Y (Y/N) Ve 1
151 Sensor calibration and checking|| Y (YN} Y 1
152 Data Analysis|[Y (Y/N) Y 1
153 Data Collection||Y (Y/N) Y 1
154 Alarm thresholds and notification([Y (Y/N) Y 1
155 Offsite monitoring capabiliies||Y (Y/N) Y 1
136
157 What services would vou like included/available with purchase?||Choose Any
138 System Design|[¥ (Y/N) Y 1
159 System Installation([ Y (Y/N) Y 1
160 Data Collection||Y (Y/N) Ve 1
161 Data Analysis|Y (YN} Y 1
162 Software Traming Courses||Y (Y/N) Y 1
163
164 ‘Would you like the system to offer training of the uperalurs?”Y ”(Y_\j HY " IH
165
166
167 How many companies would you like to displa}"’j IOI -
168 é
169 Final "Best Fit" Companies lore % Match
170 14g . 26 90%
171 2 Company 2 2% 90%
172 3 Company #3 24 $3%
173 4 Company #4 24 83%
174 5 Company #5 24 $3%
175 6 Company #6 24 $3%
176 7 Company #7 2 76%
177 § Company #8 21 72%
178 9 Company #9 21 72%
179 10 Company #10 20 69%
180
181
b

=
-

182
4 4 » M| User Questionnaire . Directions Company Database Scoring Sheet %1

Ready

Figure 8: List Display
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Chapter 8: Summary and Conclusions

With the relentless aging of the civil infrastructure, bridge health monitoring is becoming
more important every day. There are many methods to assess structural integrity and each
method has its advantages and disadvantages. Many companies sell products and services that
bridge owners will need in the coming years to assess which bridges can be safely left in service
and which need to be repaired, retrofitted or replaced. However, the sheer number of companies
offering differing health monitoring systems can be daunting for bridge owners to sort through.

The authors contacted 72 companies offering health monitoring systems and had more
than one-half of the companies (38) agreed to participate by answering a questionnaire on the
products and services offered by each company. The authors focused on companies that offer
complete monitoring systems (control unit, sensors, communication, and software). The
companies contacted were found through internet searches, word of mouth, documents sent to
Mn/DOT following the I-35W bridge collapse, and scholarly articles. In particular, the authors
referenced a Wisconsin Department of Transportation (Wi/DOT) report (Phares et al. 2005) to
find many of the companies that were contacted. This report offers a brief description of the
products and services offered by the companies that agreed to participate.

In addition to the summaries for each particular company, this report offers a summary
description of the different kinds of monitoring systems that are commercially available.
Without knowing the uses, advantages and disadvantages of a particular system, it is difficult for
the bridge owner to know what systems could be useful. The descriptions are based only on
general classes of systems, and not on the particular systems that the surveyed companies may
offer.

The report identifies criteria that are necessary to consider when selecting health
monitoring systems. The criteria include questions that pertain to the nature of the monitoring,
the type of the bridge and components to be monitored, and the features the owner desires.
Additionally, the set of criteria has a fourth section that offers questions to help the owner
evaluate particular companies once the choices have been narrowed down. Questions of cost,
performance, and contracts are identified for the owner in the fourth section, but not addressed in
the program.

The criteria led to the development of a Microsoft EXCEL program. This program helps
the owner, by means of a list of questions, to sort through which companies offer the particular
system that seems to fit the needs of the particular bridge that needs monitoring. The program
does not rank companies, but helps to match which companies offer what the owner desires for a
particular bridge. The program matches owner desires to company specifics that were returned
in the questionnaire and lists the companies that best fit the owner’s needs. The evaluation of the
products and services that the companies offer is left to the owner. Since the authors of this
report could only take information from the vendors and not actually test the products, the
authors were not in a position to rank how well an individual company performs.

As a final thought, the authors would like to point out that many companies claim to offer
‘turn key’ systems that are immediately useful to the bridge owner. However, for the particular
case of damage detection for failure prediction, it is difficult for the owner to know exactly what
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thresholds should be used for the purpose of triggering the alarm feature. Generally, only
differences in data that show structural change can actually be obtained by many of the systems
considered. For example, a strain gauge can only measure changes in strain since the system was
installed because absolute strains are nearly impossible to measure. Similarly, an accelerometer-
based system can only determine vibration frequencies and mode shapes since the system was
installed and, therefore, does not know the original frequencies and mode shapes. These issues
make it difficult to determine the extent of the damage. In general, the best performance that can
be expected from most current systems is to warn the owner that changes in the system are
present, and such changes can be taken to mean that damage probably exists.

Monitoring systems that can automatically and reliably warn the owner when failure is
imminent do not seem to be available at this time. Such systems are yet to be developed and
may become a very useful tool in the future. For example, acoustic emission systems can locate
damage, but it is difficult to quantify the extent of damage and the remaining service life. Thus,
such information cannot warrant closure of the bridge. Moreover, many assumptions are made
in bridge design, and these assumptions are normally conservative oversimplifications. This fact
makes determination of significant threshold values for monitoring metrics even more difficult.
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APPENDIX A: COMPLETED COMPANY QUESTIONNAIRES

The appendix contains the completed questionnaires received from the companies selling bridge health
monitoring equipment. The questionnaires have been reformatted to fit a standard template. The
content, however, has not been changed.



Company: Acellent (1 of 4)

(1) What is the purpose of the system?

e Long-term monitoring
Acellent sensor networks are usually permanently affixed. This gives the most fidelity in
comparing the condition of the structure in present-day state status with
baseline information that was gathered much earlier, such as immediately after
sensor network installation.

e Short-term monitoring

e Inspection
Acellent sensors detect structural damage, corrosion, bolt loosening, or rivet
relaxation occurring after sensor installation.

e Early warning
Changes in behavior of transmitted acoustic waves within a structure may be
indicative of an impending failure.

e Other (please specify)

(2) What types of sensors or equipment are used?
e Accelerometers
e Acoustic Emission
Acellent uses piezoelectric sensors to receive ultrasonic acoustic information on passive
systems, and to both generate and receive information on active systems. We provide
both passive monitoring systems and active (interrogation/analysis) ultrasonic acoustic
analysis platforms.
e Strain Gauges
e Fiber-optic
e Electric Resistance
e Vibrating Wire
Load Cells
Wind Gauges
Tilt
Temperature
While Acellent commonly uses thermoelectric temperature sensors in our networks for
purposes such as system calibration for robust acoustic analysis, temperature sensing
alone is not our primary mission.
e Displacement

e GPS
e 3-D Laser Scanning
e LVDT

e String Potentiometers
e Other (please specify)
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Company: Acellent (2 of 4)

(3) What performance measures are monitored and how are these helpful (e.q., crack formation
and propagation, strain, displacement, corrosion, vibration, chloride content)?
Acellent networks monitor changes in structures that occur after the sensor network installation.
These changes include corrosion, fatigue, fracture formation or propagation (including within
welds), bolt loosening, rivet relaxation, buckling, hole formation, and delamination. Load
cycling and impacts are commonly associated with such damage.

(4) Isthe system:

e Permanent (any piece permanently fixed)?
Piezoelectric sensor networks (that both transmit and receive acoustic signals) remain
permanently affixed to maintain integrity of baseline information gathered at or shortly
after installation. These typically consist of flexible circuit material with embedded
sensors, though fine wires are used in some instances. In some cases, such as passive
detection of impacts, a controller/analyzer remains with the sensor network. In the case
of periodic active testing of integrity, the supporting electrical equipment (often a laptop
computer and an interface box) can be moved from one network to another.

e Reusable (everything can be unattached and moved)?
While Acellent sensor networks are fixed, analysis equipment can be moved from one
sensor network to another for periodic inspections. Basically, the sensors cannot be
removed without damaging their sensing functions.

e Portable (nothing attached/installed and are easily moved)?

(5) When can/should the equipment be installed?
e During Construction
Installation during construction commonly provides the least total expense and the
earliest opportunity to gather baseline acoustic transmission information.
e Post Construction

Post-construction installation allows damage that occurs or propagates after installation
to be detected.

(6) On what types of bridge can it be used?

o Steel Girder
Acellent systems may monitor steel girders, other beam types, and structures where such
objects are components that may change in acoustic transmission properties that indicate
damage, fatigue, or corrosion.

e Steel Truss
Acellent networks are applicable to steel truss structures.

e Cable Stayed
Components that receive high loading, such as cable stay attachment plates, would be
candidates for structural health monitoring with Acellent products.

e Prestress Concrete Girder
Acellent would welcome interaction to demonstrate applicability to detecting damage on
pre-stressed concrete structural components.

e Reinforced Concrete
This is an area of exploration for Acellent.

e Other
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Company: Acellent (3 of 4)

(7) What type of power source is used?

e Solar
Photovoltaic solar can be used to charge the battery that is used to power our hardware.
e Battery
Acellent products can be incorporated using hardwired or battery-powered
environments.
e AC
Yes.
e Other

Other sources that may charge a battery (such as wind) would be in a category similar to
solar power of Acellent products.

(8) Isitacomplete system and what does it include (sensor, control unit, software,
communication)?
Acellent furnishes both complete systems and components for systems. It is common for
Acellent to provide all equipment except for a laptop computer, which the customer often
already owns. Sensor systems, control units, and software are typical. Communication is often
already available via the network the laptop computer is associated with.

(9) What is the operating temperature range?
Approximately —50 to +230 degrees, Fahrenheit for the sensor network. Acellent often runs
tests for customers that involve fairly extreme temperature cycling.

(10) How does the system communicate remotely with the user (if at all)?
Acellent’s customers frequently define the remote communication methodology, such as with
satellite applications of our sensors. With active sensing with the user on-site, the controlling
computer’s communication network is typically used. However, Acellent is certainly willing to
explore alternate remote communication requirements as the need arises.

(11) Does the system have an alarm feature and how is it communicated?
Acellent’s passive detection systems are typically alarmed. Communications vary by
application, and may be customer-determined. (These needs often vary with the installation
location, whether the inspection is to be periodic or continuous, and accessibility of the
application to those performing the testing.) Active systems may be alarmed if automatic (such
as periodic) inspections are performed without a person present. Otherwise, any detected
damage shows up brightly in a screen display in front of the user.

(12) What does the software do (data processing, interface, communications, etc.)?
Acellent’s software drives the active sensors, and reads information from passive sensors. It
processes this through damage detection algorithms to show if damage was detected, an
indication related to damage size, and a location of the damage site. It stores this information in
data sets, typically on a laptop Windows-based computer.

(13) What services and or support are offered with purchase?
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Company: Acellent (4 of 4)

(14) What training/installation is required of the user or are these included (ease of use)?
Acellent offers customer training on site or at Acellent’s headquarters in Sunnyvale, California.
A typical training course takes 1-2 days to complete, but training lessons can be restructured in
accordance with specialized customer needs.

(15) What examples/applications of the system are available?
Please visit www.acellent.com to see some of the numerous examples.

(16) What specifications/performance measures for the equipment can you provide us (e.q.,
sampling rate limits, resolutions, data ranges, temperature ranges, measurement accuracy)?
Acellent can provide all of the above.
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Company: Advitam (1 of 5)

(1) What is the purpose of the system?

Long-term monitoring
Short-term monitoring

Inspection
Early warning
Other (please specify)
O Mitigation of maintenance costs:
0 Early detection of structural vulnerabilities, coming from local diseases or from
modifications of the static scheme
0 Early detection of main failure risks (elements with few or without redundancy)
due to visually undetectable phenomenon (fatigue, internal corrosion for example)
0 Validation of design hypothesis (concerning environmental and traffic hypothesis,
and their action on the structure)
0 Quantification of special events (storms, seisms, collisions...)
0 Direct evaluation of their impact on the structure and decision trees
0 Mitigation of user risks:
0 Detection of risks for the users (black ice, wind...)
0 Ability to maintain traffic after a special event
0 Real time traffic regulation

(2) What types of sensors or equipment are used?

Accelerometers

Capacitive

Acoustic Emission

Piezoelectric

Strain Gauges
Short or long range

Fiber-optic

Yes for long term installation
Electric Resistance

Yes, but for short term installation
Vibrating Wire

Almost never (too slow)

Load Cells
Yes
Wind Gauges
Yes
Tilt
Yes
Temperature
Yes

Displacement

GPS
Few because of the price
3-D Laser Scanning




Company: Advitam (2 of 5)

Very few
e LVDT
Or other displacement sensors
e String Potentiometers
No
e Other (please specify)
e FElectromagnetic sensors for tension force measurement in cables
e Ultrasonic sensors for tension measurement in bars
e Curvature sensors
e Laser for displacement measurement

(3) What performance measures are monitored and how are these helpful (e.g., crack
formation and propagation, strain, displacement, corrosion, vibration, chloride content)?
I would simplify and make two categories:
1. Monitoring of a bridge with known problem. In this case, monitoring is used as a
diagnosis tool to understand the extend of the problem

a. Example: monitoring of cracks: which will be used to define the most suitable
repair method

b. Example: acoustic monitoring of cables which will be used to locate area with
corrosion and assess the extent of the problem

c. Many other example are not so straight forward. In many cases, visual inspection
have shown abnormal problems with unknown origin, and the monitoring is
custom designed to help identifying the origin of the problem.

2. Preventive structural health monitoring. In this case, the monitoring is designed to detect
changes in the bridge behaviour, focusing on the key risks of the bridge.

a. Example: monitoring of fatigue from wind or traffic on a steel arch bridge that
would involve wind measurement, strain gages and load cells and rainflow
analysis

b. Example: monitoring of the Rion Antirion viaduct which involve about 300
sensors of different type and provides very useful data to bridge designer to assess
all un expected event:

1. Earthquake
ii. Un usual wind configuration
iii. Effectiveness of heavy maintenance
(4) Is the system:
e Permanent (any piece permanently fixed)?
e Reusable (everything can be unattached and moved)?
e Portable (nothing attached/installed and are easily moved)?
Each system is different based on the client needs and the risk to monitor. We usually
make two category: permanent and temporary.
Permanent monitoring is used when traditional methods can not detect or can not
react quickly enough. It is usually the most efficient way.




Company: Advitam (3 of 5)

Temporary is used for assessment of a particular problem or for long term
monitoring of slow ageing phenomenon. For example, control of balancing of a cable
bridge doesn’t need to be permanent. One reading every two years is usually sufficient.

(5) When can/should the equipment be installed?
e During Construction
e Post Construction
When possible the system should be installed during construction, it helps to
detect early sign of deterioration but also to confirm some of the assumptions
made during the design.
(6) On what types of bridge can it be used?
e Steel Girder
Yes
e Steel Truss
Yes
e Cable Stayed
Yes
e Prestress Concrete Girder
Yes
¢ Reinforced Concrete
Yes

e Other
We design and build systems on demand. The systems are adapted to the particular
risk of the bridge. So it can be applied to any type of bridge, but this is not the good
question. The good question is: “what do I fear on this bridge ?”. “What are the evens
that I can use as early warning ?”. “How can I detect these early warning events?”

(7) What type of power source is used?

Solar

Battery

AC

Other
Most of equipment can be powered with AC and/or DC (battery or solar). Battery and
solar panel are used for temporary system (limited to some months in practice). When
system shall be used for years, we always recommend wired powering.

(8) Isitacomplete system and what does it include (sensor, control unit, software,
communication)?
Yes, Advitam usually furnish complete systems which include: sensors, one or multiple
acquisition unit on-site, acquisition software customized for the structure, and remote
communication with Advitam software for data collection.
We usually are responsible of maintenance of the system over years.

(9) What is the operating temperature range?




Company: Advitam (4 of 5)

It is a criteria that we include in the design. We have experience of system working in
Asia in very humid and warm environment. We also have experience of systems working
in Russia with very low temperature in winter.

(10) How does the system communicate remotely with the user (if at all)?
The system can be accessed remotely as long as a way of communication exists on-site.
Depending on_the elements available and the amount of date to transfer, the system can
be remotely access via:_landline, GSM, DSL/Cable, Wireless.

(11) Does the system have an alarm feature and how is it communicated?
Yes the system includes alarm features. The “health rules” are setup on case by case
basis. It can be as simple as threshold on each sensors or can be advanced rules
characteristic of bridge response. For example, in many cases a vibration in itself is not
abnormal, but becomes abnormal if we know that it is associated with a low wind.
Advanced health rules usually involve several sensors and monitoring of
the bridge response associated to the loads.

(12) What does the software do (data processing, interface, communications, etc.)?
Typical functions are:
e Data acquisition & automatic alert management in order to detect abnormal
phenomenon
e Real time data acquisition and synchronisation
e Password protected secured access, with different level of access (viewer only,
setup of acquisition parameters, data analysis, ...)
e Setup of
0 Acquisition frequency per sensor
0 Recording frequency per sensor
0 Alarm and alert level
e Auto diagnostic system. Detection of system anomalies (sensor failure or de
connection, power failure, software crash, ...)
Detection of the aberrant or impossible values
Real time review of data and time history
Review of global bridge condition
Setup of virtual channels
Preliminary data processing
0 Fourier transform
o Filtering
0 Min, Max, & average over periods
O Integration and derivation
o Log files
e Automatic reports in case of abnormal events or on demand
e Export of data to Excel

A-8




Company: Advitam (5 of 5)

(13) What services and or support are offered with purchase?
0 Design the system
Customization of the monitoring software
Installation &commissioning
Training to use and routine maintenance
Remote data management and checking of the installation
Maintenance & multi years guarantee extension

O O0OO0OO0O0o

(14) What training/installation is required of the user or are these included (ease of use)?
Training to the use of the system and to the routine maintenance. All GUI interface are
customized to the project and are very easy to use.

(15) What examples/applications of the system are available?
Rion-Antirion, Antirion, Greece
Plock bridge, City of Plock, Poland
Millau Viaduc, Millau city, France
Severn Bridge

Forth Road Bridge, England

St Cloud Viaduct, France

Keppel viaduct Singapore

Penang Bridge, Malaysia

Seyssel Bridge, France

OA®6, France

Dieulouard bridge, France

See also www.advitam-group.com

OO0OO0OO0OO0OO0OOOOOODO

(16) What specifications/performance measures for the equipment can you provide us (e.g.,
sampling rate limits, resolutions, data ranges, temperature ranges, measurement
accuracy )?
Sampling rates is usually 1Hz (quasi static) or 500Hz (dynamic). Dynamic is required as
soon as dynamic phenomenon or fatigue are expected.
Data range and resolution is really case and sensor dependant;
Accuracy is not a suitable word unless you specify how you define accuracy.




Company: ATI (1 of 3)

(1) What is the purpose of the system?
e Long-term monitoring

Short-term monitoring

Inspection

Early warning

Other (please specify)
We offer wireless systems for both long term monitoring as well as short term
monitoring. Our long-term systems can also be used for early warning. Remote
Transmitters and sensors are mounted on the bridge, and communicate with a
conveniently located receiver unit. Receivers can operate stand-alone, or in conjunction
with a PC-based data acquisition system. Our systems are quick and easy to install.
They eliminate long cable runs as transmitters are mounted very close to the sensors.

(2) What types of sensors or equipment are used?
e Accelerometers
e Acoustic Emission
e Strain Gauges
e Fiber-optic
e Electric Resistance
e Vibrating Wire
Load Cells
Wind Gauges
Tilt
Temperature
Displacement
e GPS
e 3-D Laser Scanning
e LVDT
e String Potentiometers
e Other (please specify)
We offer systems for use with most any type of sensors including, but not limited to:
-Strain gages- electric and vibrating wire.
-Load cells
-Accelerometers- strain gage and ICP style.
-LVDTs and string potentiometers
-Thermocouples, RTDs and thermistors.
-Wind gages.
-Tilt, yaw and roll sensors.

(3) What performance measures are monitored and how are these helpful (e.g., crack formation
and propagation, strain, displacement, corrosion, vibration, chloride content)?

Most any type of physical measurement can be monitored with our system. We offer a strain
sensor that will detect high strain concentrations anywhere within a 6 ft or longer span, while only
using one channel. This is particularly useful for detecting problematic areas and areas of potential
fracture.




Company: ATI (2 of 3)

(4) Is the system:
e Permanent (any piece permanently fixed)?
Certain types of our sensors can be permanently fixed.
e Reusable (everything can be unattached and moved)?
Yes, most all of our equipment can be removed and re-used.
e Portable (nothing attached/installed and are easily moved)?
We offer portable as well as permanently-mounted systems.

(5) When can/should the equipment be installed?
e During Construction
e Post Construction
Either. Primarily depends on the types of sensors used.

(6) On what types of bridge can it be used?

o Steel Girder
Steel Truss
Cable Stayed
Prestress Concrete Girder
Reinforced Concrete
Other

They can be used on any type of bridge.

(7) What type of power source is used?
Solar
Battery
AC
Other
All of the above types of power can be used.

(8) Is.it a complete system and what does it include (sensor, control unit, software,
communication)?

It is available as a complete system, including sensors and a computer-based data acquisition
system.

(9) What is the operating temperature range?
Our transmitters and receivers can operate in -20 to 140 degree F environments.

(10) How does the system communicate remotely with the user (if at all)?
The system can be queried over the internet with a wireless internet interface. Remote
transmitters communicate with a central Receiver, which reports over the internet.

(11) Does the system have an alarm feature and how is it communicated?
Alarm status can be automatically transmitted over the internet.
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Company: ATI (3 of 3)

(12) What does the software do (data processing, interface, communications, etc.)?
Automatically counts peaks occurring within programmed zones (such as microstrain zones).
Multiple zones provided. Histograms, timeplots and FFT displays. Data can be exported to
most any third party software package. Custom algorithms available.

(13) What services and or support are offered with purchase?

We offer complete testing services, or just on-site assistance. Quick turn-around for repairs.

(14) What training/installation is required of the user or are these included (ease of use)?
Training is usually not required as the system is very easy to use. However, on-site or factory
training can be provided.

(15) What examples/applications of the system are available?
References available at University of Michigan and University of Maryland. U of Michigan has
an eight chan