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FOREWORD

Civil infrastructure systems are generally the most expensive assets in
any country, and these systems are deteriorating at an alarming rate. In
addition, these systems have a long service life in comparison to most
other commercial products. As well, the introduction of intelligent
materials and innovative design approaches in these systems is
painfully slow due to heavy reliance on traditional construction and
maintenance practices, and the conservative nature of design codes.
Feedback on the "state of the health" of constructed systems is
practically nonexistent.

In the quest for lighter, stronger and corrosion-resistant structures, the
replacement of ferrous materials by high-strength fibrous ones is
being actively pursued in several countries around the world, both
with respect to the design of new structures as well as for the
rehabilitation and strengthening of existing ones. In North America,
active research in the design of new highway bridges is focused on a
number of specialty areas, including the replacement of steel
reinforcing bars in concrete deck slabs by randomly distributed
low-modulus fibers, and the replacement of steel prestressing cables
for concrete components by tendons comprising super-strong fibers.
Research is also being conducted on using FRPs to repair and
strengthen existing structures.

By and large, today's bridges and roads are "deaf, dumb and blind";
and they are also in a state of disrepair due to inadequate maintenance,
excessive loading, and adverse environmental conditions, both natural
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Xii Foreword

and man-made. In the United States alone, there are more than
200,000 deficient bridges, and in Canada there are approximately
30,000. The first bridges instrumented with integrated FOSs were
built in Germany about 15 years ago; these first-generation gauges
only provided information about the change in total length of the
instrumented component, and had very limited strain resolution. The
current Fiber Bragg Grating (FBG) sensors, based on a passive
spectral ratiometric approach using a low power and broad bandwidth
light source, provide more detailed information. Now it is possible to
interrogate many FOS sensors by using a novel multiplexing system to
provide even dynamic data at a micro level.

In the past, the monitoring of structures was carried out by means of
portable measuring devices carried to the site each time a set of
readings was required. In recent years, remote monitoring techniques
have been developed using lasers, FOSs and remote data collection
and processing techniques. A researcher or maintenance engineer can
now collect data without leaving the office. ISIS Canada has
developed a software package for monitoring structures that can be
accessed via the Internet. Using this technology, a number of
structures, including bridges, overpasses, columns, and a parking
structure, are currently being monitored in Canada.

The new discipline of Civionics is being developed by Civil
Structural Engineers and Electrophotonics Engineers in order to lend
validity and integrity to this process. Civionics will produce engineers
with the knowledge to build “smart” structures containing the
necessary structural health monitoring (SHM) equipment to provide
much needed information related to the health of structures before
major structural failures. This discipline will, thereby, assist engineers
and others to realize the full benefits of monitoring civil engineering
structures.

Realistically, it is true that consulting engineers and contractors
will only invest in the development of the expertise created by
graduates of the Civionics discipline when they can be assured that the
prospects for business, both short term and long term, are good in this
field. The ISIS Canada experience of integrating fiber optic sensors
(FOS) and fiber reinforced polymers (FRP) into innovative structures
that have been built across Canada demonstrates that these
opportunities do exist.
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For SHM to be successful and useful, specifications must be
written on the entire process, starting from the system design to data
collection.  The Civionics specifications include the technical
requirements for the SHM system including fiber optic sensors,
cables, conduits, junction boxes and the control room. A specification
for data collection and storage is currently being developed as well.
This workshop will be a forum for reviewing the evolution of
Civionics specifications as a result of several case studies of structural
health monitoring projects in Canada.

There is an urgent need to take advantage of emerging technologies
that have the potential for increasing the life of civil engineering
structures and reducing maintenance costs. This workshop is in a
position to make a substantial contribution toward this goal. The
workshop should create an international network that intends to
expend its resources over the next several years in advancing the
widespread use of new technologies in infrastructure projects, mainly
by judicious and innovative use of smart materials and intelligent
sensing to build intelligent structures using the Civionics discipline to
monitor these structures for their health.

My congratulations to the organizing committee of the workshop and,
in particular, to Professor Farhad Ansari for inviting researchers,
practitioners and owners to donate their precious time to become
involved in the discussions to formulate a winning strategy to build
the intelligent structures of the 21% century that will be economical to
build and require less maintenance.

Aftab Mufti,
President

ISIS Canada

16" September 2004



PREFACE

Structural health monitoring (SHM) is emerging as an important element
in managing the public works infrastructure systems such as bridges,
tunnels, buildings, dams, and power plants. To a greater extent,
infrastructure has become more reliant on SHM for myriads of reasons that
include increased number of aging structures, bold concepts in design of
innovative structures, use of new materials, increased costs associated with
the maintenance, safety, and security as well as the need for effective post
disaster condition surveys. A successful civil structural health-monitoring
(CSHM) program involves selection and placement of sensors suitable for
measurement of key parameters that influence the performance and health of
the structural system. Survey of literature reveals development of a number
of conventional and novel sensors for this purpose including optical fibers,
MEMS, PZT and magnetic based sensors.

Despite recent developments in the engineering of innovative sensors a
number of issues has limited their applications to civil engineering
structures. Civil structures are inherently large in dimension, geometrically
complex with different elements and joints, and composed of diverse
materials. The response of structural elements is due to an assortment of
perturbations and therefore the measurements of interest are not limited to
strains and vibrations. For instance, measurement of importance in cable
stays is force and the condition of strands, i.e. rupturing of the strands.
Whereas detection of cracks, excessive deflections and corrosion in
reinforcing bars is important in concrete elements and structural systems.
Moreover, a number of major application areas in civil structures such as
post seismic and disaster monitoring have received very little attention. It
turns out that many of the novel sensor systems that have been developed
over the past decade have the potential for effective health monitoring of
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civil structures. In certain instances, the advanced sensory systems have
been effectively employed for health monitoring of structural systems.
However, in the majority of cases these successes have been sporadic mainly
due to issues involved in practical adaptation of the new technologies in civil
structural systems. The primary technological challenges that need to be
resolved prior to full adaptation of the sensor systems for CSHM are
highlighted below:

e Configuring the sensor for sensing parameters of relevance, i.e. cracks,
forces, corrosion, deflections, etc.

e Sensor packaging for a diverse set of materials and structural elements

such as concrete decks, rebars, steel cables, structural steel, FRP sheets

and tendons

Installation problems due to harsh construction environment

Calibration and referencing for long term sensing

Sensor packaging and durability

Long-term stability and survivability

Long term reliability

Multiplexing and distributed sensing

Dynamic range, spatial resolution and sensitivity

Data acquisition, processing, and interpretation

Sensor leads, junction boxes, monitoring stations, and other periphery

systems for consideration during the construction process design

e C(Calibration and referencing for permanently embedded sensors

This list is not exhaustive, but it serves to illustrate some of the
characteristic problems that need to be addressed for practical
implementation of advanced sensing technologies to large structural
systems. In essence, addressing these issues requires:

1) Synthesis of available sensing technologies and verification of their
relevance to structural systems

2) Determination of the developmental stage of the technologies

3) Evaluation of the barriers that prevent implementation

4) Development of timelines for a coordinated R&D plan

5) Identification of appropriate test beds for demonstration projects

6) Development of Standards and Specifications
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To accomplish this, an international organizing committee composed of
leaders in CSHM technologies was asked to invite experts from their
countries to gather at a workshop to present the current status of CSHM and
to develop plans for applications of these technologies for condition
monitoring of constructed facilities. This book is compilation of the state-
of-the art as presented by these experts during the first CSHM workshop
that was convened in Oahu, Hawaii in November 2004. Three separate
technical committees worked on the development of R&D plans. Syntheses
of their deliberations were presented to the workshop steering committee at
the conclusion of the workshop. The members of the steering committee
comprised of government decision makers, engineers, scientists and
academicians with expertise in construction and maintenance of the public
works infrastructure systems.

I am pleased to introduce the members of the international organizing
committee, steering committee, and the technical committees of the
workshop:

International Organizing Committee

Alessandro De Stefano, Politecnico di Torino, Italy

Wolfgang Habel, BAM, Germany

Hyun-Moo Koh, Seoul National University , Korea

Sung Kon Kim, Seoul National University of Technology, Korea
Aftab Mufti, ISIS Canada, University of Manitoba, Canada
JinPing Ou, Harbin Institute of Technology, China

Zhishen Wu, Ibaraki University, Japan

Steering Committee Members

Perumalsamy N. Balaguru, Committee Chair, Rutgers University, USA
Yukio Adachi, Hanshin Expressway Public Corporation, Japan

Steven Chase, Federal Highway Administration, USA

Hamid Ghasemi, Federal Highway Administration, USA

Bernd Hillemeier, Technical University of Berlin, Germany

Andrew Horosko, Ministry of Transportation, Canada

Sun Kon Kim, Seoul National University, Korea

Qingbin Li, Tsinghua University, China

Bojidar Yanev, New York City Department of Transportation, USA
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Results from the work of technical committees will be synthesized in a
report and disseminated to the public through a report to the National
Science Foundation. The financial support of the National Science
Foundation (NSF) for this workshop is greatly acknowledged. I am indebted
to a number of organizations for their support and sponsorship of the
workshop. These organizations include the American Concrete Institute
(ACI), Canadian network of excellence, Intelligent Sensing for Innovative
Structures (ISIS Canada), National Natural Sciences Foundation of China
(NNSFC), and the newly formed International Society for Health Monitoring
of Intelligent Infrastructure (ISHMII). The primary goal of ISHMII is to
advance the understanding and the application of Structural Health
Monitoring (SHM) in civil engineering infrastructure. In this respect,
ISHMII provides the desirable forum for exchange of ideas. One of the
recommendations of the workshop steering committee pertained to future
sponsorships of the CSHM workshops by ISHMII. It takes motivated
engineers to further the state-of-the-art in CSHM and I am sure that we are
on the right path towards advancing our goals. 1 am grateful for the
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enthusiastic support of the civil engineering community in making this
workshop a success.

Farhad Ansari
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ARE CIVIL STRUCTURAL ENGINEERS “RISK
AVERSE”? CAN CIVIONICS HELP?

Aftab A. Mufti, Baidar Bakht, Gamil Tadros, Andrew T. Horosko, and

Gordon Sparks

ISIS Canada Research Network, JMBT Structures Inc., SPECO Engineering, Deputy Minister,
Manitoba Transportation & Government Services, Professor, Department of Civil
Engineering, University of Saskatchewan

Abstract: This paper discusses the reasons civil engineers have for being conservative in
their design and argues that structural health monitoring will assist in
providing data that could realistically be used to calibrate load and strength
factors leading to more efficient and economical designs.

Key words:  conservative, data, decision, designs, efficient, risk, structural engineers,
structural health monitoring, SHM.

1. RISK ASSOCIATED WITH CIVIL STRUCTURES

Before we try to answer the two questions posed in the title of our paper,
we would like to consider the degrees of risks involved in various human
endeavours, which are considered ‘acceptable’ by the society. For example,
the table of the risk of death involved in various activities, as proposed by
Melchers [1], is reproduced below in Table 1.

Notwithstanding the accuracy of the risk values given in Table 1, it is
clear that the risk involved in the failure of completed civil structures is
significantly smaller than that involved, for example, in air travel. It is

3
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Table 1. Risks involved in various activities (Melchers, 1987)

Activity Risk

(/ million / year)
Alpine Climbing 1500 — 2000
Swimming 120
Smoking 1000
Air Travel 24
Car Travel 200
Coal Mining 300
Construction 150 — 440
Manufacturing 4000
Building Fires 824
Structural Failures 0.1

recalled that the civil structures include bridges, public buildings, dams,
offshore platforms and power plants. The glaring differences between risks
involved in various endeavours of the human society lead to another set of
questions:

o Are the low levels of risks associated with completed civil structures
fixed by the society?

e Or are these risk levels fixed by the designers of civil structures
themselves because they are wary of taking undue risks?

It is true that the public does not expect civil structures to ever fail.
However, we suspect that the low risk levels associated with completed civil
structures are a result of a combination of both the demands of society and
also the awareness of the structural engineer. Unlike manufactured machines
with usually well tested prototypes, each structure is unique and nearly
always without means to monitor its performance during its service life
under loads and circumstances, which are more difficult to forecast than
those for machines. We would like to make a case for the structural health
monitoring (SHM) of important civil structures, such as large bridges and
public buildings. They could be monitored on a continuous basis, thus
eliminating certain unknowns about their performance, which could and



Are Civil Structural Engineers “Risk Averse”? Can Civionics Help? 5

does change with time. In making a case for the SHM of important civil
structures, we foresee the slight increase in the notional, rather than the
actual, risk of failure in these structures, but a significant reduction in the
capital cost that society has to incur partly to construct and largely to
maintain its infrastructure.

2. CIVIL STRUCTURAL DESIGN PROCESS

Traditionally, structural components had been designed by the working
stress method, which requires that the maximum stress due to nominal dead
loads and live ‘service’ loads is a fraction of the maximum stress that the
component can withstand. The ratio of the failure stress to the ‘actual’ stress
was and is still known as the factor of safety. As long as the factor of safety
was a sufficiently large number, say 2 or 3, the design was deemed to be
safe. While the working stress design has served the engineering community
well for a long time, it has led to structures with non-uniform margins of
safety. For example, if long- and short-span components were designed to
the same design specifications, or codes, the long-span components would
have considerably larger margins of safety than their short-span
counterparts. This would be so because the designs of large span
components are governed by dead loads, which can be forecast with more
certainty than live loads, which govern the design of short-span components.

Works of researchers such as Cornell and Lind in the late 1960’s and
early 1970’s laid the foundations for modern structural design codes, which
are based on the concept of structural reliability [2]. In some parts of Europe
and in Canada, the philosophy incorporating probabilistic-based design is
referred to as the limit states design method; and in the USA, the same
method is referred to the load and resistance factor design (LRFD) method.
The first limit states design code for bridge design in Canada was the
Ontario Highway Bridge Design Code [3], introduced in 1979, followed by
two editions, and then by the Canadian Highway Bridge Design Code [4].
The LRFD method was introduced for bridge design by the AASHTO
Specifications in 1994 [5].

It is important to note that the working stress method, which is still
practiced in many parts of the USA as well as many other countries, was
used to design a very large part of the current stock of infrastructure in
practically every country. The earlier working stress design methods,
requiring manual calculations and based on simplifying assumptions, were
usually quite conservative. Today, the benefits of such conservatism can be
exploited after they have been identified especially by careful use of SHM.

Similar to several other modern limit states design codes, the Canadian
and American bridge design codes relate only to the notional safety margin
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of individual components. The safety margin, quantified by the
dimensionless safety index [, relates to probability of failure of the
component, and is determined by the statistical properties of variable
resistance R of the component, and those of S, the effects of the combination
of loads, which are also subjected to statistical variations.

S

Figure 1. Probability of failure of a structural component

As illustrated in Figure 1, the distributions of R and S are likely to
overlap, indicating a certain probability of failure. The load and resistance
factors specified in a structural design code determine the value of £ for the
components of structures designed by the code. After determining by back
calculations that the value of £ for components of existing bridges are 3.5
or greater, it was agreed amongst the experts in the field that components of
new bridges should be designed for £ = about 3.5. Both the Canadian and
American bridge design codes are generally calibrated to = 3.5 (see
Fig. 2), which corresponds to the notional probability of failure of a
component of 1 in nearly 2,000 during the lifetime of the bridge.
Considering the lifetime of a bridge to be 75 years, the probability of failure
corresponding to £ = 3.5 translates to one failure in about 150,000/year. The
fact that this probability of failure is significantly larger than the probability
of failure of one in 10 million/year for completed structures (Table 1),
underscores two very important points with respect to bridges, in particular:

e /[ relates only to the notional failure of a component; the failure of the

combination of components, being a system, has a much smaller
probability of failure; and
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e since most failures are caused by extreme events, such as those relating to
hydraulics, £ should not be taken as the real measure of the safety of the

structure.

RANGE OF USUAL INTEREST

14 in 2000/lifetim

Probability Function

Y
oo 10 20 30 4.0 50 6.0

p=3.5

p
Figure 2. Safety index beta and probability of failure

50

RANGE GF USUAL INTEREST

n

5 10 20 0 40 50 60 w7

TIME [YEARS]
Figure 3. Reduction in safety index with time

The resistance of a structure, say a bridge, can reduce with time, due to
environmental and other time dependent effects, with the result that the R
distribution shown in Figure 1 moves to the left. Similarly, the live loads that
a bridge is called upon to carry can also increase with time, and has been
experienced in Canada with changes in vehicle weight regulations demanded
by the economics of weight hauling by highway trucks. The increase in
vehicle weights causes the S curve in Figure 1 to move to the right. As
illustrated in Figure 3, the net result of the decrease of resistance and
increase of loads over time is the increase of the overlapping areas of two
curves. Hence, it can be seen that the notional safety indices of the
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components of a bridge can decrease with time. Should such a reduction in
the safety index always give us a cause for concern? Fortunately, we can
continue to use a bridge even if its safety index is smaller than, say 3.5, but
only if we have reliable knowledge about the structure. In pioneering and
ground breaking work, Bakht and Jaeger [6] pointed out that each time a
bridge was tested surprising results were observed. Its true behaviour was
different than the original design.

The CHBDC (2000) has a section on the evaluation of bridges, which is
based on the concept of a target reliability index that can change with (a)
system behaviour, (b) component behaviour, and (c) the level of inspection.
The system behaviour relates to the effect of the failure of a component to
the failure of the whole structure; the component behaviour corresponds to
the ductility of its failure; and the inspection level refers to degree of
confidence in the inspection process in determining the actual condition of
the bridge and its components. The effect of the three factors on the target
reliability index can be explained with the help of two examples.

In the first example, the component under consideration is critical to the
safety of the entire structure. It can fail suddenly, such as in shear or by
buckling. The component is also not inspectable, possibly because it is
hidden. For such a component, the target reliability index [ is required by

the CHBDC (2000) to be 4.00. For normal traffic, the live load factor ¢,

corresponding to f of 4.00 is 1.77.

For the second example, the component is such that its failure does not
affect the failure of the whole structure. Also, it is subjected to gradual
failure with warning of probable failure. The inspection of the component is
carried out by the evaluator and the calculations for the final evaluation
account for all information during this inspection. For such a component, the
target reliability index £ is required by the CHBDC (2000) to be 2.50 with

the live load factor ¢; for normal traffic being 1.35.

It can be seen that depending upon the system and element behaviour and
confidence on inspection, the difference between two useable live load
capacities can be as large as about 24%. If the condition of a component of a
structure were determined with the help of sensors in an SHM system, the
degree of confidence in the determination will be greater than in any visual
inspection, with the consequence that the evaluator of the component will be
able to utilize a larger portion of its live load capacity.

The concept of the target reliability index changing with the inspection
level does not exist in design of new structures. Yet, it can be appreciated
that the level of risk that a designer takes with a new design can be suitably
increased, and the capital cost of the structure decreased, if he/she were
confident that the condition of the structure and the load that it receives will
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be determined continually and accurately by an SHM system. Drawing upon
the comparison between a fully instrumented aerospace structure and civil
structure without any instruments, we state confidently that the designers of
civil structures are risk-averse to an extent because of the absence of
information about the field performance of these structures.

3. STRUCTURAL HEALTH MONITORING
SYSTEMS

The second question posed in the title of our paper — Can civionics help
(in making designers of civil structure less risk-averse)? — is also answered
affirmatively by the above discussion. The term ‘civionics’ was coined
recently to be parallel to ‘avionics,” which is defined in American English
language dictionaries to denote the application of electronics to aviation and
astronautics. ‘Civionics’ refers to the application of electronics to civil
structures (to determine the state of their health). The use of sensors to
monitor the response of a structure or its model is not new, nor is bridge
evaluation by field testing, which includes both diagnostic and proof testing.
What is new, however, is SHM through the use of civionics. It is recalled
that the purpose of SHM, according to Mutfti [7], is to monitor the in-situ
behaviour of a structure accurately and efficiently to determine its health or
condition. SHM is the integration of a sensory system, a data acquisition
system, a data processing system, an archiving system, a communications
system, and a damage detection and modelling system to acquire knowledge,
either on demand or on a continual basis, regarding the in-service
performance of structures.

In the past, civil engineers have maintained the integrity of civil
structures by means of a system of manual inspection, nondestructive
evaluation (NDE) and interpretation of data using conventional technologies.
The profession has relied heavily on evaluation parameters given in codes of
practice that lead to conservative and often costly conclusions. The current
practice has resulted in a North American stock of the civil structures whose
health is not easy to monitor. For example, many bridges and large buildings
constructed in earthquake-prone areas cannot be opened immediately after a
seismic event due to the time and cost involved in performing extensive
safety checks. The result is that we cannot be sure how safe these structures
are and whether they should continue to be in service.

In order to remain competitive in today’s global economic environment,
the owners of civil structures need to minimize out-of-service time for their
structures. This is true whether a service disruption results from periodic
inspections to detect deterioration resulting from normal operations or from
inspections following extreme events, such as strong-motion earthquakes,
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hurricanes, or flash floods. In the evaluation of any structural system, it is
important to be able to assess specific performance issues related to
serviceability, reliability and durability. To effectively quantify the system’s
performance requires a means to monitor and evaluate the integrity of these
large civil structures while in service. This information will allow owners to
allocate resources towards repair, replacement or rehabilitation of their
structures. This information will also aid in future projects, as it will help to
estimate the life cycle costs of the structural system compared to the initial
cost. The essence of the SHM technology, therefore, is to develop
autonomous systems for continuous monitoring, inspection and damage
detection of structures. The results of structural conditions should be
automatically reported through a local network or to a remote monitoring
centre. Clearly, the development of such a system will involve many
disciplines including structures, materials, damage detection, sensors, data
collection and intelligent processing, computers, and communication as is
shown in Figure 4.

Remote Monitoring
and Communications

Smart Structures Intellipent Proceseing!
and

Data Ivlanage ment

Hon-Destructive
Evaluation (NDE)
and Theoretical A nalysis

Sensors

&ctuators

Figure 4. The basic components of SHM Systems

Although conventional NDE can be considered within the framework of
SHM, there is a difference in terms of data interpretation between the
traditional NDE and SHM. The traditional NDE techniques tend to use direct
measurements at discrete time intervals to determine the physical condition
of structures. For example, bridge testing could either be diagnostic or
involve proof loading. For this type of evaluation, a history data is generally
not required. SHM techniques use continuous monitoring and assess the
change in the measurements at the same location at two different times to
identify the condition of a structure. Hence, a history of data is crucial to the
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technique. The direct benefit potential from SHM systems is enormous and

includes:

e monitoring and evaluating structures in real-time under service
conditions;

e reducing downtime;

e improving safety and reliability; and

e reducing maintenance costs.

With the reduced downtime and improved reliability, in-service
structures can be used more productively with less cost.

The following example highlights a statue that itself is a simple structure
but embodies the concept of SHM.

4. CIVIONICS INTO PRACTICE

For SHM to become part of civil structural engineering, it should
include civionics. Formal definition are given below to encourage the
development of Civionics as an academic discipline in Canadian universities
and technical colleges.

The new discipline of civionics must be developed by civil structural
engineers and electrophotonics engineers to lend validity and integrity to the
process. Civionics will provide engineers with the knowledge to build
“smart” structures containing the necessary SHM equipment to provide
much needed information related to the health of structures before things go
wrong. This discipline will, thereby, assist engineers and others to realize
the full benefits of monitoring civil engineering structures.

Realistically, it is true that consulting engineers and contractors will
only invest in the development of the expertise created by graduates of the
civionics discipline when they can be assured that the prospects for business
are good in this field. The ISIS Canada experience of integrating FOSs and
FRPs into innovative structures that have been built across Canada
demonstrates that these opportunities do exist.

5. CONCLUSIONS AND RECOMMENDATIONS

The answer to the question, “Would civionics help to change the “risk
shy” culture of civil structural engineers?” is a conditional yes. However,
the civionics discipline needs to be further developed.
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As mentioned earlier, ISIS Canada intends to significantly change the
design and construction of civil engineering structures. For changes in
design and construction to be accepted, it is compulsory that innovative
structures be monitored for their health so that the necessary data store can
be developed. To assist in achieving this goal, ISIS Canada is developing a
new discipline, which integrates Civil Engineering and Electrophotonics
under the combined banner of Civionics. In addition, ISIS Canada is
developing new Civionics specifications and guidelines for construction
engineers [10].

We also believe the change in culture would lead to new innovations in
civil engineering technologies and methods.
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MONITORING TECHNOLOGIES FOR
MAINTENANCE AND MANAGEMENT OF

URBAN HIGHWAYS IN JAPAN
A Case of Hanshin Expressway Public Corporation

Yukio Adachi

Hanshin Expressway Public Corporation, Japan

Abstract: The development of inspection and monitoring techniques for civil
infrastructure systems, such as highway viaducts, is an urgent need to diagnose
the condition of the deteriorating structures or seismically damaged structures.
This paper introduces the advanced non-destructive inspection techniques for
seismically damaged structure by 1995 Hyogo-ken Nanbu earthquake and also
advanced maintenance monitoring system for deteriorating structures
developed by Hanshin expressway public corporation, Japan.

Key words:  Highway structures, Monitoring, Inspection, Maintenance, Seismic damage

1. INTRODUCTION

Since its foundation in 1962, the Hanshin Expressway Public Corporation
(HEPC) has built urban highways in the Osaka and Kobe metropolitan area
in Japan for 42 years. The expressway network currently expands 233.8 km
in total length and is traveled by about 900,000 vehicles or about 1,300,000
people on average per day. As shown in Figures 1 and 2, of the 233.8 km
currently in service 86% are elevated structures and sections in service for
20 years or longer account for more than 50% of the Hanshin Expressway
structures. With these structures getting older, maintenance becomes
increasingly important in order to consistently keep them sound. Photo 1 and
2 show the typical examples of the deterioration of structures. Based on the
background above, development of inspection and monitoring techniques for
deteriorating structures are urgent need for maintenance activities.
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Development of inspection and monitoring techniques is also needed for
risk management. HEPC experienced tremendous seismic damage shown in
Photo 3 due to 1995 Hyogo-ken Nanbu earthquake. One third of the piers in
Kobe area were needed to be re-constructed. The number of the piers for
reconstruction is over 300. The damage assessment of the structure is the
essential activity for the restoration. Damage information was obtained by
the eye-inspection. Eve-inspection is a reliable method but it needs much
time and no meaning for under ground part of the structure such as piles and
underground part of the pier as shown in Photo 4. Therefore, development of
inspection and monitoring techniques for seismically damaged structures are
also urgent need for risk management of expressway network.

This paper introduces the monitoring technologies for maintenance and
management of urban highways developed by Hanshin expressway public
corporation.

Tunnelks 12 6km Tunnel 12 6km
Earthworks 50 Earthworks 53
20 2km 20 2km
9% 9%
Concrete Concrete
giders girders
40 9km 40 9km
017 017
Steelgiders 160 1km 69% Steelgiders 160 1km 69%
Figure 2. Hanshin expressway by age Figure 2. Structural types

Photo 2. Fatigue cracks of steel girders

Photo 4. Hidden seismic damage of column
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2. MAINTENANCE TECHNIQUES

2.1 Intelligent road surface inspection system

Pavement cracks, potholes, ruts, and other road surface damages can
greatly impair driving safety and comfort traffic flow, causing hydroplaning
or slipping of the steering wheel. These also allow water to collect beneath
the pavement, which accelerates the deterioration of the pavement and the
bridge deck. Thus finding and repairing such damage at an early stage is
extremely important in maintaining bridges in good condition.

Daily inspection patrols involving visual inspection of the road surface
has been carried out for road surface inspection, but is reliant on the skill
level of inspectors. Therefore HEPC developed intelligent road surface
inspection system for intelligent and reliable inspection.

Figure 3 shows the system configuration. The inspection vehicle is
mounted with a CCD camera, laser emitter equipment, and image processing
unit, as well as VICS (Vehicle Information Communication System)
receivers and wheel speed sensors to get position information. The
inspection vehicle travels along the roadway according to traffic flow and
assesses the condition of the road surface in real time. Data on the road
surface—information on the type and location of damage and images of
damage—are stored on the road damage collection terminal. The inspector
transfers to the Maintenance Management Database System in the form of
inspection data via the road damage confirmation terminal.

Images received from the CCD camera mounted to the inspection vehicle
are analyzed using image processing to identify road damage such as cracks
and potholes. Figure 4 shows the road damage detection procedure. Images

GPS satellite
ccD GPS antenna unit
{for detecting damage) o4 L |

GPS satellite

¢

CCD camera
(for measuring wheel rut)

Map maching

Laser emitter

Pothole

— Laser slit beam

Figure 3. System configuration of the intelligent road surface inspection system
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of the road surface are separated by gradation conversion processing into the
white/yellow painted sections and differential images. The differential
images are masked using the painted section, then the remaining differential
images are analyzed for damage by area-based analysis and
horizontal/vertical profiling. Ruts in the road surface are measured with a
laser using the light section method as shown in Figure 5. The light source is
a laser beam diffused into a fan shape. The camera measures distortions in
the laser.

2.2 Inspection robot

For the maintenance of highway structures, the inspection activities are the
most important. There are four categories of inspection: initial, daily,
periodic and extra. The purpose of daily inspection is to obtain general
conditions of damaged road structures at an early stage, and periodic
inspection looks into details of the detected damage to estimate functional

Captured original image

g&??ﬁ Gradation

conversion

Painted section

Gradation | Differential
conversion § image Area-based analysis Horizontal/vertical profiling

Laser

where,
D = rut depth [mm]
d = distortion in laser [pixel]
H H = height of laser [mm]
h = number of pixels in vertical
direction [pixel]

Figure 5. Measurement using the light section method
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deterioration of the structures. The maintenance activities are performed
mainly based on the periodical inspection results.

However, over 40% percent of the cost of the periodic inspection as
shown in Figure 6 is for temporary facility just for performing inspection. In
order to reduce the inspection cost, inspection robot has been developed. The
robot shown in Photo 5 which is a trial production for steel I shaped girders
as shown in Figure 7 can inspect the crack distribution and damage level of
concrete slabs and crack propagation at the steel girder by CCD camera and
also can move to the inspection point by itself by traveling with hanging on
the lower flange of the girder.

23 Database system

Road structure maintenance activities by the HEPC consist of inspection,
judgment of necessity for repair, and implementation of repair. For this,
accumulation of repair and inspection data is very important, while as-built
data of individual structures is also essential. Repair and maintenance of
road structures require a wide variety of information, and the amount of
information to be stored increases rapidly as new routes are opened for
service.

As a part of electronic data processing for efficient management of
maintenance information, the HEPC started to create a database of basic
maintenance information in the fiscal year 1990 and completed a first-phase
database system in the fiscal year 1993. As put into practical use, the system
was found to be significantly poor in data compatibility and also to lack
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Figure 6. Measurement using the light section method
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capacity for general application which is needed for promoting effective use
of the system in the future. To address these issues, the original database was
enhanced by making use of significant progress in computer technology to
the current maintenance information management system which consists of
the maintenance information database and the management system. Figure 7
shows the configuration of the current maintenance information management
system. This database system stores all information about assets, inspection
results and repair works in electronic forms for the maintenance
management of the structures. The data is exchanged with related offices
through a client-server system.

3. SEISMIC DAMAGE DETECTION TECHNIQUES

3.1 Pile damage detection techniques

A lot of elevated structures suffered significant damage from the Great
Hanshin Earthquake in January 1995. The size of the region affected and
severity were extensive. What is the most notable in this event is that a lot of
damage was found to the piles of viaducts. There is no inspection technique
firmly developed yet at that time. Therefore the damage of the pile had to be
inspected without sufficient preparation in terms of both inspection and
evaluation methods. Three inspection methods were primary employed. The
most reliable method of inspection was direct visual inspection which was
expensive and took time, so two advanced non-destructive inspection
techniques; bored-hole camera inspection and pile integrity inspection that

e Management system

{ Stores the structure data.) ( Retrieves,refers,enters and updates data.)

Asset database

Inspection

Database retrieval system
database

Superstructures e Daily

Substructures inspection o .

Pavement Repair database | Periodic Daily inspection system

Expansion Joints inspection

Painting

Signs Repairing of

ete. Girders R )
Bearings <:£| eriodic inspection system
Painting

Pavement
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Figure 8. Maintenance information management system configuration
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required much less time, were mostly employed.

Direct visual inspection was the most direct and reliable way in
determining the damage because it allows their direct observation by
excavating and exposing the pile top section, though only externally.
Orientation and intensity of cracks in the piles can be indispensable in
determining the degree of damage. On the other hand, due to the need for
excavation, the benefits of this inspection method depend on the labor and
equipment available for excavation, and inspection area is only limited to the
pile top section, not the entire length.

An alternative method was an indirect visual method using a bored-hole
camera, which allows inexpensive, rapid investigation to piles to a similar
extent to direct visual inspection. Here, a hole is bored down the center of
the target pile and a small camera is inserted in the hole to allow assessment
of the conditions inside based on observed inside crack width and inside
crack density.

The principle of the pile integrity test is to generate an impact wave at the
pile top with a plastic hammer and measure the reflected wave with an
accelerometer. And the basic idea of this test method is to analyze a reflected
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Figure 9. Bored hall camera inspection  Photo 8. Typical bored hall camera ispction result
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elastic wave, which can be achieved rapidly and at a fairly low cost. It is a
very useful, effective way of roughly assessing the damage to a pile.

3.2 Real-time earthquake damage estimation system

In case of seismic event, immediate action is very important in order to
prevent secondary disaster and to collect damage data for immediate
restoration policy making. But in the case of Hyogo-ken Nanbu earthquake,
it was very difficult to make immediate actions because no system to collect
damage information had been developed. Based on the lessons from the
1995 Hyogo-ken Nanbu earthquake, seismic damage estimation system has
been developed to approximately grasp the damage of structures in order to
estimate the damage of the expressway network.

The system obtains the strong motion data recorded along the expressway
network shown in Figure 12. Using the strong motion data, the seismic
intensity of the each branch route are roughly estimated in the divided zone
with considering the site ground condition of each divided zone as shown in
Figure 13. The seismic intensity of each divided zone of each route is
calculated as the following way.

1) Conversion from SI at the ground surface of the observation point to
seismic intensity at the bed rock surface of the observation point.

2) Estimation of seismic intensity at the bed rock surface of the evaluation
point by the interpolation of seismic intensity at the bed rock surface of the
observation point.

3) Conversion from seismic intensity at the bed rock surface of the
evaluation to seismic intensity at the ground surface of the evaluation point.
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Using the seismic intensity of the evaluation point, the damage level of the
structure is evaluated. The evaluation is conducted by the fragility curve
method. The relation between the damage level, “response ductility” in this
system, and the seismic intensity of the earthquake waves,” spectrum
intensity” in this system is defined in accordance with the earthquake
response analysis using structural database and seismic wave database. The
fragility curve (cumulative hazard curve) for the damage level A through D
as shown in Figure 14 and Table 1 approximated by logarithmic normal
distribution is also shown in Figure 15. The application of the fragility curve
enables to estimate the damage percentage for each damage rank of piers in
certain spectrum intensity.

Location of Seismometer
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Figure 12. Location of implemented seismometer
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Figure 13. Interpolation of seismic intensity at arbitral point
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Figure 16 shows the sample output of the seismic damage of certain
assumed event. This will be helpful for immediate action at the future event.

4. CONCLUSION

The inspection and monitoring activities using intelligent technologies
developing at the Hanshin expressway public corporation are introduced in
this paper. Repair and maintenance budgets per service length are being
reduced due to the current social and economic circumstances in general.
Without intelligent inspection and monitoring techniques, further
rationalization in maintenance can not be performed. Moreover,
development of inspection and monitoring techniques is also needed for risk
management. Further study is needed for the development in these fields.
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THE ROLE OF SENSING AND MEASUREMENT
IN ACHIEVING FHWA'’S STRATEGIC VISION
FOR HIGHWAY INFRASTRUCTURE
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Federal Highway Administration, United States

Abstract:

Key words:

1.

Like many countries, the United States has implemented a bridge inspection
program to collect information on bridges. In the US, the Federal Highway
Administration’s (FHWA) National Bridge Inventory database is one of the
most comprehensive sources of long-term bridge information in the world. In
the US the majority of the States have implemented element level inspection
programs to support State and local level bridge management programs. A
basic limitation of both the NBI and element level approach is that the data
collected relies almost totally upon visual inspection techniques. Visual
inspection is not quantitative and hidden or otherwise invisible deterioration
damage is missed. The non-quantitative, subjective, highly variable, and
nonspecific nature of this data makes it inadequate for comprehensive long-
term decision support. Essential research necessary to support the information
needs for bridge management for the future is a Long-Term Bridge
Performance (LTBP) program. Sensing and measurement technologies play an
essential role in this program.

Sensing, Measurement, Bridges, Bridge Management.

INTRODUCTION

In the United States as of 2003, 26.6% of the US bridges were
structurally deficient or functionally obsolete, as reported by the Federal
Highway Administration (FHWA). This assessment of the structural and
functional condition of the nation’s highway bridges is based upon data
reported to the FHWA by bridge owners across the country and maintained
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by FHWA in the National Bridge Inventory (NBI) database. Bridge owners
have been reporting this data since 1972 when FHWA established the
National Bridge Inspection Program. The National Bridge Inspection
Program was established in response to the collapse of the “Silver” Bridge in
1967 and the program focuses on the safety of highway bridges. The bridge
inspection program requires that qualified inspectors inspect highway
bridges at least once every two years and that the results are reported to the
FHWA. This data is used to report the condition of the nation’s highway
bridges to Congress every two years and to administer the Highway Bridge
Replacement and Rehabilitation Program (HBRRP). Last year the HBRRP
provided more than $3.5 billion to replace or rehabilitate deficient bridges.

2. BACKGROUND AND NEED

The type of data collected and reported for the National Bridge Inspection
Program is adequate for managing and administering a national program
aimed at eliminating deficient bridges but it is inadequate for some other
purposes. The data is not detailed enough to support bridge maintenance
programs. The NBI does not record the condition of paint systems, joints or
provide information on local damage or deterioration. The data is too
general, subjective and qualitative to be used to develop plans and estimates
for repair or rehabilitation work. For example, the NBI records condition
data for the entire supersructure of the bridge with a subjective rating
ranging from excellent to failed as a integer from 9 to 0. In response to these
limitations, many states augment the NBI by collecting additional
information or use a different, more refined, approach to collection and
recording of bridge condition data. The more refined approach characterizes
a bridge as a collection of elements, such as girders and piers, and records
quantitative condition data on each element. Standardized elements have
been defined for highway bridges and automated methods are used to
translate the element level data into the NBI data required by the FHWA.

Although the element level inspections provide more detailed and useful
information for network level bridge management, especially at the state and
local level, the information collected is still very limited in several respects.
The most significant limitation is that the data collected is based solely upon
visual inspection, augmented with limited mechanical methods such as
hammer sounding or prying. Visual inspection is highly variable. The
FHWA'’s Nondestructive Evaluation Validation Center recently completed
the first comprehensive and quantitative study of the reliability of visual
inspection and the NBI condition rating system. The results of that study
indicate that a range of condition ratings of 3 or 4 categories can be expected
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routinely with different inspectors reporting results for same bridge in the
same condition. This variability is in addition to the inherent limitation of
visual inspection to fail to detect invisible deterioration, damage or distress.
There are many types of damage and deterioration that need to be detected
and measured in order to determine if a bridge is safe or to decide if repairs
are required. Many of these are difficult or impossible to detect visually
unless the damage or deterioration is severe. For example, it is not possible
to look at a bridge and determine if it has been overloaded or if it has settled
unless the damage is so severe as to cause the lines of the bridge to change.
Frozen bearings, corrosion and fatigue damage can exist with no visible
indications. Routine visits by bridge inspectors also do not collect
information on the operational performance of bridges such as congestion,
accident history or fatigue of structural members. The life-cycle of a bridge
is commonly described as the sequence of initial construction and the
intermittent maintenance, repair, rehabilitation actions ending in the
replacement or retirement of the bridge. Clearly, a sequence of actions, the
timing and extent of which are based solely upon visual inspections, are very
different from a sequence of actions based upon more quantitative and
reliable damage detection methods.

The implementations of customer driven quality improvement programs
or asset management supported by true engineering economic analysis are
also hindered by the lack of necessary information. We currently guess at
average daily traffic values. We do not know the size, number and weight of
the trucks our bridges carry. The actual stresses, strains, deflections and
displacements the bridges experience are unknown. There is a need to more
accurately quantify the operational performance of highway bridges. The
performance measures, which are of most immediate interest and importance
to the traveling public, are congestion, accidents, and service. These same
performance measures can help to quantify the value of bridge as assets in
terms of user costs and benefits.

Such quantitative measures are also needed to implement true life cycle
cost analysis or performance based specifications. FHWA, like all federal
agencies in the United States, is directed by executive order to consider life
cycle cost for major projects. However, the life cycle of bridges has not been
defined. The deterioration rates of different materials, structural systems in
different environments of loading and climate have not been measured.
There is a specific need to integrate quantitative performance measures into
the management systems for the highway infrastructure. Some of the
measurement and detection needs currently not met by our standard practice
of visual inspections are tabulated below. These measurement and detection
needs exist at many levels and can serve many purposes.
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Table 1 Sensing and Measurement Needs

S.B. Chase

Damage Deterioration Operation Service
Impact Corrosion Traffic counts Congestion
Overload Fatigue Weight of trucks ~ Accidents
Scour . Maximum stress  Reduced traffic
Seismic Water absorption Stress cycles capacity
Microcracking Loss of prestress force  Deflection Delay
Settlement Unintended structural ~ Displacement Unreliable travel
Movement behavior time
Lack of Movement . Reduced load

Chemical changes (e.g. capacity
ASR, DEF)
3. SUMMARY OF RECENT RESEARCH

The FHWA and others have conducted research and development in
sensing and measurement technologies that can help meet these needs.
Several examples illustrating the application of this technology to monitor
and measure bridges are described in this article. This summary is not
comprehensive. It is intended to demonstrate that technology exists to meet
the needs identified and to stimulate interest in application and further
development of innovative technologies to measure and monitor the long
term performance of bridges.

Global health monitoring has evolved to the point where a number of
large systems have been implemented on large bridges in many parts of the
world. One such system has been installed and is operating on the
Commodore Barry Bridge over the Delaware River in Pennsylvania.
Although promising, the full potential of this technology has not been
realized or defined and significant issues remain to be researched. The
information technology component is one such issue. In spite of these
limitations, the information these types of systems already provide has
proven to be very useful to the owners of the bridges where they have been
installed. One example of the type of information these systems provide is
the detection and quantification of unexpected bending of tension elements
due to differential solar radiation exposure

Non-intrusive load capacity measurement is one of the needs identified
above. Substandard load capacity is the single most frequent reason for a
bridge to be classified as structurally deficient in the United States. One
technology, which the FHWA has adapted to meet this need, is a laser
measurement system for bridge load testing. The system uses a computer-
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controlled mirror to aim an invisible, eye safe, infrared laser beam at a point
on the bridge. The laser measures the range to the point on the bridge and
reports the three-dimensional spherical coordinates of that point, relative to
the local origin set by the laser system. The system can repeat this
measurement at different points on the bridge hundreds of times in a few
minutes. The system has a measurement range of about 30 meters and an
accuracy, resolution and repeatability of a fraction of a millimeter. The
system does not require special targets and works well on ordinary steel,
concrete and timber surfaces. Using this system it is possible to rapidly
measure the three dimensional deflection response of a bridge to a heavy
truck. The system can also be used to rapidly and quantitatively measure if
any part of the bridge has moved since the last time the bridge was scanned,
with an accuracy, precision and repeatability of a fraction of a millimeter.
This system is also capable of early detection of subsidence or loss of
prestress. This example demonstrates that long-term monitoring does not
always require a dedicated and permanently installed monitoring system for
each bridge.

The detection and measurement of fatigue and vulnerability to fracture
continue to be a pressing need for the hundreds of thousands of steel bridge
in the nation. The National Bridge Inspection Program was initiated in 1971
in response to a bridge failure caused by a brittle fracture. The brittle fracture
of a welded plate girder resulted in complete bridge failure in Milwaukee,
Wisconsin in December 2001 demonstrates that this vulnerability still exists.
This bridge had been visually inspected a few weeks prior to the failure and
there was no visual indication of the impending failure at the fracture site..
Subsequent forensic analysis has confirmed vulnerability to sudden brittle
fracture due to welding practices and details that produced high residual
stress and triaxial restraint. Visual inspection alone is not capable of
detecting or quantifying these conditions. FHWA is researching the use of
thermographic stress imaging to detect such conditions.

Although fatigue was not a contributing factor to the brittle fracture in
Milwaukee, it continues to be a major problem on aging steel bridges. The
measurement and characterization of the random, variable amplitude cyclic
stress that brides are subjected to is an essential measurement need.
Technology has been developed to help manage fatigue. Numerous
examples of portable, battery powered, data acquisition systems now exist.
These systems offer very high dynamic range, very low noise and adaptive
digital spread spectrum radio network telemetry capabilities. Using this
technology it is possible to rapidly instrument a bridge at fatigue prone or
critical details and measure what happens under traffic and wind loading.
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The wireless network technology can quantify the fatigue-loading regime
at a fatigue prone detail but it cannot measure if a fatigue crack is growing
under that load. These cracks do not grow continuously but advance in
microscopic steps. The advance of the crack front is accompanied by release
of potential energy that produces ultrasonic stress waves. This is similar in
concept to the release of energy associated with an earthquake but on a
microscopic scale. The stress waves can be detected using special sensors
tuned for this purpose. The method is call acoustic emission (AE) and it has
been used for many years in the energy and process industries. However,
prior AE instruments were not practical for long term monitoring of fatigue
cracks on highway bridges. The lack of electrical power on most bridges, the
difficulty in accessing the details on the bridge, the very high background
noise environment, and perhaps most importantly, the random loadings with
rare high load events driving crack extension all worked against successful
application of AE on bridges. A new battery powered, eight channel AE
instrument specifically designed for the bridge monitoring need was
developed in cooperation with the FHWA’s NDE Validation Center. These
systems can also telemetry information via modem or radio link.

While the two prior systems are very useful, they are expensive (10’s of
$K), and they are still limited by battery power to relatively short term
monitoring. A totally passive and inexpensive fatigue measurement sensor
has also been developed to meet the need for very long duration fatigue
measurement. This sensor is attached to the bridge and strains along with the
bridge. The sensor is based upon a special passive strain amplification
design and two, pre-cracked, coupons with integral analog crack length
gages. The two coupons are fabricated with materials that have different
crack growth properties. These manufactured fatigue cracks grow in
response to the random variable amplitude strains on the bridge. By
periodically measuring the crack lengths in the two coupons with a special
reader, the effective number of cycles at a predetermined stress range can be
quantified. This sensor can be likened to a fatigue odometer. Using this
technologys, it is possible to measure how the fatigue life of a highway bridge
is being consumed.

Another example of new technology applied to help collect essential
performance information is the development of a smart bridge bearing. Non-
operating bearings, and the tremendous stresses that result, are a common
factor in bridge failures. They are also a very common maintenance
requirement. In addition, the distribution of live and dead loads to the
bearings through the structural systems of the bridges is a possible diagnostic
and damage detection capability that this technology will enable. If there is
a significant change in stiffness of a structural member due to fracture,
impact or other reason, it is likely that the distribution of the loads to the
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bearings will change. A smart bearing could “feel” the damage in the bridge.
The enabling technologies are sophisticated but the concept is simple. The
intelligence for the bearing is provided by multi-axis fiber optic strain
sensors, capable of measuring both vertical and shear strains, that have been
integrated into a composite panel. The panel can be integrated into the
bearing. The panel could be laminated between the neoprene bearing pads
commonly used on highway bridges and can measure the vertical and lateral
forces transmitted from/to the bridge.

There are an almost unlimited number of possible applications for sensing
and measurement technologies for highway bridges. The technology does
not need to be expensive and sophisticated. Another example concerns a
wing wall that was moving due to excessive hydrostatic pressure. Remedial
measures were taken and the owner wanted to monitor the movement of the
wall relative to the abutment. The environment is severe and an inexpensive
but reliable sensor was needed. The NDE Validation Center conceived,
designed, built and installed an inexpensive displacement sensor in a few
weeks. The sensor has been monitoring the wall for three years and has
proven that the remedial measures were effective. Over the years FHWA has
developed a versatile modular instrumentation concept that facilitates rapid
prototyping and deployment of specialized sensing applications. This lends
itself to specialized and critical component monitoring where unique features
or requirements can be readily accommodated.

An illustration of this versatility is another application on a fracture
critical hanger on a pin and hanger detail. The hanger is being monitored
using the same modular system that was used to monitor the wing wall. The
sensors in use are welded resistive foil strain gages. The hanger is supposed
to freely rotate about the pin as the bridge expands and contracts due to
temperature changes. The hanger transfers vertical load and is designed as a
tension element. If the pin and hanger interface corrodes, a very common
occurrence, the friction between the pin and hanger can cause significant
bending in the hanger. In addition, the sudden slippage of the pin hanger
interface can result in tremendous dynamic stress. The fatigue and possible
fracture consequences of this phenomenon were not considered in the design
of these details. The response of the hanger was measured during a load test.
In addition to bending in the expected direction, unexpectedly transverse
bending of the hanger was also measured. Detection and measurement of
unintended structural behavior is a major benefit of this type of monitoring.

Steel bridges are not the only bridges vulnerable to sudden failure and
collapse. A number of prestressed concrete bridges have collapsed due to
undetected corrosion of tendons. One recent example was the collapse of a
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pedestrian bridge in the summer of 2000 after only seven years of service.
The failure was caused by corrosion and failure of the high strength steel
tendons that helped support the bridge. The localized corrosion of the
tendons was attributed to calcium chloride unexpectedly found its way into
the grout used to fill in holes created during the fabrication of the precast
girders. The source of the calcium chloride is still unknown but undetected
corrosion of prestressing steel has led to the failure of a number of bridges.

When such a wire breaks there is a sudden and significant release of
potential energy. Such wire breaks generate stress waves which propagate
outward from the structure and which can be detected by sensors, such as
accelerometers. By analyzing the arrival times of the signals, it is not only
possible to detect the wire breaks but to also locate where the break
occurred. The method is similar to a network of seismometers to locate and
quantify earthquakes. Such systems are commercially available and are
installed on a number of bridges.

Detecting wire breaks is certainly useful, but a potentially more useful
technology is the detection and quantification of corrosion before failure
occurs. The most common cause of corrosion in highway bridges is the salt
placed on the bridges to keep the bridge open during winter storms. The
corrosion of structural steel is usually visible. However, the corrosion of
reinforcing and prestressing steel in concrete structures is not visible until
significant damage has occurred. A new device, developed in cooperation
with the FHWA, is an embeddable corrosion sensor. The sensor is designed
to be placed inside of concrete structures and to measure corrosion rate,
concrete conductivity and chloride ion concentration. The instrument is
small and eventually will be powered and interrogated by wireless radio
frequency methods. If the size and cost can be reduced, hundreds or
thousands of these sensors could be economically embedded in a bridge to
provide quantitative information about the state of corrosion well before
severe damage has occurred.

4. FUTURE DIRECTIONS

Much of the sensing and measurement technology to monitor bridges is
already available. This technology can provide the quantitative and objective
information necessary to move beyond our current subjectively based bridge
management systems. There is a need to evolve to a more quantitatively
driven management approach. This need has been identified and emphasized
by the United States National Academies of Science and Engineering.
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Several workshops have been held where stakeholders from the public,
private and academic communities have been bought together to identify the
most pressing and highest priority research needs for dealing with an aging
highway infrastructure. The result was a National Infrastructure Renewal
Research Agenda. The need for reliable and timely data and information is
recognized as critical to the efficient management of the nation’s highways.
The agenda also identifies the need for much improved decision support
tools as well as to integrate probabilistic life-cycle analysis into
infrastructure management. The need to value infrastructure assets and
quantify the benefits of the system is also specifically mentioned.
Quantitative, relevant and useful measures of performance are emphasized.

The safety assurance of highway structures for extreme events would also
be greatly enhanced by short and long term monitoring and measurement of
the loading and structural response during extreme events. As already
demonstrated, assessment and management of bridges and other structures
demand the quantitative measurements provided by the monitoring of
structures. It is not possible to develop enhanced specifications without long-
term observation and quantitative measurement of structural behavior and
deterioration. Finally, the basic information necessary to support the
automation of design, construction and maintenance, identified as a national
priority for infrastructure research and development must be provided by
sensing and measurement technology.

For all of the reasons outlined, the Federal Highway Administration is
proposing to begin a Long Term Bridge Performance Monitoring Program.
This program would be similar to the Long Term Pavement Performance
Program that has been underway for more than 15 years. The program will
include detailed inspections and periodic evaluations conducted on a
representative sample (in the thousands) of bridges to monitor and measure
their performance over an extended period of time (at least 20 years). These
inspections and evaluations would be much more standardized, quantitative
and detailed than the routine bridge inspections conducted in support of the
National Bridge Inspection program. This is envisioned to be a federally
funded and managed program that will not impose additional data collection
burdens upon the bridge owners. It is anticipated that the resulting database
will provide high quality, quantitative, performance data for highway bridges
to support improved designs, improved predictive models, and better bridge
management systems. A second component of this long-term bridge
performance program will be to instrument a subset of these sample bridges
(in the hundreds) to provide continuous long-term structural bridge
performance data. The third component of the program will include detailed
forensic autopsies of several hundred bridges each year (out of the several
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thousand bridges that are decommissioned each year). These forensic
autopsies could also be conducted for bridges that fail unexpectedly. The
intent is to collect valuable performance data and quantitative statistics on
corrosion, overloads, alkali-silicate reaction, and all other important
deterioration processes from these bridges.

The long-term bridge performance program will be designed to
accommodate and develop both general trend information, and information
specific to a variety of bridge types, locations, and environmental exposures.

S. CLOSURE

To summarize, the application of sensing and measurement technologies
to long term bridge monitoring can provide quantitative data for network and
bridge level management. This would contribute to a much greater level of
accuracy, reliability and utility of data necessary for asset management.
Bridge safety, especially during extreme events, is enhanced by
measurement and monitoring of critical bridge components. Enhanced
safety, reliability and efficient maintenance can result from improved
incident detection and assessment. Global bridge health and performance
assessment in support of asset management, enhanced specifications and
realistic life-cycle cost analysis must be, and arguably can only be,
accomplished using quantitative measurement methods. Subjective
assessment simply is not adequate to meet these needs. Sensing and
measurement technologies will play an essential role in the proposed Long-
term Bridge Performance Program.
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1.1

Since bridge structures constitute the very vulnerable part of civil
transportation system that affect directly the public safety, focus has been done
on the active development of bridge health monitoring in Korea since 1990’s.
Gathering of field data for design verification and monitoring of long-term
performance of bridges were performed in the scope of systematic and
scientific inspection and management programs. Actually, modern and
integrated monitoring systems are introduced in newly-built bridge structures
since their design stage. This paper reviews recent development of bridge
health monitoring systems in Korea in newly-built bridges with their
objectives and major characteristics.

Structural health monitoring, bridge management system, integrated
monitoring system.

BRIDGE MANAGEMENT SYSTEM IN KOREA

Road system in Korea

The Korean road system can be classified into 5 groups according to the
management authorities: the national expressway network, the national
highway network, the metro-city road network, the provincial road network
and the city-county road network. Among these networks, the national
expressway and national highway networks constitute the major road
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transportation axes in the peninsula and represent nearly 50% of the whole
Korean bridge stock.

The national expressway network is managed by the Korea Highway
Corporation (KHC), which is responsible of the construction, operation,
maintenance and repair of the expressway network. The network is
constituted by 23 expressways developing a length of 2,778 km of which
609 km are composed by a total of 5,389 bridges. On the other hand,
regional construction management offices are managing the 14,524 km of
the national highway network including 4,309 bridges for a length of 384 km.
And, the remaining 3 classes average a total length of about 79,027 km
comprising 10,569 bridges developing a length of about 800 km.

1.2 The Korean Bridge Management System: KOBMS

It has been seen that bridge structures occupy a large proportion of the
transportation network and, since bridges constitute the very vulnerable part
of civil infrastructures affecting directly public transportation and safety,
attention has been focused on the development of a total bridge management
system since early of 1990s.

Total bridge management system (BMS) attempts to include inspection,
evaluation, estimation and rehabilitation of bridges in a systematized
organization, which integrates structural health monitoring (SHM) systems
installed in bridges [1 — 2]. BMS is an information-oriented system, which
aims the global supervision of all the information gathered in every bridge so
as to help the supervisor deciding current and future requirements for
optimal management and rehabilitation of bridges. Following, to perform
scientific and rational management and rehabilitation of bridges, the Korean
Ministry of Construction and Transportation (MOCT) together with the
Korea Institute of Construction Technology (KICT) developed since 1995
the Korean BMS (KOBMS), which is operating for ordinary road bridges [3].

The hardware of KOBMS is constituted by regional networks and, high-
performance and high-capacity computers to manage efficiently the huge
volume of data gathered in bridges. Such network operates interactively by
linking the KICT, road facilities of the MOCT, 5 regional offices, 1 R&D
office and 18 road management offices since 1996 (Fig. 1).

The software of the KOBMS is composed by a database (DB) recording
archives related to bridges, a program computing the investment priorities, a
rehabilitation and retrofit techniques DB, a tunnel DB, a program outputting
the current state of bridges, a decision-making system performing the
essential functions of the BMS (Fig. 1). Especially, the BMS DB stores and
compiles about 230 items per bridges including their characteristics,
structures, inspection records, load carrying capacity, etc. Investment
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priorities, as a basic function of the BMS, stand for the process by which one
decides the sequence of bridges to be considered for management and
rehabilitation in the budget planning. The KOBMS DB arranges 64 basic
rehabilitation and retrofit techniques for bridge and defines 120 types of
damage that may occur in bridge, so as to select automatically an appropriate
rehabilitation and retrofit basic technique for each type of damage. Using the
KOBMS DB, a report on the current state of the bridges is published
annually and, provides statistics of the basic parameters of the bridges and
their current state according to their classification.
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Investment priorities
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Figure 1. Hardware and software of the KOBMS
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The KOBMS made it possible to manage efficiently the huge volume of
bridge data in a systematic and effective organization. Moreover, it made it
possible to systematize the state evaluation and records management of
rehabilitation and retrofit for each bridge as well as for the whole bridge
stock. The state of bridges has seen significant improvement while large
reduction of the budget invested for their management, being rationally
shared, has been obtained [4].

2. HEALTH MONITORING SYSTEMS FOR
BRIDGES IN KOREA

Installation of SHM systems in Korea began since 1995 in order to
collect field data by full-scale load capacity tests for design verification of
existing bridges and, subsequently, evaluate the health of the structures using
stand-alone field system consisting of sensors, field hardware and online
transmission to a computer on field. Thereafter, modern technologies were
introduced in SHM systems since the design stage to evolve onto an overall
bridge management integrated system for the monitoring of long-term
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performance and durability of newly-built bridges in the scope of systematic
inspection and maintenance programs. More recently, efforts intend to
increase and upgrade the monitoring efficiency and performance through
sensor-based bridge monitoring systems (SBBMS). Such system will
provide advanced innovative functions like sensor fusion using new sensing
techniques, reliable massive signal transmission via web-based operating
system or wireless signal transmission, automated surveillance, adaptive
signal processing, etc. [1 — 2]. Figs. 2 and 3 and Table 1 summarize major
and representative bridges equipped with SHM systems in Korea.
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Figure 3. Major instrumented bridges in national highway network
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Table 1. List of recent and major instrumented bridges in Korea

Name Type Length Completion  No. of Managing
(m) date sensors*® authorities
Jeokmoon MSS 1,000 2000.12 112(102+10) KHC
Hojeo Truss 80+120+80 2001.08 76 (69+7) KHC
Banghwa Steel arch 540 of 2,559 2000.11 137(115+22) KHC
Youngjong  Suspension 125+300+125 2000.11 380(209+171) KHC
Seohae Cable-stayed ~ 60+200+470+200+60  2000.12 183 (44+139) KHC
Samcheonpo  Cable-stayed 103+230+103 2003.04 66 (15+51)  KICT
Gwangan Suspension 200+500+200 2000.04 51(21430)  KICT

* Total No. of sensors (No. of static sensors + No. of dynamic sensors)

3. APPLICATION OF INTEGRATED SHM
SYSTEMS IN NEW BRIDGES

Most of the long-span bridges newly built in Korea is instrumented with
modern monitoring systems. Recent systems adopted in new bridges exploit
modern technologies from sensing to processing, i.e. many sensors and data
acquisition systems that measure the behavior of the bridge during its
construction become part of the long-term health monitoring system.

An attempt to integrate health monitoring systems of several bridges
together has been achieved to reduce costs and increase significantly the
management efficiency management. This integrated system includes BMS
as well for inspection, estimation and rehabilitation. The integrated system
for the Seohae, Youngjong and Banghwa bridges may be cited as the best
example of the current monitoring system. The data collected at each bridge
are processed exclusively at each field station for real-time monitoring and
alarming sudden abnormal behavior. But data that are useful for long-term
evaluation of bridge condition, as well as periodical inspection data, can be
transmitted through high-speed internet line to the management center
located far away from the site. Once data are collected at the center,
integrated BMS handles them to classify, store and retrieve. This integrated
BMS is able to itemize bridge maintenance details, not only physical
information but also knowledge. And, based on the inspection results, it may
manage status assessment, rating, repair and strengthening history.

3.1 Youngjong bridge

Youngjong bridge is a self-anchored suspension bridge with a double-
deck warren truss girder carrying both railway and roadway linking Incheon
International Airport to Seoul (point 6 in Fig. 2).

The SHM system installed in the bridge has been exploited to identify its
dynamic properties before opening by means of field loading test using two
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vibrators, which generated flexural and torsional vibrations of the bridge
(Fig. 4). Comparison of the measured data such as natural frequencies,
vibration modes and damping ratios with design values showed good
correspondence attesting for the reliability of the bridge (Table 2).
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Figure 4. Disposition of the vibrators installed on Youngjong bridge for field loading test

Table 2. Dynamic characteristics of Youngjong bridge identified by forced vibration test

Dynamic characteristics Natural frequency (Hz) Damping ratio

Design Measured  Design Measured
Flexure 1st mode 0.422 0.487 0.03 0.06
Antisymmetric flexure 1st mode 0.716 0.810 0.03 0.03
Torsion 1st mode 0.781 1.060 0.02 0.023
Antisymmetric torsion 1st mode 1.195 1.700 0.02 0.05

3.2 Seohae bridge

Seohae bridge is the longest cable-stayed bridge in Korea, which links
Pyoengtack and Dangjin by crossing the Asan bay (point 8 in Fig. 2). Its five
spans are constituted by stiffened steel girders with precast slab. And, more
than 10 types of sensors for a total of 180 units are actually installed in the
major parts of the cable-stayed (Fig. 5), PSM and FCM bridges.
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Figure 5. Location of sensors in the cable-stayed bridge of Seohae bridge [1 — 2]

The structural behavior of the cable-stayed bridge has been observed and
analyzed during 2 years after its completion. Results showed that the annual
variation of the vertical deflection in the stiffening girder satisfies the
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allowable design limit with a range of -320 to 30 mm and that deflection due
to live load presents a range of 189.7 mm, which represents only 25% of
808.8 mm, the design limit (Fig. 6). The stress range in the stiffening girder
due to live loads showed good correlation with the volume of traffic
monitored during 2 years and, since it represents only 5 to 12% of the design
stress, stress margin appears to remain considerable. It could thus be said
that actual highway bridge design specifications are producing excessively
conservative structures.

The thermal deformation of expansion joints at the extremities of the
bridge is also shown to correspond accurately with theoretical predictions
(Fig. 6). And, tensioning force in the cables ranged within 95 to 104% of the
initial value attesting for the stability of the bridge. Seohae bridge appears
thus to be healthy in view of its long-term behavior [5].
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Figure 6. Annual variation of vertical deflection at the center of the main span and thermal
expansion/contraction of expansion joints of Seohae bridge [5]

4. APPLICATION OF SENSOR BASED BRIDGE
MONITORING SYSTEM

Recently, SBBMS has been proposed and effectively applied on newly
built bridges to increase monitoring efficiency and performance by
exploiting new sensor technologies [2 — 6]. The purposes of SBBMS are
providing information (1) to assess the behavior of the bridge, (2) to ensure
serviceability and safety during its service life and (3) to help design,
construction and maintenance. Application of SBBMS can be found in
Gwangan and Samcheonpo bridges.

The hardware system performs measurement and data acquisition of the
bridge behavior by remote sensing using sensors and data loggers, and the
software system achieves data processing, storage, analysis and display in
customized form (Fig. 7).
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Figure 7. Organization chart of the monitoring system installed in Gwangan bridge

4.1 Gwangan bridge

Gwangan bridge is located in front of Gwangan town beach (point 6 in
Fig. 3) and is the longest suspension bridge in Korea. It is an earth-anchored
suspension bridge with a double-deck warren truss girder carrying roadways.
The pylons are steel towers where the main cables are sustained with the
stiffening girder at 105 m height.

The monitoring hardware system (Figs. 7 and 8) has been designed to
perform real time monitoring of the structural behavior of the bridge.

Figure 8. Location of sensors in Gwangan bridge [1 — 2]

The SHM system was used to produce alarm/warning during the crossing
of Maemi typhoon in September, 2003. Measurement of the wind speed at
the pylon and midspan of the bridge (Fig. 9) helped to make decision of
blocking and reopening of the bridge to traffic so as to ensure public safety
during the typhoon.

Health monitoring after the crossing of the typhoon was also performed
using the measured inclination of the pylon (Fig. 9) and displacement at the
expansion joints. The corresponding natural frequencies were computed and
results showed that natural frequencies remained within safety limits, which
made it possible to conclude that the bridge was not affected by the typhoon.
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Figure 9. Wind speeds measured in the pylon and midspan, and inclination of the pylon with
corresponding natural frequencies of Gwangan bridge during Maemi typhoon

4.2 Samcheonpo bridge

Samcheonpo bridge is a three-span cable-stayed bridge with composite
girder, located in the Hallyeo maritime national park and connecting
Sacheon city to Changsung Island (point 4 in Fig. 3). The health monitoring
hardware system for the management of Samcheonpo bridge (Fig. 10) is
similar to Gwangan bridge.

Figure 10. Location of sensors in Samcheonpo bridge

A forced vibration test was performed on the cable-stayed bridge for
system identification purpose just after its completion and before opening.
The objective was to determine the initial values of the dynamic properties
of the bridge for comparison with design values and calibration of the
analytic model.

1st vertical mode. 0.46 Hz 2nd vertical mode, 0.65 Hz

3rd vertical mode, 1.04 Hz k‘ﬂ 5th vertical mode, 1.84 Hz

Figure 11. Mode shapes measured through forced vibration test at Samcheonpo bridge
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The excitation force was induced by the sudden braking of a fully loaded
truck of 29.7 ton and acceleration responses were measured at 14 points.
According to the number of measuring points and loading characteristics,
vibration modes up to the 7th mode could be distinguished (Fig. 11).
Experimental results were shown to correspond accurately with design
values and calibration of the analytic model made it possible to reduce RMS
error to 2.61% [7].

S. CONCLUSIONS

Recent development and applications of SHM for newly built bridges in
Korea have been addressed. Observations obtained through integrated SHM
system as well as SBBMS were seen to be exploited effectively and
diversely like system identification of bridge characteristics for design
verification or calibration of analytic model, assessment of long-term
behavior, and giving alarm when abnormal behavior is detected.

Current researches focus on developing systematic decision algorithm for
repair and strengthening, and improving SHM hardware performance so as
to lengthen service life of bridges and ensure serviceability and safety.
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A STRATEGY TO IMPLEMENT STRUCTURAL
HEALTH MONITORING ON BRIDGES

Charles Sikorsky

Division of Enginering Services, California Department of Transportation USA

Abstract: Previously researchers in the area of non-destructive damage evaluation
(NDE) envisioned a bridge management system where sensors fed measured
responses such as strain and acceleration into a damage identification
algorithm. While significant advances have been made toward achieving this
goal, the area of non-destructive damage evaluation is hardly ready for
implementation. Based on a previously developed Level IV NDE Method, a
strategy is proposed to incorporate this method into a structural health
monitoring system and to investigate the economic feasibility of implementing
structural health monitoring on bridges.

Key words:  Damage Index Method, modal-based non-destructive damage detection,
damage evaluation, remaining service life

1. INTRODUCTION

Previously researchers in the area of non-destructive damage evaluation
(NDE) envisioned a bridge management system where sensors fed measured
responses such as strain and acceleration into a damage detection algorithm.
This algorithm would then determine if the bridge had deteriorated to the
point where safety to the traveling public had been compromised, and notify
the appropriate public officials [1]. While significant advances have been
made toward achieving this goal, the area of NDE is hardly ready for
implementation. Capitalizing on this perceived failure, the area of structural
health monitoring (SHM) has emerged as a relatively simple technology to
implement, since all that is required is an instrumentation system
permanently mounted to the structure. Structural health monitoring has been
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defined by some as "the use of in-situ, nondestructive sensing and analysis
of structural characteristics, including the structural response, for detecting
changes that may indicate damage or degradation" [2]. To satisfy this
definition, there is no requirement for a SHM System to estimate structural
capacity or remaining service life. All that is required is an ability to collect
as much data as possible and as quickly as possible which is not as important
to a State Bridge Engineer as estimating structural capacity or remaining
service life.

Prior to reviewing the current status of structural health monitoring, let us
first reexamine the need for structural health monitoring of bridges. That
need is based on the introduction of new materials in bridge construction,
serviceability of the bridge after an extreme event, and the continued
deterioration of the infrastructure.

Initially, fibre-reinforced polymer (FRP) composite materials were
introduced to the bridge community as an effective material for
strengthening structures subjected to seismic events. Since then these
materials have also been investigated as a means to rehabilitate or strengthen
a bridge. Rehabilitation is taken here as the restoration of the structure to its
original design condition, whereas strengthening implies the live-load
capacity of the structure is increased. While there are benefits to these
materials (such as high strength-to-weight and stiffness-to-weight ratios),
there are limitations as well. One such limitation is the lack of data to
evaluate the long-term performance of bridges rehabilitated with these
materials [3].  Although experimental work in the laboratory has
demonstrated that FRP composites can be used to strengthen a reinforced
concrete member, it is difficult to realistically quantify strength in the
laboratory, since as a minimum, deterioration is a result of the interaction
between the manufacturing process, environment and stress due to load [4].
With the increasing use of FRP composites for rehabilitation of bridge decks
and girders, a methodology to evaluate the rehabilitated structure’s
performance is necessary.

In addition, events over the past decade have forced State Bridge
Engineers to consider the effects of extreme events other than earthquakes
on the response of a bridge. The most visible of these events has been the
series of tragic terrorist attacks against the U.S., both nationally and abroad.
While not as sensational as the terrorist attacks, recent barge mishaps on the
nation’s waterways have brought identified other bridge vulnerabilities. For
example, a barge accident in June 2002 caused one-third of the 1988-foot
long structure carrying 1-40 across the Mississippi River to collapse. A
renewed interest among bridge engineers to mitigate the effects of extreme
events on bridges, as well as reopen the structures immediately after such an



A Strategy to Implement Structural Health Monitoring on Bridges 45

event, identifies a need the area of structural health monitoring could
potentially satisfy.

Lastly, deterioration and increasing functional deficiency of civil
infrastructure continue to pose some of the more significant challenges to
civil engineers. It should be noted that this was the argument to support
initial development of non-destructive damage evaluation methods. In the
United States alone, 27.5% of bridges were structurally deficient or
functionally obsolete in 2000 [5]. The deterioration and functional
deficiencies of highway infrastructure are attributed to aging, weathering of
materials (i.e. corrosion of steel), accidental damage (i.e., natural disasters),
and increased traffic and industrial needs. In order to mitigate deterioration
and efficiently manage maintenance efforts on bridges, a methodology is still
needed to monitor and evaluate their safety.

2. STRUCTURAL HEALTH MONITORING UPDATE

Over the past several decades, a significant research effort has focused on
the development of algorithms to locate and quantify structural damage
using non-destructive methods. Damage is defined here as a loss or change
in structural stiffness.  Work has focused on systems identification
algorithms as well. System identification is taken here as the construction of
a numerical model from input/output data. The area of structural health
monitoring has gained notoriety as a complementary technology to system
identification and non-destructive damage detection methods [6].

2.1 Review of Recent Work

In an effort to rapidly assess the state of structural health monitoring, a
workshop was held at the University of California, San Diego to develop a
preliminary consensus of the state of the technology [7]. The Workshop
included attendees who have worked in different areas of structural health
monitoring for the past decade or longer. Researchers in such areas as
sensors, system identification, non-destructive damage detection, data
acquisition and transmission, and visualization were invited to discuss their
work. A brief summary is provided below.

Several papers on sensors were included that discussed accelerometers
and fiber optic strain gauges. Specifically, a general review of fiber optic
sensors was provided, as well as a system to detect debonds in concrete
reinforcement utilizing a smart sensor. Another paper presented a review of
fibre optic sensor applications. Included in that paper were results from a
pipeline that was monitored to predict its remaining service life based on a
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corrosion model of the pipe. Another researcher discussed the development
of a low-cost wireless sensing unit for deployment in a structural health
monitoring system, and pointed out that installation costs for a monitoring
system can represent up to 25% of the total system cost. Lastly,
performance requirements for sensor networks were emphasized. It was
pointed out that performance requirements of the sensor network need to be
defined early to drive development of a useful and economic sensor system.

Another important area of structural health monitoring discussed at the
Workshop was damage detection and system identification advances. A
general overview of several structural health monitoring approaches useful
for the detection of changes in civil infrastructure systems and components,
using both local and global system identification techniques was presented.
Another researcher pointed out that baseline updating is the first step for
model-based structural health monitoring of civil infrastructure. A
stochastic optimization technique was used to construct a reliable baseline
model of an instrumented highway bridge. In another work, the Damage
Index Method was used to evaluate a reinforced concrete T-girder bridge
rehabilitated using FRP composite materials. The Damage Index Method
successfully identified changes in stiffness resulting from the structural
rehabilitation. Lastly, the application of adaptive computing algorithms to
the problem of damage detection and localization in structural systems was
presented. In the first approach, damage was defined as changes to the
material and / or geometric properties of systems including changes to the
boundary conditions and system connectivity, which adversely affect the
system’s performance. In this application, the algorithms refer to systems
identification approaches that determine if changes in system parameters are
significant and indicative of damage to the structure. In comparison, applied
adaptive computing algorithms were applied to an aircraft. That work
concluded such an approach could serve as a Level Il damage detection
method; however it was unclear how it could be used to evaluate damage
and predict remaining service life of a structure.

Included in the Workshop were two papers describing structural health
monitoring efforts in Japan and Canada. More specifically, ISIS Canada is
focusing on the integration of new materials such as fibre reinforced polymer
(FRP) composites in civil applications and the need for structural health
monitoring to demonstrate the importance of these new materials. An in-
depth summary of structural health monitoring in Japan was provided as
well. More specifically, the application of vibration-based techniques on
large-scale structures was reviewed, as well as recent innovation in sensory
and monitoring technology.

Two areas which have received limited attention are the areas of data
transmission and visualization. A need will arise to rapidly transmit data to
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a central location, as well as quickly view the results once health monitoring
systems are ready for wide spread implementation. To satisfy that need the
ROADNet (real-time observatories, application and data management
network) Program, as well as novel system architecture for exploiting
distributed video array in automated motion detection, analysis, and event
recognition was provided.

Lastly, two researchers presented integrated structural health monitoring
systems. For example, one paper provided an in-depth description of a
health monitoring system developed and implemented by the authors for a
long span bridge. While the paper discussed several important concepts
related to health monitoring, the method did not provide any means to locate
and quantify damage, estimate remaining service life nor load rate the
bridge. Another health monitoring system was described that envisioned a
framework that will network and integrate real-time sensor data, database
and archiving systems, computer vision, data analysis and interpretation,
physics based numerical simulation of complex structural systems,
visualization, reliability and risk analysis, and rational statistical decision
making procedures. The authors premise their work on the idea that the
main issue facing structural health monitoring is not the lack of
measurements per se, but rather how to measure, acquire, process, and
analyze the massive amount of data to extract useful information concerning
the condition assessment of the monitored structures. Unfortunately neither
demonstrated a method to detect and evaluate damage.

Lastly, a summary of the AISC-ASCE benchmarking study was
presented. Phase 1 of the study focused on modeling error and the lack of
input information. Phase II will focus on an actual structure.

2.2 Weaknesses

Current work toward development of structural health monitoring
systems can be classified either as a data-driven approach or a physics-
driven approach. In a physics-driven approach, a physical model of the
structure is developed, typically using finite elements. Experimental results
from the health monitoring system are used to update this model, and then
locate and quantify damage. A data-driven approach develops a model as
well; however the model is based more on statistical mechanics than
structural mechanics. Most health monitoring systems collect data that is
compared with results from some numerical model. The weakness with the
data-driven approaches is a focus on identifying a change based on the large
quantities of data extracted from the structure, rather than identifying what
information is needed and then collecting the experimental data from the
structure in service. While some systems incorporate a system identification
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or non-destructive damage evaluation algorithm to rapidly process the data,
these are the exception, not the rule. The issue of evaluation of bridge
capacity and estimation of remaining service was mentioned by several
authors, however no one demonstrated a methodology by which capacity and
remaining service life could be obtained.

In summary, there are at least three major weaknesses from the
perspective of a bridge owner, associated with the current focus of structural
health monitoring. First, the cost to install and maintain the infrastructure
associated with a database system is enormous. Second, a database system
is not mobile and is limited to permanently instrumented bridges. Third, the
ability of a data-based monitoring system to evaluate safety is limited to the
events seen by the monitoring system. Even more frustrating to a State
Bridge Engineer is the lack of consensus among researchers and a failure to
evaluate differing systems [7]. An owner needs a SHM System that can
evaluate the ability of the structural system to function as designed and
estimate the remaining service life of the structural system.

3. PROPOSED STRATEGY

In order to be of value to a transportation agency for wide spread
application, a structural health monitoring system must satisfy the following
attributes. First, the system must be mobile as well as fixed and utilize the
minimum number of sensors possible. That is, the sensors can be
permanently mounted or temporarily mounted on the bridge to gather
sufficient data to evaluate the structure as needed. Second, it must be able to
rapidly locate and quantify damage on a global basis. Third, it must
incorporate local NDT techniques to enable an Inspector to physically locate
the defect identified by the damage detection algorithm. Lastly, the system
must be able to estimate structural capacity and remaining service life.

In an effort to determine which work is beneficial to the development of
a structural health monitoring system, a strategy is proposed to investigate
the economic feasibility of implementing structural health monitoring on
bridges in general. First a previously developed Level IV NDE method is
reviewed. Based on this, a plan is formulated to investigate the economic
feasibility of implementing this technology.

3.1 A Level IV Damage Assessment Method

Over the past ten years, a group at Texas A&M University has been
funded by the Federal Highway Administration and the California
Department of Transportation to develop a general methodology to non-
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destructively evaluate the structural safety of bridges [8]. Key elements of
the methodology are listed below:

determine the questions the owner would like answered;

develop the necessary instrumentation plan;

measure structural response of the existing structure;

use systems identification and measured modal parameters to generate an

estimate of a baseline structure;

5. use modal parameters of baseline and existing structures to identify
stiffness properties of the existing structure;

6. identify loading environments for analysis (e.g., wind, traffic, or
seismic);

7. develop system failure models for the structure;

8. extract resistance capacities of the elements from the identified structure,
and

9. perform a system reliability analysis.

A key step in the procedure is the capability to relate the resistances of
the components of the structural system (as they are used in the reliability
sense) to the measured dynamic response of the existing structure by means
of a damage localization and severity estimation scheme. This "Level IV
Damage Assessment" methodology has been successfully demonstrated
using several types of bridges subjected to a variety of loading types. The
structural capacity and useful life of a structure can be estimated by
integrating nondestructive testing, damage localization and severity
estimation, structural and system reliability, and fatigue analysis [9, 10].

b=

3.2 Development of an Implementation Plan

Using the above methodology as a guide, a plan is formulated to
investigate the economic feasibility of implementing structural health
monitoring on bridges. As a start, the plan must investigate the following:

1. What output does a bridge owner expect from a structural health
monitoring system?

What algorithms are available to provide this output?

What measurements are needed as input to these algorithms?
What sensors are available to measure this response?

Can the SHM System cost be reduced significantly?

nh N

As noted earlier by others, identification of the requirements expected
from the SHM System is critical [7]. As a minimum, a State Bridge
Engineer needs to know whether the bridge can continue to carry the load for
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which is was designed, as well as for how long. Based on these
requirements, are existing algorithms sufficient to provide this information?
In addition, criteria are needed to evaluate the performance of these
algorithms; such as probability of detection, probability of false positives,
data processing needs of the algorithm and the complexity of the algorithm.
Once an algorithm is identified, what measurements of structural response
are needed and can they be collected using existing instrumentation? Are
there issues related to multiplexing and distributed sensing, as well as the
reliability and durability of the instrumentation and data transmission
systems. Lastly, how much of the data reduction and damage assessment
can or should be done on-site?

4. APPLICATION OF THE METHODOLOGY

Two examples are provided where this damage assessment methodology
was applied to structures in service. In both instances the capacity of a
bridge in-service was evaluated.

4.1 Byron Road Bridge

The bridge selected for rehabilitation was built in 1964 and is a 340 foot
long, 5 span, two-lane highway bridge spanning an aqueduct canal. The
superstructure consists of a cast in-place, continuous, reinforced concrete T-
girder, monolithically connected to the bents. The 6-1/4 inch (158.75 mm)
thick reinforced concrete deck spans transversely between the 7.25 feet
(2209.8 mm) center-to-center spaced girders.

In the spring of 1998, this bridge experienced punching shear failures at
two locations on the bridge superstructure. After analysis of the structure, a
strengthening measure was proposed that included carbon fibre
reinforcement bonded directly to the bottom soffit with an epoxy adhesive.
Table 1 presents the results of the damage assessment showing a maximum
increase in stiffness after strengthening of over 20%. The resultant flexural
demand — capacity ratios were calculated for each span, based on the
December 2000 results. A demand/capacity ratio of 1.0 or less is considered
acceptable.
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Table 1. Results of Damage Assessment

Span Average Increase in Stiffness Flexure
Baseline December 1999 December 2000 D/C

1 0 -0.04 -0.01 0.81

2 0 -0.24 -0.02 0.92

3 0 -0.12 -0.01 0.85

4 0 -0.16 -0.02 0.87

5 0 -0.03 -0.03 0.81

4.2 Kings Stormwater Crossing Bridge

The bridges carrying State Route 86 across the Kings Stormwater
Channel near the Salton Sea are two span structures carrying two lanes of
traffic and are 13.0m (42.5 feet) wide. The bridge carrying northbound
traffic is constructed using fiber-reinforced polymer (FRP) composite
materials and is 20.1m (66.0 feet) in length. The bridge system consists of a
two-span beam-and-slab superstructure with a multicolumn intermediate
pier. The superstructure is composed of 6 longitudinal carbon shell girders
with a wall thickness of 10 mm (3/8 inch) and a 343 mm (13.5 inch) inside
diameter. They are connected across their tops with a modular FRP deck
system. The damage localization results in Figures 2 and 3 indicate the
development of separation of the deck panels between 26 Sep 01 and 05
May 02. For these data sets, the severity estimation approached 1.0
indicating a complete loss of capacity at those elements. This “damage” was
easily verified by field investigation and deemed insignificant.

5. CONCLUSIONS

An owner needs a SHM System that can evaluate the ability of the
structural system to function as designed and estimate the remaining service
life of that system. A strategy was proposed to investigate the economic
feasibility of implementing structural health monitoring on bridges that
satisfies that need. To accomplish this, an existing Level IV NDE method
was reviewed and the weakness of existing work that is not advancing
implementation of a SHM System was reviewed. Lastly, examples were
provided to demonstrate the technical feasibility of the SHM System using a
Level IV NDE Method. What remains is to evaluate the economic
feasibility of implementing such a system. To accomplish this, a consensus
must be developed among academia, industry and government.
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SENSORS — NOT JUST FOR RESEARCH
ANYMORE

Nicholas P. Vitillo
New Jersey Department of Transportation, Bureau of Research, 1035 Parkway Avenue,
Trenton, NJ 08625, USA

Abstract: The use of sensors for research applications is commonplace. But the need and
use of sensors has made the transition for the realm of the highly scientific
research world to mainstream of engineering applications. This migration is
due in part to the improvement or enhancement of the sensor itself and in part
to the enhancement of related technologies — computers, cellular technology,
and wireless technology. The other reason for the migration is based on need.
Mainstream engineering recognizes the benefit of the senor technology to
address their need for reliable data to assist with decision making, incident
management, validation of assumptions, safety, and security enhancements.
The paper provides a summary of the sensor uses outside of the research
community and identifies some emphasis need in sensor technology and
related technologies.

Key words:  Sensors, Safety, Management Systems, Security

1. INTRODUCTION

New Jersey Department of Transportation (NJDOT) like many states has
been using sensor technology in their research program to collect a wide
variety of data element for their research projects. We considered these
sensors as elements in our research toolbox. The advances in sensor
technology (e.g., size, cost, capabilities), computers, cell phone technology,
and wireless technology has attracted the attention of other transportation
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sectors. Our research tools have made a successful transition to the
mainstream engineering and operations applications.

Sensor technology is cited as one of the hottest trends for 2004. [1] The
use of sensor technology has broadened beyond the research realm. It has
found its way into the areas of safety, operations, environment, infrastructure
management, goods movement, and security,

The reasons for using sensors has also expanded. Sensor had been
primarily used to collect research data as part of discovery. Now the sensors
are being used for verification of assumptions, continuous monitoring 24/7,
sensing what cannot be seen, monitoring long-term effects, and providing
tools for a more secure life. [2,3]

2. MAINSTREAM APPLICATIONS
2.1 Bridge Design, Materials, and Construction
Linkages

The use of the sensor technology has provided tools for the research,
bridge, materials, and construction engineers to verify assumptions made
during design, to visualize concrete strength development over time in three-
dimensions, to confirm in-situ properties and temperatures, and to provide an
objective means for early stripping of forms or opening to traffic. The sensor
tools also open up lines of communications between these engineers in a
way that has rarely been done before. The bridge engineer in headquarters
can view the same data as the regional materials engineer and the on-site
construction engineer. Decision or changes can be made in real time.

Sensors were incorporated in a multi-phased construction project using the
first Load Resistance Factor Designed (LRFD) bridge in New Jersey. The
research project principal investigator and bridge design offices worked
together to perform a 3-D Finite Element Analysis (FEM) of the bridge and
of the optimal sensors locations in the bridge. During construction sensor
data provide information on concrete temperature, beam deflection, deck
strains, and more. After construction, various weighted trucks were used to
calibrate the weigh-in-motion sensors and to verify design assumptions.
Modifications were made to the design based on the data. In phase 2, a latex
modified overlay was placed on the deck after modeling with the 3-D Finite
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Element Analysis. The sensors in the overlay and phase 1 deck construction
helped to verify the results of the FEM analysis for the LRFD bridge.

The same project also incorporated a new bridge approach design. Adding
sensors to the original and modified designs provided verification that the
new design was nearly four times stronger than the original design and the
remainder of the approach slabs were changed to the new design based on
these results. In addition, the bridge engineer changed approach slabs on
other projects to reflect the observed improvement on the research project
due to the strong evidence provided by the sensor technology.

The use of wireless sensors to record in-situ concrete maturity and
strength gain has improved the quality control and efficiency at pre-stressed
concrete plant and for in-place concrete operations. It provides a tool to
verify the assumed concrete strengths used in the design, but adds three-
dimensional capabilities that were not easily available with concrete
cylinders. The technology also provides the contractor and resident engineer
with an in-situ estimate of strength and concrete temperatures for stripping
forms, especially important during winter concreting operations.

Sensor technology is also finding innovative applications in lesser
engineering focused applications. The New York State Thruway Authority
coordinated the development of an electronic system that detects vehicles
that are too tall for the network. The system uses sensors to monitor the
height of trucks traveling on the New York State Thruway. [4]

The familiarity with the technology has also led to the incorporation of
sensors for long-term monitoring of the structural integrity into the structure
during design and construction, not as an-add on element. [5]

2.2 Pavement Design, Materials, and Construction Linkages

The NJDOT has been conducting a series of research project under a
Mechanistic Pavement Design “umbrella” to collect data necessary for a
rapid implementation of the new AASHTO guide. The studies have
collaborated laboratory and field testing with strategically placed pavement
temperature, moisture, ground water level, and freeze-thaw depth sensors
that will continue to provide the pavement designer, materials engineer, and
management engineer with data for more accurate assessment of pavement
properties, and remaining life. The long-term data will be used by the design
engineer and management engineers to modify current pavement design
equations, performance equations, and for adjustment a pavement properties
based on the temperature and moisture conditions. The seasonal variation
research project incorporated two of NJ’s Long Term Pavement Performance
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(LTPP) Specific Pavement Study (SPS) sites [SPS 5 and SPS 9]. The data
from these sites will also be used to make model adjustments for Superpave
implementation at the State and local levels.

In an article for Better Roads Magazine, Kuennen, reported on the use
Smart structures and the FHWA’s nanotechnology initiative. “Some
inspectors are querying sensor systems embedded in, or attached to, specific
locations on the structure using a mobile device for interfacing with these
various sensors. The inspectors are able to access the loading conditions and
corresponding structural responses, and any changes in local material
properties, of the structure since the last inspection period. Several wireless
maturity meters, attached to rebar and about the size of a candy bar, were
imbedded in the newly placed pavement. Using a handheld computer, data
were collected and analyzed to provide a concrete strength value. Recorded
data include current temperature of the pour, date and temperature when
poured, and dates on which it was last checked. Because the wireless meter
provides immediate and continuous data, on the progress of the strength gain
Michigan DOT was able to open the pavement without delays.” [1]

The use of temperature, moisture, and strain sensors in pavements that use
Accelerated Load Facilities (ALF) to rapidly assess pavement material
performance in Kansas and Turner Fairbank Highway Research Center
provide for improved modeling of pavement stresses, strains and material
properties and condition for the non-homogeneous, anisotropic, and
climatically affected pavement materials. [6] Other applications, like Smart
Roads in Virginia provide a blue print for expanding the use of sensor
technology to everyday pavement applications and monitoring.

2.3 Safety Linkages

In a comprehensive article, Karr summarized the most dramatic use of
sensors under the Intelligent Vehicle Initiative, a program that is targeted at
high-frequency crashes. They include: 1)a forward collision warning and
adaptive cruise control system that uses electronic sensors, Global
Positioning System, and radar to provide audio and visual warnings on a
head-up display to a driver who follows another vehicle too closely; 2)
radar-based lane-change and road- departure warning technology; 3) a
rollover stability advisor/controller system to aid truck drivers in avoiding
rollovers; 4) a bundled safety package comprised of electronically-controlled
braking, disc brakes, and a commercial rear-end collision avoidance system
(CAS) for trucks; 5) collision warning systems for transit buses; 6)
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"intelligent intersection" technology; and, 7) radar detectors at rural
unsignalized intersections. [7]

In some recent studies, NJDOT Research used sensors to verify
information from traffic simulations models for transit bus prioritization and
enhancement of round abouts. The traffic and safety engineers plan to
continue to use sensors to verify results from traffic simulations models at
other locations. Truck location tracking with global positioning systems is
common, and prototype systems exist for characterizing surrounding traffic
and roadway conditions. This technology is being used to monitor flow
patterns for traffic operations centers along with traffic speed and incident
location information to optimize timing and evaluation of alternative route
information. [8]

A report by the SRF Consulting Group [9] summarizes the use of sensor
technology to detect the presence of non-motorized traffic — bicycles and
pedestrians. “The majority of traffic detection technology and sensor
research has focused on the detection of "motorized" traffic. This has left a
need for objective information on the performance of "non-motorized' traffic
detectors. Bicycles and pedestrians are the two most common types of non-
motorized traffic. In recent years, sensors have been developed to detect the
presence of pedestrians and the speed and presence of bicycles. This has
been accomplished with a variety of technologies, including microwave,
infrared, video and inductive loops. These applications optimize intersection
operations and improve safety by reducing the conflicts between vehicles
and pedestrians. Similarly, bicycle detectors are being used to provide
detection inputs to traffic signals for call and extend functions.”

These types of sensor have been incorporated into lighted crosswalk
technology in NJ to activate the flashing crosswalk when the presence of a
bicyclist or pedestrian is detected.

Workzone safety has received increased attention. The use of GPS and
sensors in workzones have been identified as tool that can have a significant
effect on improving worker and traveler safety in workzones. Fontaine [10]
illustrated the use of the Work zone intelligent transportation systems
(WZITSs) program as a way to improve safety and reduce congestion at
work zone locations. These systems usually integrate portable changeable
message signs and speed sensors with a central control system that
automatically determines appropriate messages that are based on current
traffic conditions to warn drivers of downstream congestion, alert drivers to
slower speeds ahead, and suggest alternate routes on the basis of prevailing
conditions.
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The use of pavement sensors coupled with cameras provides the means for
traveler information on alternate routes and rapid deployment of emergency
response units. Expanding the system with RWIS sensors to measure
pavement and bridge temperatures and anti-icing chemical concentrations
through the traffic operations centers provides a means of ensuring traveler
safety during inclement weather by deploying salt and chemical unit when
and where they are needed. [11]

Tuan reported on the use of sensors in an innovative conductive concrete
application in Nebraska. Conductive concrete is a relatively new material
technology developed to achieve high electrical conductivity and high
mechanical strength. Temperature sensors and a microprocessor-based
controller system were installed to monitor and control the deicing operation
of the inlay. The sensors help to control the system allowing sufficient power
to maintain an ice-free deck. [12]

Swearingen also explored the balance of environmental factors with
traveler safety in a study for the Ohio Department of Transportation
(ODOT), which already had 72 Road Weather Information Systems (RWIS)
sites in place, recently expanded its reporting station coverage to 160 sites,
with more than 400 pavement sensors on the state's highways. The new
Environmental Sensing Stations (ESS) are totally wireless, using a
combination of wireless pavement sensors with solar panels power and
cellular communications. The RWIS has been shown to be a system that is
useful year round, as the pavement sensors can also monitor traffic speed,
traffic volumes, and wind speeds. [13]

2.4 Management System Linkages

Pavement, Bridge, Asset, Maintenance, and Safety Management Systems
have increased the use of sensors in their program to collect a variety of data
elements on a periodic or continuous basis. Data from sensors incorporated
in these systems can be shared to form and integrated or overall management
system.

Casas credited advances in the production of optical fibers made possible
the recent development of innovative sensing systems for the health
monitoring of civil structures. The main reasons cited are the reduced weight
and dimensions of fiber optic sensors, the strong immunity to
electromagnetic interference, the improved environmental resistance and the
scale flexibility for small-gauge and long-gauge measurements. These
systems can provide high-resolution and measurement capabilities that are
not feasible with conventional technologies. In addition, they are
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manufactured at a low cost and they offer a number of key advantages,
including the ability to multiplex an appreciable number of sensors along a
single fiber and interrogate such systems over large distances. “For these
reasons, it is evident that fiber optic sensors will change the instrumentation
industry in the same way fiber optics has revolutionized communications.”
[14]

To facilitate an efficient bridge management system, knowledge is
required of the state of health of bridge structures. over 10 percent of bridges
in the U.S. have been found to be structurally deficient. Electronic monitor
of bridge structure constitutes a major advance in industry technology, as it
integrates processing electronics with sensors, a combination that enables it
to use digital communications. [15-17]

The use of sensors will increase with the implementation of the new
AASTHO Mechanistic-Empirical Design of Pavement Structures. Kim
describes a new method for estimating the axle weight of a moving vehicle
that will help to improve the traffic weight data and allow the development
of improved load spectra curves. It uses two piezoelectric sensors and an
adaptive-footprint tire model. The method is less sensitive to variable factors
that influence the axle weight of a moving vehicle. [18]

2.5 Security Linkages

The events of September 11, 2001 forced the United State to take a new
look at homeland security at the National, State, and local levels. The
security of the transportation industry is at the center of this effort. The
movement of people, goods, utilities, and pipelines as well as natural
resources - rivers and water reservoirs are the cornerstone of our economy
and way of life. These events emphasized the need to use all means available
to ensure the safety of our citizens and visitors. The security umbrella will
greatly accelerate the development and implementation of new sensor
technology. [19]

Hundreds of thousands of cargo container arrive on ships everyday from
foreign countries. One of the most important problems facing the U.S.
Department of Transportation is the detection of illegal chemicals and
explosives entering this country. There is a major concern for the security
risk that this presents. One solution presented by Tyler looked at the concept
of smart cargo containers fitted with sensors that can detect intrusion and
radiation. The sensors feature two-way communications devices that can
alert security personnel. Bosco also addressed these concerns. He cited the
limitations of the current methods used by governments to detect harmful
substances by means of physical inspections, sophisticated detection
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instrumentation and trained "sniffing" dogs. He discussed the feasibility of
integrating a variety of microcantilever sensors into a hand-held sensor
system capable of sensing and identifying illegal explosives. Researchers at
the University of Alabama at Huntsville have developed the capability to
design, fabricate and test microcantilever devices that can detect trace
amounts of most organic and inorganic chemicals. These sensors are so
sensitive that, in some cases, they can exceed the sensitivity of trained dogs.
The sensors are small enough that many sensors can be placed on a single
silicon chip. “[20-22]

Security around airports is particularly sensitive. Many high tech
innovations have been pressed into service within the terminal complexed,
but less has been done to secure the extent of the airport property. The size
of most airports makes perimeter security extremely difficult. Aloni
described the use of a new technology for airport security on the runways
and taxiways. Perimeter security requires "smart" fences that can detect
attempts to breech them. The sensors can be calibrated to only respond to
stimuli above a certain threshold in intensity to avoid false positives. [23]

While airport have received much attention, the security of our natural
resources deserves as much focus. Shenkiryk discusses concerns for our
nation's water systems and the associated supply, treatment and distribution
infrastructure. He discusses an automated infrastructure surveillance
technology that was developed and implemented.. This centralized
information management system integrates and provides surveillance
information using a single universal interface that allows the display of all
monitoring devices within a water agency's inventory to include the
management of input from videocameras, motion detectors, acoustic sensors,
and other like devices. [24]

3. CONCLUSIONS

Sensors have made a successful transition to the mainstream engineering
and operations areas. The transition will continue to increase as the sensor
and related technologies improve and the needs expand.
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INVESTIGATION OF THE DYNAMIC
PROPERTIES OF THE BROOKLYN BRIDGE
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Abstract: The dynamic response of the Brooklyn Bridge in New York City to service and
extreme event conditions is the subject of several investigations. Pedestrian type
excitations were studied by ambient vibration monitoring and forced vibration
tests. Mode shapes and frequencies, extracted from the collected data, compared
well with the results of finite element analysis. Modal damping ratios were also

estimated.

Key words:  Acceleration, ambient, bridge, damping, excitations, forced, frequency.

1. THE BROOKLYN BRIDGE

The Brooklyn Bridge (Fig. 1) was first of the four East River crossings
in New York City. Construction started in 1867 and was completed in 1883
at a total cost of USD 14 m. The land for the project had cost USD 25 m.
The bridge was designed with two streetcar tracks, four carriage lanes and a
pedestrian walkway. A 5 ct. toll was initially charged for crossings. The
structure was later modified to accommodate 4 train track and, once again, to
remove all tracks and restrict use to vehicular traffic and pedestrians, as
shown on Fig. 2. The average number of daily users has fluctuated between
426,000 and 130,000.

At 1595 ft (487 m), the main span of the bridge almost doubled the
existing record for length. Earlier attempts to span lesser distances with
suspension structures had failed due to wind as in the case of Charles Ellet’s
(1810 — 1862) Wheeling bridge over the Ohio River (1854). John Roebling
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(1806 — 1869) stabilized his suspension bridges with a brilliant hybrid
system of suspenders, diagonal fan-type stays and longitudinal stiffening
trusses. The redundancy he sought is clearly expressed in his statement that
removing the stays would cause the bridge to “sink in the centre”, but not
fail.
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Figure 2. Cross-section modifications and corresponding number of daily users.

J. Roebling’s model of stiffening against torsion was eventually
abandoned, first by eliminating the stays and then by replacing the trusses
with girders. After the Tacoma bridge was excited to a torsional mode failure
by a moderate wind on November 7, 1940, various stiffening methods were
rediscovered. In a 1988 tribute to the Brooklyn Bridge, J. Schleich and R.
Walter proposed an award - winning hybrid stay and suspension structure for
a replacement of the Williamsburg Bridge.

The redundant design saved the Brooklyn Bridge under circumstances
Roebling might not have envisioned. In 1981 one of the diagonal stays,
weighing an estimated 2 tons ruptured and fell on the footwalk, killing a



Investigation of the Dynamic Properties of the Brooklyn Bridge 67

pedestrian. The subsequent investigation revealed advanced corrosion in the
suspenders and stays. The structural redundancy allowed a full replacement
to be conducted without traffic interruption at a cost of USD 53.57 m.
(1991). Other work, beginning in 1981, and including deck and traveler
replacement, rebuilding of approaches, painting, etc. has added up to USD
464.07 m. (NYC DOT 2003 Bridges and Tunnels Annual Condition Report).

After 121 years of service, professional confidence in the dynamic
stability of the bridge remains unchallenged, however the general public has
not always taken that on faith. On May 30, 1883, one week after the bridge
opening, a rumored collapse caused the crowd, estimated at 20,000, to panic.
12 people were trampled to death in the ensuing stampede towards the
bridge exits.

During the East Coast blackout of Aug. 14, 2003, the Manhattan-bound
vehicular lanes of the bridge were opened to pedestrians, while the Brooklyn
bound lanes remained under automobile traffic. In the following several
hours a number of users reported large lateral motions on the bridge. None
of the DOT engineers present at the site, including the author, could confirm
the reports. Pedestrians are known for the following proclivities:

- to excite bridges laterally, as was recently demonstrated at the

Millennium Bridge in London;

- to sense acutely small displacements.

Taking into account the management needs of the Brooklyn Bridge,
NYC DOT undertook a dynamic analysis of the structure in 2003.

2. FINITE ELEMENT MODEL AND ANALYSIS

In order to study the dynamic behavior of the bridge, finite element
models are essential. A 3-D finite element model (Fig. 3), including all the
major elements of the bridge, was developed by Weidlinger Associates, Inc.
using ANSYS 7.0 [1].

Link (tension-only) elements were used for the cables, suspenders,
over-floor stays, under-floor stays, truss diagonals/counters. Beam elements
were used for floorbeams and truss chords, etc. The roadway decks were
modeled by shell elements. Stays and suspenders were modeled with tension
forces obtained from existing contract drawings. Longitudinal and rotational
springs, whose properties were obtained by independent analysis, were used
for modeling of the tower foundations. The towers were modeled by a
combination of beam and shell elements. The below-floor stays near the
towers were coupled with (slaved to) adjacent tower nodes. Cable ties, which
connect the cables together to form their lateral curvature, were also
modeled.
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Fig. 4 shows the details of the model. The 10 stringers in each roadway
deck were modeled by 4 beam elements with equivalent properties. The
decks were connected to the floorbeams by a set of linear springs in three
directions at each node. Each deck relief joint was modeled by two sets of
nodes, one per side. They were coupled together to restrict relatively
translational movements, while allow relative rotations.

After the completion of the model, modal analysis was performed and
the first lateral, vertical and torsion modes in the main span are shown in
Fig. 5.

a. 1¢t Lateral Mode in Main Span, f=0.180 Hz (Plan)

c. 18t Torsional Mode in Main Span, f = 0.401 Hz (Elevation)

Figure 5. First modes obtained from analysis

3. AMBIENT VIBRATION MONITORING

Ambient vibration monitoring was performed on the bridge by ATLSS
Research Engineering Center (ATLSS) of Lehigh University.

Fig. 1 shows the instrumentation plan for the ambient vibration
monitoring. Accelerometers were installed at 10 cross-sectional locations
along the bridge. At each location, there were 3 accelerometers — 1 in the
transverse direction and 2 in the vertical direction. The only longitudinal
accelerometer was installed at the top of Brooklyn Tower. Wind speeds and
directions were measured by an anemometer at the middle of main span, 30
feet above the walkway. In total, 35 accelerometers were used for the
monitoring.
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Modes and damping ratios were determined from the collected data by
ATLSS, Lehigh University. The field - measured modes were grouped into
lateral, torsional and vertical. In each group, measured frequencies and mode
shapes were matched with the analytical ones, obtained by Weidlinger
Associates. 35 modes were observed from the field measurements between
0.0 Hz and 2.5 Hz. 34 of them were identified in the finite element model.
The differences in frequencies were mostly small, except for a few of
roughly 8%. The agreement between the measured and analytical results
demonstrated that the finite element model was reliable and could be used
for further analysis.

Figure 6. Electro-hydraulic actuator weighing 6.5 tons, with 2.5 ton capacity.

4. FORCED VIBRATION TESTS

Forced vibration tests in both the lateral and vertical directions were
conducted on the bridge for the modes in the frequency ranges sensitive to
pedestrian induced vibrations. These ranges were considered to be between
1.5 Hz and 2.5 Hz for the vertical direction and between 0.5 Hz and 1.5 Hz
for the lateral direction. An electro - hydraulic shaker was provided by the
US Army Corps of Engineers Engineering Research and Development
Center (ERDC) for the tests. The shaker, shown in Fig. 6, weighs 6.5 ton and
has a 2.5 ton capacity.

The tests, performed by ERDC, were conducted at the mid- and
quarter-points of the main span and the mid-point of the side span. At each
location, a variety of tests were performed in both the lateral and vertical
directions. ATLSS analyzed the collected the data.



Investigation of the Dynamic Properties of the Brooklyn Bridge 71

5E-03 = —
<+—— 3" Lateral Mode in Main Span

4E-03 ——¢ — Damping ratio: 1.5%; —

|

£ 3E-03 - |

2 |
=y

& 2E-03 A ‘

1E-03 ‘ — —‘

ww

0E+00 - o el

0.5 0.7 0.8 T4 1.3 1:5

Frequency, Hz

Figure 7. Figure FRF of a horizontal accelerometer near the Brooklyn tower, main span.

2.000
» 1.000 PN —
2 j W
=3
i v\ )
5 i
(19

-1.000 - U U4

-2.000 ;

00 10.0 200 200 200

Time, s

Steady-state Response  , ghaker Qutput Force @ 0.58 Hz

0.010

0.006

0.002

-0.002

Acceleration, g

-0.006

-0.010

50.0

M gy g o

0.0 50 100 150 200 250 300 350 400 450 500

Time, s

b. Response of Horizontal Accelerometer @ % Point of Main Span

Figure 8. Resonant response of the 3 lateral mode in the main span, = 0.58 Hz.

First, slow sweep tests were performed. During these tests, the shaker
frequency was modulated from the starting frequency to the final frequency
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over 500 seconds. Since the shaker swept through the frequency range at a
slow pace, at each resonant frequency, steady-state modal responses were
achieved. Frequency response functions, as in Fig. 7, were generated for the
collected data. Damping ratios were calculated by both the “circle fit” and
the ‘half power bandwidth” methods [2].

The slow sweep tests were followed by resonant vibration tests. During
these tests, the output frequency of the shaker was tuned to excite one modal
frequency of the bridge until steady-state responses were achieved. Then, the
shaker was turned off quickly to allow the bridge to vibrate “freely”.
Equivalent viscous damping ratios were calculated from the free vibrations
decay. Fig. 8 shows the end of the resonant test for the 3" lateral mode in the
main span. The shaker was turned off quickly (Fig. 9-a) and the free decay
of bridge vibrations was captured, as shown in Fig. 9-b. The damping ratio
was estimated to be 0.85% for this mode. In total, 18 modes were tested by
this method and their damping ratios vary from 0.7% to 3%.

S. CONCLUSION

In total, 35 modes were identified by the ambient vibration monitoring
and their damping ratios were estimated.

The forced vibration tests excited 18 modes in the frequency ranges
sensitive to pedestrian induced vibrations, and their damping ratios were also
estimated.

The measured modes and frequencies compared well with the analytical
results obtained by Weidlinger Associates and verified the finite element
model.

The results of the investigation will serve in the long-term bridge
maintenance and rehabilitation plans. They are already taken into account in
the current seismic evaluation of the structure.
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DISTRIBUTED SENSING TECHNOLOGIES FOR
MONITORING FRP-STRENGTHENED
STRUCTURES
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Abstract:

Key words:

In this paper, some research achievements on the damage detection of Fiber-
Reinforced-Polymer (FRP) strengthened structures are briefly reviewed. Two
primary methods are developed to make the FRP-strengthened structures with
distributed damage detection functions. One method is to make full use of the
inherent characteristics of materials to form smart structural systems. For
HCFRP (Hybrid Carbon FRP)-strengthened structures, the HCFRP, used both
as reinforcing and sensing materials, can provide the structures with smart
structural health monitoring (SHM) function in virtues of the electrical
conductivity. Another method, particularly for the electrically inert FRP-
strengthened structures, is to embed distributed fiber optic sensors. It is
revealed that these kinds of distributed sensing technologies are effective in
monitoring the distributed damage, debonding behavior and the overall
structural performance of FRP-strengthened structures, which can also be
combined for the SHM and damage detection purposes.

SHM, FRP composites, damage detection, ER measurement, optic fiber
sensing, Brillouin scattering, FRP-strengthened structures

1 INTRODUCTION

A number of existing civil engineering structures need being strengthened or
monitored for the safety or realizing a long life span. FRP composites, in the
forms of rod, cable, grid, sheet or plate etc., are widely accepted as attractive
and innovative materials in rehabilitating and strengthening the existing
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infrastructures, due to their high strength, high stiffness and lightweight. In
contrast to the traditional strengthening methods such as bonding steel plate
and jacking, the bonding FRP represents a practical and effective method
due to their excellent properties as well as high corrosion resistance, easy
operation and so on. However, the FRP composite is a new kind of material
in civil engineering, which results in a knowledge lack about the long-term
properties, load transfer mode, failure mechanism and criteria. Moreover, the
stress-strain behavior of FRP is linear-elastic up to the ultimate failure, and
the energy release is mainly elastic and sudden. This kind of mechanical
behavior can lead to a sudden rupture of the FRP. For the structures
externally bonded with FRP sheets, the debonding of FRP sheets due to the
limited ability along FRP-concrete interface is another critical failure mode.

Consequently, it is necessary to take some counter measures to lower or
avoid the influence of such disadvantages. An effective and direct method is
to resort to SHM technologies to inspect the FRP-strengthened concrete
structures in a real time for signs of abnormality.

For the CFRP-strengthened structures, it is realized that they possess self-
SHM capacity attributed to the electrical conductivity and piezoresistivity of
carbon fibers. Both d.c. and a.c. ER measurements [1, 2] may be used as
indicators about their structural health. However, for the CFRP with only
single kind of carbon fibers, some issues limit its wide applicability. To
upgrade the mechanical properties and obtain a more satisfactory self-
sensing function, the authors developed the HCFRP in the forms of sheet or
rod by hybridizing several types of carbon fibers and investigated their
mechanical and electrical properties [3-5]. For the electrically inert FRP,
such as Poly-p-phenylene benzobisoxazole (PBO) strengthened structures,
the distributed fiber optic sensing technology, based on Brillouin Optical
Time Domain Deflectometry (BOTDR), has been treated as an innovative
monitoring strategy for the large-scaled civil engineering structures. The
BOTDR sensing technology is based on the basic principle that Brillouin
frequency shift in the Brillouin back-scattering spectrum is linearly
dependent on the strain or temperature of the fiber[6-10].

The objective of this work is to investigate the sensing technologies for
FRP-strengthened structures. For the HCFRP-strengthened structures, the
ER method can be used to monitor the structural health, without discrete
sensors and actuators. For the electrically inert FRP-strengthened structures,
the structural health is monitored by means of optic sensing. Of course, the
fiber optic sensing can be used to monitor the health of HCFRP-strengthened
structures, and the HCFRP can also be used as sensors to monitor the
electrically inert FRP-strengthened structures. The experimental program
indicates that both sensing technologies are effective in monitoring the
structural health and detect the damages of the FRP-strengthened structures.
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2 DESCRIPTIONS OF SENSING PRINCIPLES

2.1 ER measurement principle of HCFRP composites

Due to the electrical conductivity of carbon fibers, the CFRP are expected to
act as sensing material or both sensing and structural materials. As a result, a
broad-based and distributed sensing function of HCFRP-strengthened
structures can be realized. A simple ER measuring system can be
schematically shown in Fig. 1, only consisting of simple electric equipments
such as a DC generator and a digital multimeter. The main advantages are its
directness, simplicity and low cost.
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. Figure 2. The electrical and mechanical
simple ER measurement system models of hybrid CFRP composite
However, a number of issues limit the applicability of CFRP with only

single type of carbon fibers to civil engineering structures [11]. To overcome

the issues, the authors have brought out the concepts of a broad-based
sensing with HCFRP, the electrical and mechanical models of which are
illustrated in Fig. 2 [5,12]. In the model, three types of carbon fibers are
involved, high modulus (HM), middle modulus (MM) and high strength

(HS) carbon fibers. The HM carbon fibers are expected to fracture during a

low strain range, and the fractures lead to a high rate at which the ER of

HCFRP increases. HS carbon fibers are mainly used to improve the load

carrying capacity and ensure the stability and safety of the HCFRP after the

macro-fracture of HM and MM fibers. The hybridization can also result in a

step-wise increasing manner for the ER. Consequently, it can be believed

that the hybridization can enlarge the strain-sensing range and realize the
self-health monitoring serviceability of HCFRP composites.

Figure 1. Schematic illustration of a

2.2  BOTDR measurement principle

The distributed sensors make use of optic fibers in which each element of the
optic fiber is used for both measurement and data transmission purposes.
The measurement purpose of optic fiber is to determine locations and values
of desired parameters along the entire length of the fibers.
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In the BOTDR, a short pulse of light is transmitted along the fiber and
the backscattered energy due to Brillouin backscattering is measured at the
sending end. The time interval between the sending and detection of the
backscattering energy provides the spatial information, and the intensity of
the backscattered energy provides a measure of the fiber attenuation.

The relationship between the Brillouin frequency shift and the tensile
strain on the optic fiber can be described by the following equation,

vy(£)=1,(0)1+C-¢)

where vp(g) is the Brillouin frequency shift with strain & vg(0) is the
Brillouin frequency shift without any strain, C is the strain coefficient and ¢
is strain. Consequently, the strain distribution can be measured through
detecting the frequency shift of Brillouin back-scattering.

3 EXPERIMENTAL DETAILS

To elucidate the self-SHM function, two specimens are referred to, which
are a RC beam strengthened with HCFRP sheets and a full-scale PC girder
externally strengthened with prestressed PBO sheets.

3.1 HCFRP strengthened RC beam specimen

The self-SHM functions of plain concrete structures and RC structures
externally strengthened with HCFRP in the forms of sheet or rod was
investigated, based on the mechanical and electrical characterization of
HCFRP [1,2,13]. It was shown that the electrical behavior was very sensitive
to the change of mechanical condition. However, for the plain concrete beam
strengthened with HCFRP sheets, the electrical behavior was not stable
enough due to the instability of the concrete structures especially after the
macro-factures of HCFFRP sheets. In addition, it was shown that the values
of AR/R, of the structure strengthened with HCFRP rods were smaller than
those of the one strengthened with HCFRP sheets at the same condition.
Herein, a RC beam strengthened with HCFRP sheets was referred to as an
example to elucidate the self-SHM function of HCFRP-strengthened
structures. The HCFRP sheet consists of two types of carbon fibers, HS type
(C1) and HM type (C7) in a ratio of 1:1. The mechanical properties of the
carbon fibers are listed in table 1 based on the manufacture’s specification.
After the surface treatment, the carbon fiber sheets were bonded on the
bottom surface of the beam with epoxy resins. Then, the specimen was cured
at room temperature for about one week. Four copper electrodes were
assembled on both ends of the specimen, and silver paste was applied in
order to ensure a good electrical contact between the specimen surfaces and
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copper electrodes. A small direct current (DC) about SmA was introduced
into the specimens from the electrodes, and the voltage was measured by
using a digital voltmeter. Fig. 3 shows the schematic illustration of the
HCFRP-strengthened concrete beam and the ER measurement system.

Table 1 Properties of applied continuous carbon and PBO fiber sheets

Tensile Young’s . . .
Type of Thickness Elongation Density
. strengthen Modulus 3
materials (mm) (%) (g/ecm’)
(Gpa) (Gpa)
Cl 3.40 230 0.111 1.478 1.80
C7 1.90 540 0.143 0.352 2.10
PBO 3.50 240 0.128 1.458 1.56
PC strand 1.86 200
Steel bar 0.60 200
Concrete 50Mpa 33.9

* For concrete, the value of compressive strength is listed

= e o

Figure 3. Dimension of RC concrete beam (a); schematic illustration of ER
measurement and distribution of strain gauges on the surface of the HCFRP
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The specimen was subjected to three-point bending. A hydraulic
universal testing machine (UH-500KNI) was employed under a load
control mode at a loading rate of 1kN/min. The strains were measured
with conventional strain gauges, as shown in Fig. 3 (b).

3.2  PBO strengthened full-scale PC girder specimen

The authors had used distributed BOTDR fiber optic sensors, which are
characterized with long gauge length, to measure the tensile and compressive
strain distribution and crack width of concrete cylinders [10]. It was showed
that the optic fiber bonding length had great influence on the measuring
results. When the fiber optic bonding length was more than 1m, the
measurements of BOTDR sensors agreed well with the results of strain
gauges. However, when the optic fiber bonding length was less than 1m,
such as a length of 0.3m, the maximum error between the measurements of
BOTDR sensors and those of conventional strain gauges amounted to 46%.
In this study, the BOTDR fiber optic sensors are used to monitor the
bonding/debonding behaviors of FRP-strengthened PC structures through
measuring the strain distributions. To elucidate the sensing method and its
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application in details, a PBO strengthened PC girder is referred to, as shown
in Fig. 4. The tensile steel cables were prestressed up to 1512 kN. The
material properties of concrete, steel strands, reinforcing bars, and PBO
sheets are shown in Table 1. In this study, the prestress level for the PBO
sheets with 3 layers was set to be 33% of the assumed effective strength of
PBO sheets. The PFRP sheets were impregnated with epoxy resins before
prestressed.
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Figure 4. Test-set up for four point bending
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Figure 5. Position of fiber optic sensor on the cross section of PC girder
(a); installation of fiber optic sensor (b)

Two methods are considered to bond the fiber optic sensors. One is
called as overall bonding (OB) method, where the necessary measured
length of optic fiber sensor is bonded on specimen with epoxy resin. The
other is called as point fixation (PF) method, where two ends of the part are
bonded to the specimen in order to form a uniform strain distribution within
these two bonding points. The sensors were bonded after the release of the
pretension of PBO sheets. In the following, all the strain distribution means
the strain variation distribution. The installation of BOTDR optic sensors on
the PC girder and PBO sheets is schematically shown in Fig. 5 (a) and (b).

The fiber optic sensor can be divided into five parts, named as F1, F2, F3,
F4 and F5 successively, shown in Fig. 5 (b). The first two parts of F1 and F2
are bonded on the outer surface of the PBO sheets. Part F1 is bonded on the
outer surface of PBO sheets with the PF method with an interval of fixation
points of 1.5 meter. Part F2 is mounted with the OB method. Parts F3 and F4
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are bonded on the surface of the concrete in tensile region. Part F3 and F4
are bonded with OB method and PF method, respectively. Part F5 is pasted
on the compressive surface of the PC girder to monitor the compressive
strain of concrete. A strain/loss analyzer AQ8603 (Ando Electric Co. Ltd.)
based on the BOTDR technique is used for the continuous measurement of
strain distribution with optic fiber sensors.

4 RESULTS AND DISCUSSION

4.1 Experimental results of HCFRP strengthened RC beam

Previous investigations indicated that for the HCFRP sheets strengthened
plain concrete beams the electrical behavior was not very stable [1,13]. In
this case, the HCFRP sheets were the only reinforcing materials, which act
as both reinforcements and sensing materials. The gradual rupture of the
HCFRP sheets results in a great instability of the whole structure. For this
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reason, herein, the SHM functions of HCFRP sheets strengthened RC
structures are discussed. The experimental results of the specimen are shown
in Fig. 6 (a)-(c). It is seen that during a low strain/load range, the ER
changes slowly, and that in a high strain/load range the ER changes with the
applied strain/load in a step-wise manner. The macro-fractures of one certain
type of carbon sheets can result in a sudden jump in ER.

Fig. 6 (a) shows that the electrical behavior is correlated to the
mechanical behavior. However, the values of AR/R, are relatively small
before a load of 69kN. The AR/R, vs. average strain curve (Fig. 6(c)) of
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HCFRP-strengthened RC beam is somewhat similar to that of HCFRP sheets
[11]. The initial fracture strain (about 2300u) at which the HM carbon fibers
(C7) began to fracture is smaller than that (about 3000u) of the HCFRP
sheets. The reason is due to the different loading manners. For the 3-bending
experiments, the average strain is smaller than the strain in the middle span
but much larger than that of the beam-ends. However, the specimens of
HCFRP sheets were subjected to unidirectional tension, and the strains of the
specimen are relatively uniform. From Fig. 6 (a) and (b), one can obtain that
after every macro-fracture of carbon fibers the load increases with strain at a
lower rate, while the AR/Ry increases at a higher rate.

4.2 Experimental results of RC girder strengthened with
prestressed PBO sheets

For the FRP strengthened concrete structures, the FRP bonding technique is
critical to ensure good performance of the adhesive layer. The failure in this
stress transfer zone may invalidate the composite action between concrete
and FRP and lead to a brittle, catastrophic failure without foreboding prior to
achieving the expected strengthening effects, which is often observed in the
experiments of FRP-strengthened RC beams. In order to achieve effective
strengthening by FRP, debonding needs to be monitored and avoided.
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Figure 7. Comparison of strain distribution on the surface of PBO sheets and it
of concrete on the fringe

The strain distribution measurement of concrete and PBO sheets provides
a useful indication for the purpose of deciding whether debonding occurs or
not in the adhesive layer. Fig. 7(a) and (b) give the comparison of strains on
the surface of PBO sheets and at the fringe of concrete at different load
cases. It can be found that the strain distribution on the surface of the PBO
sheet can agree well with that of the concrete. Only slight discrepancy can be
observed from this figure. Fig. 8(a) and (b) give the comparison of the strain
measurement of PBO sheets and concrete in the middle of the span under
different load levels with OB method and PF method, respectively. It is clear
that the strains of PBO sheets are close to that of the concrete at the fringe of
PC girder. There is no obvious difference between the strain and the strain
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distribution of PBO sheets and concrete when load is lower than 490kN,
which means that the interface between PBO and concrete was perfect and
no interfacial shift occurred prior to a load of 490kN. The strain monitoring
results can agree with the experimental results.
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Figure 8. Comparison of strain of PBO sheets and concrete in tension
under different load levels
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Figure 9. Strain measurement of concrete in compression.

The field strain measurement results of the concrete in compressive region
of the upgraded PC girder and its fitting curve are shown in Fig. 9. It can be
found that the compressive strain of concrete increased with the increase of
load levels. It is clear shown that the BOTDR optic sensors can be used to
monitor both tensile strain and compressive strain of concrete structure. OB
and PF bonding method are both suitable for tensional strain measurement.

5 CONCLUSIONS

The SHM and damage detections of FRP-strengthened concrete structures
are reviewed and discussed based on two kinds of sensing technologies—ER
measurement and BOTDR techniques. For the ER sensing with HCFRP
composites, in a low strain range the ER changes almost linearly but slowly
with strain, while in a high strain the ER increases with strain quickly in a
step-wise manner corresponding to the macro-fractures of different types of
carbon fibers. Thus, an indicator on the mechanical state of the HCFRP
strengthened structures is provided. As a distributed sensing technique, it is
revealed that the BOTDR technique is a promising method in measuring the
strain distribution, assessing the damage and performance and monitoring
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the structural health and the bonding/debonding behaviors of the FRP sheets
from the FRP strengthened structures.
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MONITORING AND RESPONSE OF CFRP
PRESTRESSED CONCRETE BRIDGE

A. De Stefano and R. Ceravolo

Politecnico di Torino, Dipartimento di Ingegneria Strutturale e Geotecnica

Abstract: In Europe, and specially in Italy, there is an impressive amount of historical
architectural treasures. They need an effective maintenance strategy that
cannot be achieved without a reliable real-time or quasi-real-time knowledge
of the structural behaviour. Mechanical properties of ancient masonry are
highly uncertain. This makes that every step of the mechanical
characterization, from sensing system design and location to model updating,
should be robust. Robustness against local property changes and large spatial
scattering requires distributed sensing and appropriate data mining and data
fusion techniques, allowing to reduce data redundancies and to save only the
useful information. This goal is among the main targets of a proposal for an
Italian national research project, coordinated by the Authors and involving 9
Italian Universities.

Key words:  Structural health monitoring, Historical masonry, Distributed sensing,
Stochastic Modeling.

1. INTRODUCTION

The historical architectural heritage, so widely present everywhere in
Europe, is a resource and a fundamental part of the cultural European
background, but also a problem, due to the huge investment needed to
maintain it, or even to repair it after environmental injuries. Maintenance
requires a strategy, that shall be rationally optimized to reduce and control
the investment needing without loosing safety.

Knowledge is a fundamental aid towards such target. To a structural
engineer, knowledge means to keep under control, in real-time or nearly
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real-time, all the parameters governing the stability, bearing capacity and
safety of the existing structure.

The present trend is to realize on-line monitoring systems, making
“smart” the traditional structures. On-line monitoring, in service conditions,
without specific experimental tests on materials cannot provide an absolute
evaluation of the structural safety but can catch the symptoms of a decay in
the mechanical properties. Experimental analyses on a structure can be
divided in two groups: a first one for monitoring local quantities, such as
deformations, opening of cracks, local humidity and temperature conditions,
etc., for which fiber optics have encountered a substantial development; the
second are devoted to the characterization of the structure as a whole, like
dynamic testing. On the other side, dynamic testing for control and diagnosis
involves the solution of an “inverse problem”, which is severely ill-
conditioned; noise, from electrical, mechanical or environmental source, and
low sensitivity make it even harder to extract reliable interpretations from
experimental results.

2. SPECIFIC PROBLEMS OF ANCIENT MASONRY
STRUCTURES: KNOWING THE STRUCTURE IN ITS
ACTUAL CONDITIONS.

The most important aspect of the mechanical behavior of ancient
masonry structures is the uncertainty of the mechanical properties. One can
summarize the nature of such uncertainty in the following way:

1. local variability of the geometric properties and of the masonry
internal organization, lack of material continuity, hidden empty
volumes, loss of verticality of walls subject to lateral loads
caused by vaults, arches or roofs;

2. local variability of the material strength and stiffness, due to
original defects or electro-chemical degradation;

3. (distribution of cracks, subject to thermal path (seasonal width
oscillation with basic trend to increase continuously, due to
cumulated debris inside the crack,);

4. effects of past, non documented, damages and repairs,
architectural changes, local manipulations.

Inspections, by means of endoscopes, thermographs, radar, metal
detectors; physical measures, via sonic tomography; or geometric measures
by photogrammetry, or other available technologies, can be executed once
only or periodically to improve the knowledge level and to reduce the
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uncertainties. False color images and spectrometry can reveal the chemical
degradation.

Unfortunately all those observations and measures, while increasing
largely the knowledge level, supply only local information, generally not
extendable to the whole structure. The complete inspection and measure
process shell be repeated for every other location where a better information
is required. Usually budget limitations reduce the number of locations where
such controls can be done; the result is a spot knowledge, very useful but
often arbitrarily assumed as representative of the whole construction body.

Reliable evaluations of the bearing capacity and ultimate strength shall
come, fundamentally, from destructive testing, but very seldom the
extraction of samples is allowed in case of important architectural heritage;
even in case that some extractions are allowed, they are always few and
statistically not relevant. Sometimes spare bricks or stones are collected
from the real structure and assembled in the lab by means of a new-cast
mortar. The bearing capacity of the structure is strongly dependent on the
quality of mortar, so destructive testing on such reconstructed samples may
prove insignificant.

Thus, so as in every case when each knowledge source is poor, it is
necessary to use as many different sources as it is possible. local inspections
should be integrated with global measures, supplied by dynamic testing.
Dynamic tests supply information about the whole-body response; they
make it less arbitrary and more reliable to extend to the whole body the
outcomes of the local inspections and measures.

3. DYNAMIC TESTING

In civil engineering fields, the objects of monitoring are essentially
flexible structures, as modern bridges, tall buildings, frames, etc.

Ancient masonry buildings, in general, are not flexible, except towers
and large domes or vaults; therefore literature shows that dynamic testing is
more often applied to such types of objects. Its applicability to other types of
masonry structure shall be checked case by case, but, due to the stiffness
and mass distribution properties, it happens often that more local and global
modes concentrate in a narrow frequency band, making confused and hard to
analyze the response. Moreover, non-linear behaviour, which observable in
the ancient mansonry even at low strain levels, can introduce spurious
spectral peaks, adding further disturbances to the analysis process.

One can first classify modal identification techniques by the domain in
which they have been formulated
*  frequency domain;
= time domain;
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* joint time-frequency domain.

Techniques using known excitations generally build response functions
intrinsically related to the own characters of the responding mechanical
system.

In case of nearly linear response, one can process signals in frequency
domain, where it is naturally possibile to reduce the size of the problem. A
frequency Response Function (FRF) is approximated through a “curve
fitting” procedure [10]. Frequency domain techniques, though affected by
the disturbance due to the needing of a edge-smoothing time window on
digital samples, are again made interesting by the powerful cleaning effect
of SVD tool [8].

If the response is recognized as non-linear, frequency domain methods,
although effective, are too much affected by ucertainties and reduce,
generally, to mere non-linearity classifiers

The time-domain identification can save the causal nature of the dynamic
problem [1,6,10]. It can take advantage from formulations based on
recursive processes, as Autoregressive estimates, Kalman filters, Markov
chains, Eigenrealization processes.

Time-domain approaches seem more flexible and adaptable to face
moderately non-linear identification problems on large, uncertain MDOF
systems, as ancient masonry buildings are, although they need the
intermediation of specifically selected models.

Although time domain approaches proved to be more flexible and robust,
they share with the frequency domain techniques the necessity of the
hypotesis of a stationary and generally ergodic nature of the input.

Techniques in time-domain, accepting the assumption of stationary input,
lead to auto-regressive models, with or without exogenous noise, or, more
simply, to techniques based on free dacay analysis, where free decay is
supplied by the Random Decrement signature [1]. More conveniently, auto
and cross correlation functions can replace the Random Decrement
signature, through or similar equations. The ERA method uses the free-
decay attenuation functions and is based on a recursive Markov-like process
described throughe a Hankel matrix [9]. The realization process is acted by a
psudo-inverse, which is optimized through a SVD. The Random Subspace
Realization can be seen as an extention of the ERA method, where RD
signatures of each signal are replaced by auto-correlation and cross-
correlation functions between each couple of simultaneous signals.

In applications to the historical heritage the frequency domain approach is
generally prevailing. Very seldom the examined contribution explain the
reasons for the methodological choice; in many cases those reasons seem
rely more likely on the availability of software and tools than on
comparative evaluations.

In the time-frequency representation (bi-linear, Cohen class) of the
response signals, the energy is concentrated around the modal frequencies
and modulated according to smoothing effect of the structure, acting as a
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low-damped filter. Due to the fact that in the (7,f) plane the shape of the
modulating waveform is maintained, it can be demonstrated that the
amplitude ratio and phase difference between two measured signals s,(f) and
s,(f) can be determined directly from their bilinear time-frequency auto and
cross distributions D, (£, /), D, (¢, /). D, (¢. f) in the following manner [3]:
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where AR;(t,/) is the time-frequency estimator for the modal amplitude,
PH;(tf) represents the time-frequency estimator for the modal phase
difference and s is a pure sinusoidal signal tuned to the previously detected
modal frequency f.

The phase difference estimator PH,(t,f) is a variable defined in the range
0-m. Given f its SD, (Standard Deviation along the ¢ axis) is generally not
far from the mean value /2. This, however, is not true if f is a modal
frequency; in that case, instead, the scattering of the phase difference
between simultaneous records decreases suddenly and SD,/PH;(tf)] falls
down to zero. On the SD,/PH;(t,f)] versus frequency plot, therefore, modal
frequencies are revealed by sharp downward peaks, as shown in Fig.1,
related to an application to a real building.

If the unknown input is a random non-stationary process, then different
modes can be excited in different time windows. A powerful property of
Time-Frequency distributions, therefore, is its ability to separate closely
coupled modes, that contributes to makes it a robust approach.

Given a time-frequency representation of a displacement signal, a few
instantaneous parameters associated with the Frequency Response Function
(FRF), H, can be estimated by minimising the following functional at each
time 7 [2]:

D(@.1)~|H(w,1) 3)

In this minimisation there is an explicit assumption that the
instantaneous energy spectrum D(¢,®) associated to a general time-frequency
transform, approaches a scaled version of the squared modulus of the FRF.
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4. A SAMPLE APPLICATION: THE STRUCTURAL
IDENTIFICATION OF MATILDE’S TOWER IN S.
MINIATO

Recently, results from dynamic tests performed on a certain number of
bell towers were processed at the Department of Structural Engineering of
the Politecnico di Torino.

All the tower were tested under different types of excitation [5]: ambient
vibration, bells tolling, vibration caused by core drilling.

Accelerometric signals were processed according to different
techniques:

- identification in the time domain, through the ERA method, using as
inputs the Random Decrement (RD) functions of ambient excitation [1,9];

- identification in the time domain, through the PRTD method, using as
inputs the RD functions of ambient excitation [1,10];

- identification in the time domain, through auto-regressive methods
(DSPI) [9];

- identification in the time-frequency domain (TFIE, “Time-Frequency
Instantaneous Estimators™), using Choi-Williams transforms with different
values of the kernel parameter, o [3].

The need to consider the results obtained from different measuring
methods can be met by means of charts such as those illustrated in Figures 1,
which show the recurrent natural frequencies determined experimentally
through applying two very different methodologies, i.e., the ERA method
and the TFIE method, respectively.
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Figure 1. Recurrent natural frequencies evaluated by ERA(left) and TFIE (right) [5]

As an example it is shown here the preliminary analysis of the “Torre di
Matilde” (Figure 3), erected in San Miniato (Pisa) in the 12th century. It is a
rare example of the military architecture of the time: its construction dates
back to when the Emperor Henry IV (1184-1194) visited the city. The
structure, including the bell tower, was badly damaged by the bombings of
1944. The tower, rising about 35 m above the cathedral floor, is
parallelepiped shaped, with crown and end shrines added in the 13th century.
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Inside the tower, three wooden storeys prove too weak to ensure a valid
connection between the four walls. At the top of the tower, a small masonry
vault closes the structure by linking together the side walls. The cracking
pattern of the building displays major lesions at the corners, extending over
virtually the entire height.

An extensive measuring campaign was performed on the tower, within
the framework of an inter-university scientific program (PRIN). The sensor
location sets were redundant, to reduce the amount of arbitrary assumptions
in the modal shape extraction. Tests were performed under instrumented
hammer shots, low energy harmonic excitation and ambient vibrations,
including the effects of oscillating bells

Figure 2. Views of the Torre di Matilde in S.Miniato (Pisa) and F.E. model

Figure 3 shows a sample diagrams of phase difference estimator (TFIE
method), calculated on a signal measured along the X principal direction.
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Figure 3. Phase difference estimator — Sensors arranged along the X axis [5]

Figure 4 shows the three modal shapes identified most reliably. Due to a
lack of symmetry torsion and bending are always mixed.

“ + Y
P g Y
Mode 1 (2.7Hz) Mode 3 (3.4 Hz) Mode 5 (6.4 Hz)

Figure 4. Three of the modes identified [5]

The main goal of the experimental modal analysis of the tower was the
assessment of a predictive model to be used as a tool to evaluate in advance
the effectiveness of retrofitting and reinforcing actions. The F.E. code in use
was Visual Cast3m, produced by the French Commissariat pour I’Energie
Atomique (CEA), adapted to the non-linear analysis of masonry structures at
the EU Joint Research Centre in Ispra (Italy) and distributed in Italy by
ENEA.

A numerical modal analysis of the tower allowed the extraction of the
first seven modes.

The structural body of the tower has been divided into 18 macro-
elements. The mechanical properties of the elements were assigned as
stochastic values, described by a likely probabilistic distribution. Each-one
among the 18 macroelements could have different elastic properties. Using
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the FE model, a conveniently designed Monte Carlo process allowed to
associate a distribution of outcomes, in terms of modal parameters, with each
set of locally variant elastic properties of the 18 macroelements. A
covariance matrix was built in this way, to play the role of sensitivity map
and to help to estimate the conditional probabilities of the outcomes, given
the input set. A Bayesian hierarchical (the most sensitive parameters are
fixed first) and iterative process allowed the assessment of the inverse
conditional probability and the definition of the set of elastic parameters of
the 18 macroelements, most likely fitting the experimental modal parameters

[11].

5. TOWARDS A PERMANENT ON-LINE
MONITORING: PERSPECTIVES AND FINAL
REMARKS

Optical measures of relative distances, by laser sensors, crack widths,
foundation stability, verticality of bearing walls can be checked continuously
in time, by a permanent monitoring process. Dynamic testing too can be
performed permanently on-line, thanks to the ability to handle the ambient
vibration responses. The Authors proposed a new national research project,
involving 9 Italian Universities, in which their role is mainly focused on that
subject and the general goal is a rational, effective strategy for maintenance
and retrofit planning on the historical heritage.

The permanent monitoring application to ambient dynamic identification
techniques is very critical in the case of ancient masonry. The redundancy of
sensors distribution is made mandatory by the large scattering of mechanical
properties from point to point; otherwise the reconstruction of the modal
shapes shall fail. The analysis of a great number of data, the quality of which
is not excellent due to the significant noise disturbance and non-linearities,
can be done by means of the Complexity Science tools, through which it is
possible to deal with the computational complexity issue that derives from
the large amount of experimental data. Many complex systems are
characterized by quite simple basic principles and fundamental equations, as
simple as the principles, but they can contain dynamic instabilities,
bifurcations, high level of uncertainties and space-time interactions among
the involved variables.

It is also important to correlate the evolution in modal and local
mechanical parameters with the modification in time of the temperature and
humidity and of the path and width of the cracks which can be monitored by
simple and cheap Plastic Optical Fibers, more easy and robust to place on
site. A good monitoring system for monumental structures should have the
following properties:
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e a large number of sensors, which must be small and low-cost; the
number and the placing have to be determined by optimization
procedures;

e cables, which cannot be hidden in an easy way, have to be
substituted by a wireless monitoring system sensor have to be
locally charged and in an independent way (i.e. by a wind power
generator);

e Fiber-optic systems should have multiplexing capability, to reduce
the number of fibers and hide them easier;

e “ad hoc” mathematical methods are needed to manage the data in
order to transmit only relevant data.
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MONITORING AND RESPONSE OF CFRP
PRESTRESSED CONCRETE BRIDGE

Nabil F. Grace
Civil Engineering Department, Lawrence Technological University, Southfield, Michigan,
UsA4

Abstract: This paper presents data obtained from automated monitoring of the Bridge
Street Bridge-Structure-B, in the City of Southfield Michigan. This data was
stored every two hours from vibrating-wire strain gages, thermistors,
deflection transducers, and load cells installed within the bridge. Examples of
the variation of strains, temperatures, and deflections along the three-spans of
the bridge and strains and forces in longitudinal unbonded post-tensioned
tendons, and forces in the transverse unbonded post-tensioned tendons are
presented. In addition to the data collected from the automated data logging
system, manually collected data are also presented on the same data plots for
ease of correlation between manually read and automated collected data. The
measured concrete strains, deflections, and forces in the longitudinal and
transverse post-tensioned tendons over a period of one year indicate that the
bridge is performing as expected. The monitored response of the bridge also
demonstrates that the unbonded post-tensioned tendons and their anchorages
are intact and effectively serving within the environmental conditions
encountered at the bridge. Moreover, the results also demonstrate the integrity
of the bridge in both longitudinal and transverse directions.

Key words: Carbon fiber, prestressed concrete, highway bridges, field instrumentation.

1. INTRODUCTION

The worldwide research [1] using innovative construction materials [2-
17] such as carbon fiber reinforced polymers (CFRP) requires continuous
monitoring of implemented innovative structures over a long period. Only
data showing long-term predictable behavior can foster the confidence
necessary to advance both research and implementation of design standards
with respect to experimental materials, such as CFRP. The Structure B of the
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Bridge Street Bridge Deployment Project [4], is the first carbon fiber
reinforced polymer (CFRP) prestressed concrete bridge to have been
constructed in the USA, and is currently being monitored for a period of five
years, beginning with the completion of its construction in November 2001.
Details of construction and instrumentation can be found elsewhere [4]. The
plan view of the instrumented DT-beams of structure B is shown in Fig. 1.
The primary objectives of this paper are to present and evaluate examples
of the structural response data of the DT-beams collected during
construction and the period from November 15, 2001 to early January 2003.
The term “automated data” is used to indicate the data recorded through the
automated data logging system as discussed below. The automated data
presented include the concrete strains, deflections, strains, and forces in the
external longitudinal unbonded post-tensioned tendons, and forces in the
internal unbonded transverse post-tensioned tendons. In addition,
temperature measurements of the bridge at selected locations are also

presented. Conclusions regarding the performance of the bridge overall, and
various critical components are drawn.
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Figure 1. Instrumental and plan view of Bridge Street Bridge.
2. INSTRUMENTATION AND MONITORING

The automated monitoring system reads and reduces data every ten
minutes with data being stored every two hours, to better determine the
reliability of the sensors and system, as well as the integrity of the data. This
system provides a continuous monitoring of responses of selected bridge
elements, for use by the design team as relevant information to evaluate the
servicea