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Abstract

The general condition of the nation’s bridges presents a
complex management issue when considering cost, safety,
and time. Consequently, the management of those bridges
can become an overwhelming task. The need for a manage-
ment system that is specific to rural systems may help to im-
prove the management of this significant number of bridges.
Although individual bridges are often different when com-
pared at the “detail” level, bridges with similar construction,
material, or behavior may be able to be managed as a group
rather than on an individual basis. The work described in
this report seeks to study if such a “fleet management” ap-
proach is viable.
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1 Introduction
1.1 General Introduction

Roughly 600,000 bridges are described in the U.S. National
Bridge Inventory (NBI), a compilation of bridge data sup-
plied to the Federal Highway Administration (FHWA) by
individual states. Of the roughly 600,000 bridges, 28% of
them (FHWA 2005) are considered functionally obsolete or
structurally deficient. The generally poor condition of the
nation’s bridges presents a complex management issue when
considering cost, safety, and time. Because of such a large
number, the management of these bridges can become an
overwhelming task.

1.2 Current Bridge Management Systems

Due to a mandate by the Intermodal Transportation Effi-
ciency Act (ISTEA) of 1991, bridge management systems
have been employed throughout the nation, and their use
has been received with mixed opinions by bridge owners.
A number of bridge management systems exist, including
Pontis, one of the more commonly used systems (Small
and others 2000).

Pontis was first developed through the FHWA, six state
departments of transportation (DOTs), and a private con-
sultant during the late 1980s. Individual bridge elements
of the same material are assigned a quantitative measure of
deterioration that represents the current state of that element.
These measures are then used to determine the overall state
of the bridge, and when combined with multiple bridges, a
network-level condition can be formulated. Deterioration
models based on the Markov process are developed and
used to predict the condition state of individual bridges. A
number of state and local DOTs currently use Pontis or a
similar system, yet a need for a bridge management system
that is specific to rural systems may help to improve the
management of these bridges.

1.3 Fleet Management and Timber Bridges

The use of bridge management systems has vastly improved
the state of bridge management, though conceivably—by
taking advantage of the nature of bridge behavior and

construction and material similarities—great improvements
can still be made. Even when individual bridges are com-
pared and proven to be different in many facets, similarities
exist in construction or behavior, and tendencies can be
identified that promote the implementation of a group-based
management system. In short, bridges with similar construc-
tion, material, or behavior may be able to be managed as

a group rather than on an individual basis. This concept is
derived from fleet management techniques found in other
industries including, but not limited to, trucking, airline,
and busing.

Fleet management techniques are necessary to be competi-
tive in other industries (Clark and others 1994). Cost ef-
ficiency, time savings, and safety are only a couple of the
associated benefits. Though being “competitive” in bridge
management is not as critical as in profit-driven industries,
the benefits are desirable and can offer many advantages.

Timber was often overlooked as a bridge building mate-
rial throughout the 20th century as advancements of steel
and concrete nearly eliminated the use of timber in bridge
projects. The steel and concrete industries were quite suc-
cessful in advancing their products through a vast amount of
research and relatively inexpensive material costs. Timber,
however, offers a number of benefits for bridge construc-
tion, including its strength and light weight. Sensitivities
to weather conditions and de-icing agents are minimal, and
constructability and life cycle costs rival those of concrete
and steel.

In an attempt to revitalize the use of timber in highway
bridge construction, the U.S. Congress passed legislation
known as the Timber Bridge Initiative in 1988, and the
USDA Forest Service was assigned the task of administer-
ing the timber bridge program. Part of the USDA Forest
Service, the Forest Products Laboratory, was assigned the
research portion of the Timber Bridge Initiative. In 1992,
as part of the Intermodal Surface Transportation Efficiency
Act, the Forest Products Laboratory joined with the FHWA
Turner-Fairbanks Highway Research Center to implement
the FHWA timber bridge research program. As part of this
program, university researchers have been employed to
conduct research advancing timber bridge construction.



Although timber was widely overlooked as a primary
bridge building material, a relatively large number of timber
bridges still exist throughout the United States. Many of
these bridges are nearing the end of their life, and much like
the overall bridge population, these bridges are in need of
maintenance and rehabilitation. Unlike steel and concrete
bridges, a majority of timber bridges are constructed on
rural low-volume roadways. Local jurisdictions often con-
trol these bridges, with very little funding for inspection,
maintenance, or rehabilitation, and an effective management
strategy that minimizes unnecessary actions would prove to
be beneficial. A research study intended to develop a fleet
maintenance strategy for rural timber bridges was devel-
oped at Iowa State University in cooperation with the Forest
Products Laboratory and is the subject of this report.

This report details the process and development of the rural
timber bridge fleet management strategy. Appendixes C to
Q are 15 individual reports that summarize visual inspec-
tion and static load testing performed during summer 2006
as part of the development of the fleet management strategy.
Those 15 reports document in detail the bridge details, types
and locations of instrumentation, modeling parameters, and
other information.

1.4 Objective and Scope
The objectives associated with this work are as follows:

1. Optimize system preservation activities by enhancing
management approaches by taking advantage of struc-
tural similarities and better performance indicators.

2. Change management decisions from being based upon
code-evaluated individual bridges to behavior-based
evaluations of a bridge fleet.

3. Determine the concepts of and information needed for
the adoption and implementation of fleet management
strategies.

4. Assess the viability of fleet management strategies.

To satisfy these objectives, the scope of the project included
five tasks: a literature review, fleet identification, field in-
spection and testing, development of management tool, and
development of final conclusions.

The literature review was intended to identify if other re-
search has been conducted that specifically attempts to im-
plement a fleet management strategy for bridges and also to
identify the process of fleet management practiced in other
industries. A literature review allowed adapting conclusions
drawn from previous research, avoiding duplication, and
gaining insight to current practices.

Fleet identification basically consists of properly identify-
ing bridges of similar characteristics. A fleet may consist of
bridges with similar geometry, behavior, or performance.
This research study limits the fleet to timber bridges, and
other properties discussed later narrow the fleet even more.
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Field inspection and testing are required to properly assess
the condition and behavior under live load for a statistically
representative sample of the fleet. The intention is to iden-
tify similar deterioration patterns, behavior, or performance.

The previous tasks were used to develop a management tool
to use for fleets of bridges. This tool gives guidelines for the
maintenance schedule in order to preserve a certain level of
performance within the bridge fleet. From the previous four
tasks, recommendations and conclusions of the research
study were developed. Explanations and limitations of the
management concept are discussed as well as points needing
further exploration.

1.5 Report Content

This report discusses the process of developing a rural
timber bridge management system using a fleet manage-
ment strategy. Section 2 provides a literature review of fleet
management strategies utilized in other industries, such as
trucking or busing. An emphasis is placed on preventive
maintenance programs and their benefits. A summary of the
fleet strategy and statistical sampling methods of two bridge
research studies is included. Also, the California Bridge
Health Index is explained, which is partially adapted to this
research. Section 3 provides the fleet management of timber
bridges concept; the evaluation methodology used outlines
methods for obtaining information necessary to develop the
bridge management concept. Next, the development of the
bridge management concept by creating a four-level perfor-
mance metric is explained. Section 4 discusses some appli-
cations and limitations of the management concept, and con-
clusions and recommendations from the work are presented.
Appendix A provides a summary of individual contributions
to the performance parameters, Appendix B introduces the
individual bridge performance reports (Apps. C to Q).

2 Literature Review
2.1 Fleet Management Concept

Numerous industries continue to develop and practice fleet
management. Most individuals associate fleet management
with the transportation industry; however, the term fleet can
also describe machinery, computers, or even bridges. In fact,
“a fleet refers to multiple units of an equipment type” (Cas-
sady and others 1998). Stated simply, fleet management is
the overseeing of a fleet. According to Wyrick and Storhaug
(2003), “Fleet management comprises all actions needed to
maintain and operate pieces of equipment throughout its life
from the beginning stages of equipment acquisition to the fi-
nal stages of asset disposal. Such areas include maintenance
and repair, inventory control, training, and safety issues.”

Proper fleet management can improve operational efficiency
and effectiveness. For-profit industries require proper fleet
management in order to successfully operate a competitive
enterprise. However, only in recent history has fleet man-
agement become an elaborate matrix of techniques
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and procedures. Fleet managers are responsible for the
seemingly countless aspects of fleet operation including,
but not limited to, budgeting, equipment maintenance, and
tracking expenses. Without an appropriate strategy or meth-
odology, fleet management can quickly become a daunting
task.

2.2 Fleet Management Methodology

Five significant topics of fleet management methodology are
discussed in this section: (1) centralization of fleet manage-
ment, (2) fleet determination and standardization, (3) main-
tenance management systems, (4) benchmarking, and

(5) data, knowledge, and information sharing.

2.2.1 Centralization of Fleet Management

If the creation of centralized fleet management is done cor-
rectly, it may provide efficiency and productivity, conse-
quently avoiding unnecessary costs. A fleet manager will
more easily encourage and have a clearer view of standard
procedures and cost awareness (Clark and others 1994).
Establishing standard policies and procedures is important
to the development of uniformity. Another benefit of cen-
tralization is the timely manner in which fleet management
tasks, such as data collection and performance assessment,
can occur. Time and money are more easily lost when one
entity of fleet management is not working in cooperation
with others. Additionally, comparison between multiple
fleets is more simply achieved, and duplication of common
tasks can be avoided.

2.2.2 Fleet Determination and Standardization

A further point of general fleet management methodology
involves determining the appropriate fleet size and establish-
ing the starting point for fleet operations. Fleet management
is affected by fleet size, so fleet-size-dependent policies
should be created. Fleet sizing is dependent upon numerous
factors including, but not limited to, similar make, age, and
condition. The principal factors affecting fleet maintenance
costs are fleet age and condition. Advanced age for a fleet
drives up both direct maintenance and repair costs. Estab-
lishing fleet condition is essential to fleet operations. This
task may be started while determining fleet size. If the initial
condition is not properly determined, the starting point for
fleet operations will be incorrect. Because all factors are not
objective, a fleet manager may be required to use subjective
judgment when determining fleet size (Abrams and others
[no date]).

Standardizing the fleets also aids in efficiency and produc-
tivity. Similar components can be monitored, and a greater
probability exists that unacceptable trends will be found.
By standardizing fleets, potential problems among similar
components can be identified and corrected before the issue
becomes unmanageable. Financial comparisons are more
easily made. Short-term costs are tracked more effectively,
and forecasting long-term costs becomes more accurate.

2.2.3 Maintenance Management Systems

Perhaps the most important aspect of a fleet management
methodology is the maintenance management systems.

The greatest potential for cost savings rests in maintenance
programs. Currently, most maintenance practices rely on
failure-first methods, where maintenance procedures are
performed only on components that malfunction and are
necessary to the overall performance. With respect to motor
vehicle fleets and machinery, component failure is a costly
ordeal. Repeated breakdowns occur while in service, there-
by reducing productivity and efficiency. The believed rem-
edy to this problem is the implementation of a preventive
maintenance program. Preventive maintenance programs are
further explored within this section.

2.2.4 Benchmarking

Benchmarking is simply a method of comparing costs and
performance of a fleet with other fleets that are deemed to be
the best in a respective industry. More specifically, bench-
marking is “a continuous systematic process for evaluating
the products, services, and work processes of organizations
that are recognized as representing best practices for the
purpose of organizational improvement” (Galletti and Lee
2002). Organizations that do not practice benchmarking

are able to compare a fleet only to the past performance of
that same fleet. Utilizing cost and performance data from a
singular fleet is good practice; however, there is no way to
indicate existing deficiencies that are normally identified
when compared to other fleets. Benchmarking sets the stan-
dard, and in the case of the transportation or manufacturing
industries, standards create a competitive industry. Regard-
less of the industry or organization, when benchmarking, the
potential for significant cost savings exists.

Comparing particular attributes of costs and performance,
such as for maintenance or inspection, allows one to identify
specific areas of excellence or needed improvement. When
addressing bus maintenance, Maze (1987) recommends

the use of performance measurement in fleet management.
Maze divided fleet performance measures into six funda-
mental areas: fleet reliability indicators, fleet maintainability
indicators, fleet availability indicators, maintenance work
quality indicators, maintenance work productivity indica-
tors, and maintenance control indicators.

Table 1 specifies each performance measurement area and
what each addresses. Though each area may not be ap-
plicable to all organizations and industries, it is important
to acknowledge the benefits of performance measures to
benchmarking.

A six-step benchmarking process is described by Galletti
and Lee (2002):

1. Determine the focus of the benchmarking study.

2. Understand the organization in order to understand the
process to be benchmarked.



Table 1—Performance measurement areas®

Performance

measurement area Description

Fleet Addresses the likelihood of a fleet

reliability indicator member operating properly at any given
time

Fleet Addresses the costs needed to operate

maintainability indicator the fleet and perform maintenance

Fleet Addresses the likelihood of a certain

number of fleet members being

in operation at any given time

Addresses the quality of work performed
on any fleet member and whether the
work properly corrected an existing
problem

Compares the amounts of time used

to complete similar tasks

availability indicator

Work
quality indicator

Maintenance work
productivity indicator
Maintenance

control indicators

Generally measures the maintenance
activities of an organization in whole,
providing information that describes
how well the maintenance crew met
the objectives of the organization

“Mason and others 2003.

3. Determine what to measure and determine the measures
of performance.

4. Determine what to benchmark against.
5. Benchmark.
6. Improve performance.

This six-step process is a general process that can be used,
but certainly more specific criteria can and should be de-
veloped relative to the particulars of the organization or
industry. Fleet managers can adapt this process to specific
objectives established by the organization.

2.2.5 Data, Knowledge, and Information Sharing

To further the efficiency and performance of fleets, a forum
of data, knowledge, and information sharing should be cre-
ated. Creating a forum effectively advances an organization
beyond its capability as a single organization, and the gain
of invaluable experience from other fleet managers will
prove useful. The idea of a forum is especially important for
fleet managers that do not control a large number of fleets or
have large fleets that do not produce large amounts of usable
information. By having access to other current information,
fleet managers have, in effect, numerous fleets under their
control.

Working in a cooperative manner enables each fleet man-
ager to identify the concerns common to many or all fleet
managers. Problems are discussable and better solutions are
attainable when drawing from the experience and expertise
of all cooperating fleet managers. Innovative methods that
improve fleet management will result from a cooperative
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forum. Following are descriptions of two examples of estab-
lished information-sharing programs.

As part of a fleet maintenance program, the Transit Co-
operative Research Program (TCRP) was developed and
reauthorized as part of the Transportation Equity Act for the
21st Century (Abrams and others [no date]). TCRP was de-
veloped to “quickly spread information about best practices
on various topics of interest to transit fleet managers and
others.” TCRP has proven to be an effective way for fleet
managers in the trucking industry to discuss maintenance
issues. Similar programs, if not already in existence, should
be created in the same fashion for other organizations and
industries.

A web-based reporting program entitled Federal Automotive
Statistical Tool (FAST) was developed for the U.S. General
Services Administration and the U.S. Department of Energy.
FAST was developed partly to automate the Federal fleet
data reporting. Fleet managers with access to FAST have
access to reports that have been generated through multiple
fleets.

The internet is powerful tool that can be utilized to orga-
nize a forum. Information and experiences can be posted

on a bulletin-board-type format, and specific data are easily
downloadable. The internet allows fleet managers from all
over the world to participate in a forum specific to his or her
industry.

2.3 Preventive Maintenance

At the core of any fleet maintenance program is a preventive
maintenance program. Preventive maintenance is defined as
a “systematic servicing and inspection on a predetermined
interval” (Dolce 1984). That preventive maintenance is ben-
eficial to the life expectancy of bridges is well known. The
problem is when and to what extent preventive maintenance
should take place to maximize cost efficiency. A vast num-
ber of bridges are under the control of small jurisdictions,
and bridge managers do not have unlimited funds. Even nec-
essary maintenance is often restricted by limited financial
resources. Because of the necessity for maintaining bridges,
a manager is required to make the best decisions possible
while accounting for limited fund and personnel allocations.

2.3.1 Objective of Preventive Maintenance

The objective of a preventive maintenance program is to
minimize failure by consistently knowing the current fleet
condition and correcting deficiencies before serious prob-
lems arise. A preventive maintenance program minimizes
unscheduled repairs by ensuring that the developed sched-
uled maintenance policy is strictly followed, extends fleet
life, and minimizes life cycle costs. A more detailed list of
objectives adapted from the Federal Fleet Management
Guide (Runzheimer 2005) follows:

= To maximize the useful life and reliability of the fleet
while minimizing total life cycle costs.
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Figure 1. Effect of preventive maintenance levels on total
equipment maintenance costs (adapted from Dolce 1984).

= To ensure that preventive maintenance work is scheduled
at appropriate intervals.

= To ensure that preventive maintenance work is performed
in compliance with schedules.

= To perform appropriate preventive maintenance tasks
according to fleet requirements.

= To complete preventive maintenance in a timely manner.

= To minimize the cost of preventive maintenance to the
organization.

2.3.2 Effects of Preventive Maintenance

Preventive maintenance involves identifying suspect areas
and sources of premature malfunction based on previous
experience. Once identified, one can service the suspect
areas. Contradictory to what many believe, most often the
total expenses associated with unscheduled repairs exceed
those of scheduled repairs, provided that a proper preventive
maintenance program exists (Dolce 1984). One needs to be
aware of excessive preventive maintenance because this will
create expenses that are not recovered through uninterrupted
service. Properly minimizing the involvement of a preven-
tive maintenance program will minimize overall expenses.
Figure 1 shows the effect of preventive maintenance levels
on total equipment maintenance costs.

2.3.3 Preventive Maintenance Development

To develop effective fleet-specific preventive maintenance
programs, fleet managers should consult the manufacturer’s
recommended maintenance standards where applicable, ful-
ly understand the conditions by which the fleet operates, and
keep and study reports of the fleet history. Individual experi-
ence and self-study are invaluable assets to the development
of preventive maintenance programs.

Fleet history reports should be both comprehensive and
individualized. Each fleet and preventive maintenance pro-
cedure should be identifiable by a code. These codes should

specifically detail the fleet, the maintenance procedure to
take place, and when that maintenance procedure is sched-
uled. An example of this scheduled maintenance is seen in
vehicle maintenance requirements located in a vehicle own-
er’s manuals (for example, “change oil every 3,000 miles”).

The preventive maintenance schedule should be designed
to address fleet needs at various intervals. Preventive main-
tenance categories are often used to identify different needs
and different times. Servicing is frequently divided into
several different categories because all servicing does not
require the same level of work. Dolce (1984) notes four dif-
ferent categories of planned maintenance: A, B, C and D.

A involves frequent but minor service work; B involves less
frequent but more complex work than that of A; C involves
both minor and major testing and overhaul and replacement
of certain components; D often involves planned replace-
ment or rebuilding in entirety.

For a preventive maintenance plan to be effective, one
should develop a simple and user-friendly schedule. Though
one may find in the scope of fleet needs that maintenance
procedures at irregular intervals is most effective, effective-
ness is lost by the impracticality of the schedule. An
effective preventive maintenance schedule should be math-
ematically consistent. For example, if category A main-
tenance is scheduled for every 6 months, then category B
maintenance should be every 12 months, and category C
every 24 months.

If unscheduled or emergency repairs are required, the pre-
ventive maintenance schedule should be checked so that any
preventive maintenance can be concurrently administered if
it is soon due. This will help maximize the effective use of
limited resources.

To apply proper inspection techniques, inspections must be
performed in a timely manner. Problems that pose minor
concerns could develop into much more severe and costly
problems if not for frequent inspections. Inspections should
include review of reports, visual inspection of components,
and any necessary testing that is deemed appropriate
(Dolce 1984).

Preventive maintenance compliance reports should be gen-
erated. These reports will show if preventive maintenance
procedures are not being strictly followed. Adjustments to
the preventive maintenance schedule may be necessary.
Highest priority should be given to those tasks that were not
completed on schedule.

As part of servicing and inspection, detection of any prob-
lem areas should occur. These problem areas could be
severe in nature and could cause failure. These problem
areas should be properly noted. If it is found that the same
components are failing at regular intervals, the fleet manager
should identify those trouble-prone components and direct
maintenance over them before failure.



Correction should take place as needed. Further damage
could occur if not properly corrected. Further damage re-
quires further expense, and further expense negates the
original intent of preventive maintenance.

2.3.4 Planning Preventive Maintenance

Properly planning a preventive maintenance program is
essential to controlling total maintenance expenses. The
combined costs of preventive maintenance and unscheduled
maintenance should be minimized. Spending large amounts
of money on a preventive maintenance program will greatly
decrease the expenditures related to component failure;
however, when large amounts of money are spent, the
amount of money saved in failure expenses may not cover
the expenses associated with preventive maintenance. Prior
experience is a major advantage in planning a program of
this nature. One should avoid costly replacements or repairs
unless prior experiences warrant those actions. Maintenance
history and records also aid in planning (Dolce 1984).

2.3.5 Effects of Technological Advances on Preventive
Maintenance

Traditional management coupled with technological advanc-
es has created a new array of management issues. Formerly,
fleet managers relied mostly on experience and general
knowledge. Today, technological advances have enabled
fleet managers to better predict and optimize management
activities and, more specifically, maintenance activities.
Successful adaptation of technological advances greatly
determines an organization’s ability to reduce fleet costs
through improved maintenance. Creating thorough mainte-
nance records always is an issue of utmost importance, and
this process continually becomes more economical as the
cost of the technology continues to decrease. One has the
ability to retrieve extensive databases very quickly, enabling
fleet managers to identify trends and support management
decisions. Predictability is quite possibly the greatest asset
of electronic databases. A decision formerly dependent on
past experience is now bolstered by statistical data. Predict-
ability alone provides a significant platform for the
reduction of cost.

Advantages of a fleet management information system are
stated below (adapted from Clark and others (1994)):

= Large volumes of information can be input and
statistically analyzed.

= Dispersed fleet operations work with standardized data
definitions, data input fields, and data reports.

= Statistical history enables comparisons over time and
across organizational divisions.

= Managers can more speedily identify problems and
unearth answers to management questions.

General Technical Report FPL-GTR-198

= Query programs enable flexibility for selecting and ex-
tracting data and reporting in different formats and from
different statistical perspectives.

= Computer-generated numbers carry an aura of truth and
can thereby lend credence to strong policy enforcement
or recommendations for changes in policies or programs.

2.4 Examples of Fleet Management of Bridges

Currently, limited literature exists that specifically addresses
the application of fleet management techniques to bridge
management. Two projects in particular have at least par-
tially applied fleet strategies: (1) Re-Qualification of Aged
Reinforced Concrete T-Beam Bridges in Pennsylvania

and (2) Performance Assessment of Prestressed Concrete
I-Girder Bridges in Michigan.

2.4.1 T-Beam Bridges in Pennsylvania

In May 1998, the Pennsylvania Department of Transpor-
tation (PennDOT) presented researchers with a need for
determining the capacity of reinforced T-beam bridges in
Pennsylvania (Catbas and others 2003). A large number
of these bridges exist within the state, and an increasing
concern for the overall condition developed. Given that the
number of bridges was so large, inspection of each bridge
individually was not feasible. Many similarities between the
bridges existed, thereby originating the idea of treating the
bridge population as a fleet. Although the bridges varied in
material properties, geometry, structural details, and visual
appearances, the idea formed that a few independent param-
eters controlled the load-resisting mechanisms and critical
failure modes. In some ways this idea is controversial in that
each bridge will not be treated as an individual bridge but
rather as part of a group. Though the project did not revolve
entirely around the idea of fleet management, as part of the
overall project the researchers attempted to demonstrate the
viability of fleet management of bridges.

According to the National Bridge Inventory of 2001, Penn-
sylvania had 2,440 T-beam bridges, third behind California
and Kentucky. Of those bridges, 1,899 were single span and
60% were older than 60 years. The project was primarily
directed to finding a more accurate load capacity than that
derived from NBI condition ratings. Due to the vast number
and high percentage of obsolete T-beam bridges, a revised,
and expectedly increased, load capacity rating would im-
prove the overall condition of the population of bridges and
delay seemingly imminent maintenance, rehabilitation, or
replacement.

Due to the large number of bridges within the population
and virtual impossibility of a thorough inspection and load
test of all, a plan to extract a statistically representative
number of bridges was developed. A statistically representa-
tive sample of the entire population was intended to be a
depiction of the independent parameters most likely to affect
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Table 2—Critical parameters affecting load capacity
ratings®

Nominal Information
structural Condition from PennDOT
parameters parameters districts
Materials Age PennDOT
documentation
Geometry Climate List of most critical
bridges
Detailing Location District engineers
feedback
Substructure Maintenance
Boundary conditions Deterioration
Damage
Condition rating

Catbas and others 2003.

the actual load capacity rating of each bridge. One should
note that a majority of the Pennsylvania T-beam bridges
were constructed using a standard set of drawings for which
the structural details and element dimensions are dependent
on the span length and width of the bridge; thus, radical geo-
metrical variation in the bridges was most likely eliminated.
The most critical parameters that were assumed are present-
ed in Table 2. A statistical analysis of bridge characteristics
was performed, and a sample of 60 bridges was selected.

It was assumed by the authors of the Pennsylvania T-beam
project that by studying a small sample of the entire popu-
lation the load ratings for individual bridges in the sample
may be determined. Though the term “representative statisti-
cal sample” was frequently used throughout the publication
describing the study, statistical justification and tests were
never identified. Even so, it is assumed by the authors of this
report that statistical justification was in fact completed for
the sample of 60 bridges. One should take note that of the
total 1,899 single span T-beam bridges, complete informa-
tion of only 1,651 was documented, from which the sample
of 60 was taken.

2.4.2 I-Girder Bridges in Michigan

A new management procedure was desired for Michigan’s
prestressed concrete (PC) I-girder bridges (Birgul and oth-
ers 2003). The objective of this project was to develop
specific remedies for protection and repair corresponding to
developed states of distress. A large percentage of the total
PC I-girder bridges were constructed during the 1960s, and
several construction methods that were practiced during this
decade are no longer practiced; a number of deterioration
patterns have been observed in these bridges. The result is a
bridge population with various rates and degrees of deterio-
ration. A method to describe the condition state of the entire
population was therefore deemed necessary.

At the time of this study, a total of 699 PC-I girder bridges
in Michigan existed, of which 345 were constructed from
1960 to 1970. Aside from these older bridges being

designed for significantly lighter loads than current bridges,
the most major difference in the bridge construction was at
the girder ends. Currently, the most common practice for
girder end construction involves casting the girder ends into
diaphragms over the respective abutment or pier. Previously,
these I-girder bridges were constructed using simple span
techniques where a discontinuity existed at the abutments
and pier locations. In combination with relatively severe
environmental conditions, de-icing agents, and increased
truck traffic, it has been found that this detailing promotes
accelerated deterioration at the girder ends.

A more thorough inspection and documentation of the total
population of I-girder bridges in Michigan were necessary
to better evaluate the process of protection and repair meth-
ods. However, as with any large population, a thorough field
investigation of each bridge was not feasible. Instead, these
bridges were classified and identified according to their
characteristics, and a statistical representative group of

20 was selected for a detailed field inspection. Much like the
Pennsylvania T-beam research, specific statistical methods
for determining the sample size were not identified within
the report. Even so, it is again assumed that statistical
methods were used in determining the total sample size.

2.5 California Bridge Health Index

The California Bridge Health Index (Shepard and John-

son 2001) is a diagnostic tool developed by the California
Department of Transportation (Caltrans) with intentions of
maximizing duration of service while minimizing life-cycle
costs of California bridges. The Bridge Health Index is a
single-number assessment of a bridge’s condition based on
the bridge’s economic worth, determined from an element-
level inspection guided by the CORE AASHTO Guide for
Commonly Recognized Structural Elements (Thompson and
Shepard 2000).

Two primary differences exist between the California Bridge
Health Index and the Federal Highway Administration’s
Sufficiency Rating (FHWA 2005). First, the Bridge Health
Index is based on an element-level inspection, whereas

the Sufficiency Rating takes into account only the single
number assessment of each of three components (deck,
superstructure, and substructure). Multiple components of
the deck, superstructure, and substructure exist, and there-
fore a problem arises when a single number assessment is
intended to describe the condition of the entire element. The
Bridge Health Index can describe elements of the bridge
individually, thereby providing a more accurate assessment
of the bridge condition. Second, the Bridge Health Index
accounts only for the structure condition, whereas the Suf-
ficiency Rating includes a bridge’s function (for example,
traffic carried by the bridge and capacity in relation to traf-
fic demand). Thus, a bridge that may be considered in good
condition by the Bridge Health Index could be considered
obsolete on the Sufficiency Rating scale.



The California Bridge Health Index has a number of eco-
nomic applications and benefits. This study, however, fo-
cuses on the bridge condition description. At the element
level, a total quantity of each respective element that is pres-
ent throughout the bridge is determined; from that quantity,
the percentage that lies in each of five condition states is
apportioned. Unlike the Sufficiency Rating, the condition of
individual elements can be described by multiple condition
states at the element level.

3 Fleet Management of Timber
Bridges Concept and Application

As previously stated, objectives of this project were to il-
lustrate the viability of fleet management strategies and to
develop a bridge management system for rural bridges using
a fleet management technique. To reach the objectives it was
necessary to first complete four major tasks to collect the
information that would be needed for this and any fleet man-
agement program: fleet identification, information requests,
visual inspection, and static load tests. These four tasks are
described in the following sections. Subsequently, the devel-
opment of the management approach is given.

3.1 Information Collection

To identify a particular fleet to examine using fleet man-
agement approaches, the National Bridge Inventory (NBI)
database must be investigated. Only the bridges categorized
as a timber structure were identified and considered for use
in this work. Of the roughly 600,000 bridges in the NBI,
approximately 30,000 are considered timber structures. The
Bridge Engineering Center (BEC) of Iowa State University
has previous experience with the inspection and testing of
timber structures throughout the United States. Of those
bridges, a number have been timber girder bridges with a
bituminous wearing surface. To create continuity among
past research projects and to apply past investigative experi-
ence, a similar sample of timber bridges was identified. This
subsample of timber bridges with a bituminous wearing
surface was further reduced by applying structural similar-
ity criteria. Specifically, only multi-beam or girder, single-
span bridges were considered. In the 2005 NBI database,
2,703 bridges were categorized as single-span, timber girder
bridges with a bituminous wearing surface.

The procedure for random sampling is described in the fol-
lowing paragraphs. The process of random sampling was
performed using a random number generator, and individual
bridges were selected if the random number corresponded to
the assigned number. Once sampled, available bridge infor-
mation was evaluated for completeness, and if found to be
incomplete, another random number was generated and the
corresponding bridge replaced the previous.

To determine the sample, the central limit theorem (Mason
and others 2003) and X2 goodness-of-fit test (Crow and oth-
ers 1960) were employed using what the authors considered
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“valid” numerical bridge parameters. These parameters
included such characteristics as age, length, and width. By
removing all other parameters and varying characteristics

of a bridge and focusing solely on a single descriptor (such
as length), a sample representative of the population with
respect to that descriptor could be identified. It is known that
a sample representative of the population with respect to
length, for example, is not necessarily representative of the
population in every aspect.

The central limit theorem states that regardless of the true
probability distribution of individual observations, the stan-
dard normal distribution can be used to approximate the
distribution of the sample mean. Simply stated, in spite of
a population distribution being decidedly non-normal, the
mean of random samples with adequate size will be normal-
ly distributed about the population mean, only if the sample
is independent and is from a single probability distribution
having mean u and standard deviation ¢ (Mason and others
2003). It is suggested that a sample size of 30 or larger is
typically acceptable and the normal distribution will ad-
equately approximate the sampling distribution. A smaller
sample size of 5 to 10 is adequate to apply the central limit
theorem as long as the distribution is normal or slightly
skewed.

Maisel (1996) provides mathematical justification for
samples of certain sizes. Assuming the sample is indepen-
dent and from a single probability distribution having mean
4 and standard deviation o, determining the sample size

is completely dependent on the shape of the population
distribution. If the distribution of the population is normal,
then theoretically the mean of a sample consisting of one
observation would be normally distributed. If the popula-
tion is not normal but is symmetrical, then a small sample
would still have an approximately normal distribution. If the
distribution of the population is largely skewed, then a large
sample would be necessary to achieve a normal distribution
for the sampling distribution. One can see how the popula-
tion distribution shape is important to the sample size. To
find the correct sample size, the population distribution
shape must be accounted for.

Maisel incorporated a skew index (SKEW) into sample size
determination. The sampling distribution of the mean for
simple random samples will approximate a normal
distribution if

= the population has a skew index in the range of +1 to —1
and the sample size is 25 or more, or

= the population distribution has a skew index outside
the range of +1 to —1 and the sample size equals
25 x SKEW2.

The skew index is evaluated by

(A-B+C)
(Standard deviation)3

SKEW = (D
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where
N (n)
Az}lj ~
N (n.)?
PR X
1
C=2xpu?
and

N = total number in population
n = individual population values
p = mean of the distribution

Using these equations and applying them to the categories
of age, width, and length of the timber bridge population
previously described, sample sizes of 25, 28, and 33 were
obtained, respectively.

The chi-squared (X2) goodness-of-fit test (Crow and others
1960) can be used to determine if a sample distribution of
a single parameter (such as length) represents the popula-
tion distribution of that same parameter. In this test the null
hypothesis (#,) states that the proportions in the sample are
similar to the population proportions or, more simply, the
sample is a good fit. Conversely, the alternative hypothesis
(H,) states that at least one of the proportions is different or
is not a good fit. The population distribution is divided into
n bins or categories, with a bin being any length provided
that the expected frequency in that bin is five or greater. The
observed frequency, O,, in the sample distribution is com-
pared with the expected frequency, E;, by means of

no(0.— E)2
X2=) % 2

i=1 !

The observed frequency is simply the number of bridges
within the overall population observed to have values within
a certain bin. The expected frequency is the number of
bridges expected to fall within a certain bin for a particular
sample size and is found by multiplying the sample size by
the observed frequency and dividing by the total number in
the population.

If the calculated X2 statistic is greater than X 2 a1 for
f=n—1 degrees of freedom, at the significance level a,
then the null hypothesis that states the sample distribution
is similar in shape to the population distribution is rejected.
Conversely, if the opposite is true, then the null hypothesis
is not rejected and the sample distribution is considered
similar in shape to the population distribution.

Several sources state that the sample size is required to be
sufficiently large to apply the X? goodness-of-fit test. The

term “sufficiently large” is subjective and therefore a spe-
cific sample size is not indicated nor is a minimum sample
size specified. One source suggests that a sample size as few
as 20 is adequate for accurately representing the popula-
tion with respect to a single parameter (Garson 2009). One
downfall of a smaller sample size is that one is at risk for
Type II errors. Type II errors are not rejecting the null hy-
pothesis when in fact the null hypothesis is false, effectively
stating that a given sample is an accurate representation of
the distribution of a population when in fact the sample is
not. Alternatively, Type I errors are rejecting the null hy-
pothesis when in reality the null hypothesis is true.

The choice of a significance level a is largely subjective and
is often determined by the necessity of not committing Type
I or Type II errors. The probability of committing these er-
rors decreases with a decreased significance level; a more
conservative approach is put into practice by decreasing

the significance level. In other words, a sample distribution
must adhere more closely to the population distribution to
avoid being rejected when the significance level is lowered,
or the probability of a test statistic being significant is in-
creased when the significance level is lowered. Typically, a
significance level of 0.05 or 0.01 is used (Crow and others
1960).

Based on the information gathered addressing sample size,

the minimum suggested sample size of 20 was used and the
X2 statistic was calculated. A significance level of 0.05 was
selected.

Table 3 displays the calculated X2 statistics and the X2 criti-
cal statistics for the six National Bridge Inventory (NBI)
categories studied. It shows that for each category, the sam-
ple provides a good-fit distribution and is representative of
the overall population at a significance level of 0.05.

It was concluded that a random sample of at least 20 bridges
would sufficiently represent the population with respect to
parameters investigated. Thus, the research team decided to
randomly select 100 bridges for which information would
be requested. This was done to ensure that “complete” infor-
mation would be obtained for the minimum number of

20 bridges.

3.1.1 Information Requests

An attempt was made to contact the bridge owners of the
100 randomly sampled bridges so the latest inspection re-
port could be obtained. The jurisdictions of states, counties,
cities/towns, and federal forests constituted the bridge own-
ers of the 100 sampled bridges. In the end, a total of 62 re-
ports for single-span, solid-sawn girder timber bridges with
a bituminous wearing surface were obtained from various
jurisdictions throughout the United States.

Although sampling procedures were random, it was not
feasible to continue the investigation into all those bridges.
Due to budgetary and time restraints and bridge owner



Table 3—X? comparison for sample

size of 20

NBI category xX? Xzo,os, el
Sufficiency rating 1 5.99
Span length 1.67 5.99
Bridge width 4.97 5.99
Skew angle 0.23 3.84
Average daily traffic  0.69 3.84
Age 0.16 3.84

cooperation, a group of 23 bridges was selected based
primarily on geographic location and general compat-
ibility with the study. Sixteen bridges located in western
North Carolina, four bridges in western Montana, and three
bridges in Colorado were selected for visual inspection. All
but eight of the bridges in western North Carolina were also
selected for static load testing. Although the inspected and
tested bridges were not completely chosen at random, the
authors felt that the goals could still be met.

3.1.2 Visual Inspection

The process of visual inspection was formalized by a single
report format developed after Ritter (1990) and White and
others (1992). The form consisted of eight major sections:
(1) General Information, (2) Bridge Geometry, (3) Overall
Structure Inspection, (4) Deck Inspection, (5) Superstructure
Inspection, (6) Substructure Inspection, (7) Moisture Con-
tent, and (8) Comments/Remarks. Much of the form was
created to identify deterioration modes specific to timber
bridges.

The general information and bridge geometry portions of
the form simply identify the bridge and the necessary ge-
ometry information. The overall structure inspection portion
was intended to note symptoms of deterioration that were
present in more than one of the subcategories that followed.
The subcategories of deck inspection, superstructure inspec-
tion, and substructure inspection were intended to specify
deterioration particular to those elements. Moisture readings
from various locations throughout the deck and girder ele-
ments were noted in the moisture content portion, and any
other applicable comments not previously noted followed in
the comments/remarks portion.

Aside from the general information and bridge geometry
portions of the form, much of the form is directed towards
identifying deterioration. For example, staining or discolor-
ation, vegetation, and odor may all be signs of biotic growth
infiltration. Sagging, crushing, holes, frass, and powder
posting may be signs of insect inhabitation and wood rot.
Generally, knots, sloped grains, or cracks are the result of
poor wood grade, excessive service loads, fluctuating mois-
ture contents, or aging.

With timber bridges, the origin of deterioration is often a di-
rect result of deterioration in the wearing surface and deck.
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Figure 2. Typical load truck.

Epprux. i Approx. 15—~

Figure 3. Typical truck dimensions.

Emphasis was placed on these elements in the inspection
form as it was thought this would best capture the current
condition. Wearing surface cracking and deck board detach-
ment are examples of deterioration that can vastly affect the
condition of the entire bridge.

A number of moisture content readings were taken at several
locations throughout the bridge structure using a two-prong
electric resistance moisture meter. Moisture content of tim-
ber can significantly alter bridge performance under load.
An increase or decrease in moisture content can result in
fluctuations in the modulus of elasticity, cause shrinkage
and swelling, and provide a catalyst for rotting and other
deterioration.

3.1.3 Static Load Testing

To determine the behavior of selected bridges under live
load, static load tests were performed on a total of 15
bridges, including 8 bridges in western North Carolina, 4 in
western Montana, and 3 in Colorado. The test procedures
and instrumentation methods were identical for all load
tests. Static loading of each bridge was completed using a
tandem-axle dump truck provided by the bridge owner, and
the dimensions of each truck, though not identical, were ap-
proximately the same. A typical truck and truck dimensions
are shown in Figures 2 and 3, respectively.

The total combined weight of the truck and the load varied
for each test; 45,000 to 55,000 Ib was typical. Deflection
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Figure 4. Typical deflection gage instrumentation.

data were collected through the use of ratiometric potenti-
ometers manufactured by Celesco Transducer Products, Inc.
(Chatsworth, California), and the signals from these instru-
ments were collected using an Optim Megadac 3415AC
(Germantown, Maryland) data acquisition system running
TCS (Dublin, Ohio) windows software. A typical set up

of deflection gages is shown in Figure 4. Because of the

relatively short span and the need for only maximum deflec-
tion data, deflection gages were attached only at the center
of the clear span of each girder (see Fig. 5).

Strain data were collected using the Structural Testing Sys-
tem manufactured by Bridge Diagnostics, Inc. (BDI, Boul-
der, Colorado), using WinSTS software. The intention of
equipping the bridge with strain transducers was to be able
to calculate the maximum compression and tension stresses
achieved during the load test. Typical strain transducer lo-
cations were at midspan and near one of the abutments of
select girders (Fig. 5). The transducers near the abutment
were located a distance equal to the depth of the girder mea-
sured from the centerline of the timber bearing sill in the
longitudinal direction. Because of the assumed symmetrical
behavior, only one abutment was instrumented. Two strain
transducers were placed at each location; one was placed at
the bottom of the girder and the other 2 in. from the top of
the girder (Fig. 6).

To provide consistency and for comparison, three load paths

were considered for each load test. Each load path was se-

lected based on typical traffic paths and the objective of the

project to standardize load conditions for all tested bridges.

That is, maximum strains and deflections were desired along
deflection gage and

Figure 5. Typical
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Figure 7. Typical load paths.

each side and the center of the bridge while keeping with
typical traffic patterns.

For the first load path, the right wheel line of the truck was
driven 2 ft from the inside of the right side curb. For the sec-
ond load path, the truck was centered along the centerline of
the bridge. For the third load path, the left wheel line of the
truck was driven 2 ft from the inside of the left side curb.
For each load path, the truck was driven at a crawl speed
and multiple passes were made to ensure that the collected
data were repeatable. Figure 7 illustrates the typical load
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Figure 8. North Carolina bridge used for finite element
modeling.

paths. Note that typical experimental results are given in the
following sections.

3.1.4 Finite Element Modeling

To predict the performance of timber bridges, three finite
element models of bridges subjected to static load testing
were developed. Three models were chosen so that each
location of static load testing would be represented and so
that each of the models could be compared and contrasted
for accuracy of analysis. The three models developed
were of North Carolina bridge number 560510, Colorado
bridge number P-19-AS, and Montana bridge number
L25003009+09001. Detailed descriptions of the developed
models can be found in the Appendixes E, M, and O,
respectively.

The objective was to create a model that nearly replicated
the field results obtained from static live load testing. If

this could be achieved, then hypothetically the model could
be subjected to various load cases and the results could be
obtained without actually performing a full-scale test. One
can clearly see the advantages of creating this model. Essen-
tially, an infinite number of load tests could be performed
through the use of the model, and deterioration and other
conditions could be simulated.

The North Carolina bridge is a single-span, two-lane, solid-
sawn timber girder bridge with a bituminous wearing sur-
face located in Madison County, North Carolina (Fig. 8).

This bridge was subjected to static live load testing during
summer 2006. From the load test, deflection results were
obtained from which a finite element model could be cali-
brated. Figure 9 shows the finite element model developed.
This model consists of solid elements with anisotropic capa-
bilities representing the girders, deck boards, and rails.

Unlike steel or concrete, for which modulus of elasticity is
well known, the timber modulus of elasticity varies consid-
erably due to a number of factors including, but not limited
to, species, grade, and moisture content. Consequently, a
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Figure 9. Finite element model of North Carolina bridge.

typical range for the modulus was determined and a value
was arbitrarily selected to first model the bridge. To cali-
brate the model it was decided that the midspan deflections
should have nearly the same shape and magnitude of the
load test midspan deflection results, thereby demonstrat-
ing that the load distribution and the flexural rigidity of the
model were similar to those of the actual bridge. Loads rep-
licating those of the test vehicle were applied to the model,
and midspan deflection results were obtained. If necessary,
the effective modulus of elasticity was adjusted to better
match the field results. Figures 10 to 12 show the calibration
results when the field and finite element results were nearly
equal when subjected to the same loading.

The Montana bridge is a single-span, two-lane, solid-sawn
timber girder bridge with a bituminous wearing surface lo-
cated near Wolf Creek, Montana (Fig. 13). This bridge was
subjected to static live load testing during summer 2006.
From the load test, deflection results were obtained

from which a finite element model could be calibrated.
Figure 14 shows the finite element model developed; much
like the previous model, this model consists of solid ele-
ments with anisotropic capabilities representing the girders,
deck boards, and rails.

Similar to the approach used for the North Carolina Bridge,
a typical range for the modulus of elasticity was determined
and a value was arbitrarily selected to first model the bridge.
To calibrate the model, it was decided that the midspan de-
flections should have nearly the same shape and magnitude
of the load test midspan deflection results, thereby demon-
strating that the load distribution and the flexural rigidity

of the model was similar to that of the actual bridge. Loads
replicating those of the test vehicle were applied to the
model and midspan deflection results were obtained. If nec-
essary, the effective modulus of elasticity was adjusted to
better match the field results. Figures 15 to 17 show the cali-
bration results from when the field and finite element results
were nearly equal when subjected to the same loading.
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Figure 10. North Carolina finite element calibration results
for path 1.
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Figure 11. North Carolina finite element calibration results
for path 2.
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Figure 12. North Carolina finite element calibration results
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Figure 13. Montana Bridge used for finite element modeling.

Figure 14. Finite element model of Montana bridge.
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Figure 15. Montana finite element calibration results for
path 1.
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Figure 17. Montana finite element calibration results for
path 3.

The Colorado Bridge is a single-span, two-lane, solid-sawn
timber girder bridge with a bituminous wearing surface
located near Trinidad, Colorado (Fig. 18). This bridge was
subjected to static live load testing during summer 2006.
From the load test, deflection results were obtained from
which a finite element model could be calibrated. Figure

19 shows the finite element model developed; much like the
previous two models, this model consists of solid elements
with anisotropic capabilities representing the girders and
deck boards. One difference between the Colorado model
and the previous two models is the absence of a railing. Af-
ter running identical load cases with and without the railing
in the North Carolina and Montana models, it was observed
that very little, if any, difference occurred in the maximum
midspan deflection results. Consequently, the inclusion of a
railing in the model was neglected.

Much like the approach used in the previous two models, a
typical range for modulus of elasticity was determined, and
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Figure 18. Colorado bridge used for finite element
modeling.

Figure 19. Finite element model of Colorado bridge.

a value was arbitrarily selected to first model the bridge.
Again, to calibrate the model it was decided that the mid-
span deflections should have nearly the same shape and
magnitude of the load test midspan deflection results, there-
by demonstrating that the load distribution and the flexural

rigidity of the model was similar to that of the actual bridge.

Loads replicating those of the test vehicle were applied to
the model, and midspan deflection results were obtained. If
necessary, the effective modulus of elasticity was adjusted
to better match the field results. Figures 20 to 22 show the
calibration results where the field results and finite element
results were nearly equal when subjected to the same
loading.

3.2 Fleet Management of Timber Bridges
Concept

3.2.1 Development of Performance Parameter

A four-level parameter was developed to describe the per-
formance of the fleet of single-span timber girder bridges
with an asphalt wearing surface selected and described pre-
viously. Each level corresponds to the level of information
obtained for each bridge in the fleet; the first level is based
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Table 4—Rating by comparison of ADT? and inventory
rating

Inventory rating (tons)

Structural for three ranges

: of ADT"
evaluation
rating code 0-500 501-5,000 >5,000
9 >32.4 (MS18) >32.4 (MS18) >32.4 (MS18)
8 32.4 (MS18) 32.4 (MS18) 32.4 (MS18)
7 27.9 (MS15.5)  27.9(MS15.5) 27.9 (MS15.5)
6 20.7 (MS11.5) 22.5(MS12.5) 24.3 (MS13.5)
5 16.2 (MS9) 18.0 (MS10) 19.8 (MS11)
4 10.8 (MS6) 12.6 (MS7) 16.2 (MS9)
3 Inventory rating less than value in rating code of 4
and requiring corrective action
2 Inventory rating less than value in rating code of 4
and requiring replacement
0 Bridge closed due to structural condition

*ADT, average daily traffic.
°MS load ratings.

on scores assigned and documented in the National Bridge
Inventory for the deck condition rating, superstructure con-
dition rating, inventory rating, and structural evaluation; the
second level is based on information obtained from visual
inspection of 23 bridges completed by the research team; the
third level is based on the static load tests of 15 bridges per-
formed by the research team; the fourth level is based on the
finite element analysis of three bridges subjected to static
live load testing.

3.2.1.1 Level 1-The research team’s desire was to best de-
scribe the condition and performance of the bridges in the
selected fleet by the information provided in the National
Bridge Inventory. Extensive investigation into the correla-
tion of deck and superstructure rating to age, geometrical,
and service descriptors showed that very little correlation
existed with each descriptor alone. This was somewhat sur-
prising. So, a performance parameter was developed that
incorporated all the items that were thought to be of greatest
influence on bridge performance. These items were the deck
and superstructure rating obtained from visual inspection,
the inventory rating, and the structural evaluation. These
National Bridge Inventory items they are summarized
below.

The deck and superstructure ratings describe the overall
condition of the respective element. Ratings are on a scale
of 0 to 9, where 9 represents excellent condition and O rep-
resents failed condition, out of service, or beyond corrective
action. One should note that the condition of the wearing
surface, curbs, and railings are not considered in the overall
deck evaluation. The inventory rating is the capacity rating
that will result in a load level that can safely utilize an exist-
ing structure for an indefinite period of time. The structural
evaluation is the lowest of the codes obtained from the su-
perstructure rating or the substructure rating or developed
by incorporating inventory rating and average daily traffic
(ADT) (Table 4).
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Figure 23. Level 1 awarded performance parameter points
for deck rating, superstructure rating, and structural evalu-
ation rating.

For all bridges in the fleet for which the information for
these four items was complete, the performance parameter
could be calculated. The deck and superstructure condition
ratings and the structural evaluation could have a maximum
value of 9, corresponding to an excellent condition. Logical-
ly, one would expect that a condition rating of 8 or 9 would
be assigned to very new bridges, yet if one were to assign

a maximum value of performance points to a bridge with a
rating of 9, then immediately the performance of some very
good bridges would be reduced and the actual performance
of bridges would not be reflected. Therefore, it was decided
to assign 100 points to a bridge rating of 7 where 100 points
is considered superior performance and 0 points to a bridge
rating of 0. Subsequently, if a bridge is assigned ratings

of 8 or 9, the potential of ear