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Preface

During the past several decades, an impressive amount of research has been
conducted in the development of new materials and technology to design, con-
struct, and maintain vehicular bridges. Much has been learned about these
complex problems and should be conveyed to a user community that represents
such varied interests as state, federal, and local governments; private trans-
portation agencies; consulting engineering firms; industry; planners; scientists;
and engineers. Much remains to be learned, and this user community should
be involved in guiding future research programs. .

A continuing trend toward heavier loads and increasing traffic volumes,
combined with adverse environmental conditions, has resulted in a reduction in
the life expectancy of bridges and more rapid deterioration of existing bridges.
A comprehensive review of the national bridge inventory by the U.S. Department
of Transportation concluded that approximately 40 000 bridges on the Interstate
highway system alone are structurally deficient and functionally obsolete. Sim-
ilar bridge problems are faced by railroad and transit agencies.

The problem is widely recognized; both federal and state appropriations and
operating agency appropriations are continually increasing for bridge construc-
tion and maintenance. An even larger effort must be made if the nation's sur-
face transportation system is to function efficiently. Because funds are limited
for bridge construction and for the repair, rehabilitation, and strengthening of
existing bridges, a careful evaluation should be made of all available technology
and needed research to ensure the optimum use of resources.

The Bridge Engineering Conference was organized to facilitate an interchange
of information on all aspects of design, construction, rehabilitation, and main-
tenance of vehicular bridges and to have specific emphasis on problems and so-
lutions of interest to highway, railroad, and transit bridge engineers, admin-
istrators, and managers. The papers in Transportation Research Records 664
and 665 constitute the proceedings of the conference held September 25-27,
1978, at the Chase-Park Plaza Hotel, St. Louis, Missouri. These two records
contain all of the papers prepared in advance of the conference as well as sev-
eral that were not included in the program due to limitations of time and space.

Organization and direction of the conference were the responsibilities of the
Conference Steering Committee, whose members are listed on the reverse side
of the title page of this Record.

The Bridge Engineering Conference was partially funded by the Federal High-
way Administration and Federal Railroad Administration. The following organ-
izations cooperated to make the conference possible:

COSPONSORS

Federal Highway Administration

Federal Railroad Administration

PARTICIPATING AGENCIES

American Association of State Highway and Transportation Officials

American Railway Engineering Association

American Road and Transportation Builders Association

American Society of Civil Engineers

International Association for Bridge and Structural Engineering

Missouri Pacific Railroad Company

Missouri State Highway Commission

National Association of County Engineers

—,— ,



The Eads Bridge, St. Louis, Missouri, 1874. Designer and builder, Capt. Jemes Buchanen Eads. Designated National Civil Enginesring
Landmerk.




DEVELOPMENT OF A COMPUTERISED BRIDGE INVENTORY FOR A STATE ROAD AUTHORITY

B.L. Richards, B. Tech., M.I.E. Aust., Highways Department, South Australia

The Highways Department of South Australia is
currently developing a computerised bridge
inventory system which will be used by the
Bridge Inspection Section to rationalise the
approach to the inspection of bridges. It will
also be used by the Planning Branch to provide
a basis for economic comparison of alternatives
in the replacement and strengthening of bridges,
by the Construction Branch for the rational
allocation of maintenance funds and to provide
information to the National Association of
Australian State Road Authorities (NAASRA)
proposed data bank, One of the most important
functions of a bridge inventory is to provide a
complete and accurate record of each bridge on
a highway system. Maintenance of bridges
requires complete records in usable form
including history of the structure, all repairs,
widening, strengthening or reconstruction, or
other actions which have been taken, subsequent
to inspections, Information should be easily
accessible and readily updated; factors which
today are made possible by computerisation.
However, conflicting requirements must be dealt
with, On the one hand data handling facilities
should be large enough to provide sufficient
information for managing inspection, maintenance
but flexible enough to be used for planning
functions both at the regional and national

level; yet the system developed should not
become cumbersome and difficult to use,

The purpose of this paper is to explain the
experience that the Righways Department of South
Australia has had in relation to the design,
implementation and operation of a bridge inventory
system.

With the exception of a relatively low mountain
range, 500 kilometres long by 80 kilometres wide,
extending through the centre of South Australia,
most of the settled areas of the State consist of
flat alluvial plains crossed by wide shallow creeks
and rivers. South Australia has a low average
rainfall and is the driest State in one of the
driest continents in the world, making it devoid of
extensive natural forests thus forcing early bridge
builders to use durable but relatively expensive
concrete, steel and masonry as raw materials., There
is an almost total absence of timber structures;

most of those built have long since succumbed to-
the ravages of fire, termites or dry rot. These
environmental conditions suited bridges of beam and
slab design of moderate span lengths = usually less
than 30 metres

South Australia was founded in 1836 and,
consequently, there are few bridges of historic
interest, Some of the more interesting structures
are wrought iron bridges fully imported from the
United Kingdom and erected on site, This practice
lasted until the early 1900's when local technical
expertise reached a sufficiently high level for
these types of bridges to be built using local
resources.

Design Loads for Bridges

Although State Road Authorities were formed in
each of the Australian States during the late 1920's
no comprehensive bridge design standard or codes
were used in Australia until 1947. (1) Until that
time design loads varied considerably between the
States and were generally comparable to the HS10 to
about HS15., However, since 1947 all Australian
States adopted the HS20 loading or heavier, the
latter being restricted to particular routes.
Increased pressure from the Transport Industry to
raise both legal weight limits and those allowed
under permit led to a more substantial design
loading being adopted in 1977. (2) This loading
retains the concept of the AASHTO type vehicle but
is aporoximately 33 percent heavier, Therefore, a
situation exists where the design loading for
bridges generally decreases with increasing age.

In South Australia approximately 60% of bridges
have design loadings less than HS2C standard.

Requirements of a Bridge Inventory System

Bridges represent a sizeable capital outlay
requiring regular and rational inspections to
preserve the initial investment. The main purpose
of a bridge inventory is to catalogue all the
information gathered from inspections and other
sources so that it may be used for:=

. Setting priorities for the maintenance of
bridges.

. Setting priorities for the strengthening or
replacement of bridges,

« Planning for a rational bridge inspecticn
programme,




o Route selection for vehicles carrying abnormal
loads,

. National data banks for planning purposes on a
national scale,

Records must be in usable form and should
include information on the history of the structure,
all repairs, widening, strengthening or other
actions which have been taken subsequent to inspect-
ions. Information should be readily accessible and
capable of easy updating.

However, the problem of conflicting requirements
must be solved. On the one hand the data stored
must be comprehensive enough to provide information
for the decision making process on engineering,
economic and planning aspects, but flexible enough
to meet changing conditions and requirements, yet
the system used should not be cumbersome and
difficult to use.

Several systems have been used for the
collection, storage and retrieval of bridge
inventory data ranging from relatively simple card
gystems used in earlier times to extensive computer-
ised data banks made possible by modern technology.
A perusal of systems used by numerous authorities
reveal that in many cases a considerable effort is
expended to collect very detailed information about
each bridge in a region, presumably because
electronic data processing facilities have made it
possible to store and process such information,
(3,4 This leads to a large data bank which
contains much irrelevant information, is difficult
to manipulate and it is hard to see how such
information can be used. An analogous situation is
the spare room or attic where items that "may come
in handy one day" are kept. The philosophy adopted
was to begin with a simple system and aim for an
inventory file which would be sufficiently flexible
to allow for the later integration of additional
information to meet new needs which may arise.

Development of the Bridge Inventory System

Bridges in this State were inspected only
spasmodically, usually resulting from reports of
signs of distress, until 1972 when Departmental
policy was formulated requiring the regular
inspection of all bridges within its jurisdiction.
A small team of professional engineers and
technicians was formed to undertake this task,

The road network in the State is maintained on
a two tier system, The main arterial network is
administered by the Highways Department through
District Offices. All other roads are maintained
by local government authorities (County Councils)
and financed partly from local taxes and subsidised

rom Government granta through the Highways
Department. The first priority was to register all
bridges maintained by the Department,

Initially, a manual reporting system was used
but the files generated were soon found to occupy a
large amount of space, were awkward to access and
difficult to retrieve information from, particularly
in regard to the planning functions and re-inspect-
ion schedules, During this period computer
facilities were expanded, more sophisticated
software became available and the advantages of
computerising inspection records became more
apparent. A Cyber 73 computer with online
facilities including visual display units had
become available to the Department in 1973 and a
decision was made to use these facilities for
compilation of the bridge inventory system.

Development of a computerised Bridge Inventory
began late in 1976 and was initially aimed at
converting and updating about 1200 records of
maintained bridges filed in the manual reocording

system, A relatively simple computerised catalogue
system, based on files of punched cards, with three
80 column cards storing the data was used, Using
software packages only the system was used to
manipulate basic data (mainly concerning bridge
identification, location, dimensions, load rating
and other administrative data)., Development of the
system was gradual and generally proceeded from
this simple system to a stage where, from the
knowledge and experience gained, objectives became
more clearly defined and a consolidation of previous
work became necessary., During this phase a great
deal of consideration was given to deciding on the
amount and type of information which should be
retained in the inventory, keeping in mind its
source, form and the use to which it was likely to
be put, together with the most suitable system to
maintain it within the constraints of the available
computer facilities,

Description of the System

A Control Data Corporation (CDC) data base
management system (DMS=170) was available and .
Jjudged to be appropriate for the implementation of
a Bridge Inventory. This system maintains the
inventory on mass storage devices which may be
accessed either by DMS=170 software or by
application programs prepared by or for the user,
or a Data Base Administrator who is responsible for
preparing and managing the data base, Briefly, the
system is a software package based on the concept
of a centrally controlled data base, independent of
the applications accessing it. Inherent to the
system are the means to:=-

« Create a common-user data base in which files
can be used jointly or joined in relationships.

» Provide and maintain a variety of data on
structures for specific users.

« Control, monitor and interpret requests from
application programs to access one file or several
related files at a time.

The system is being used to form an interelated
data bank for the whole Department of which the
Bridge Inventory forms one segment.,

Records relating to bridge structures and
retained on computer files consist of:=

+ Bridge Inventory File detailing the location,
principal dimensions, material and rating of each
structure.

« Inspection Ratings File storing the rating of
each structural element. This file also includes
in code form necessary repairs or other required
action, posting of load limits and target dates for
remedial action and reinspection,

o Comments File storing comments qualifying the
ratings, other general comments and recommendations.

The Inspection Rating and Comments Files
contain data from all inspections of each bridge
thus providing a complete historical inspection
record. Other files required for operating the
system are:-

o Dictionary File containing information common
to other files e.g. titles of main roads, map
names, district areas, report headings, etc,

o Description File containing informetion
peculiar to particular bridges, e.g. river names,
local bridge titles.

o Enquiry Program File storing each application
program for future use,



Pigure 1. Schematic diagram of the Bridge Inventory System

The system has inbuilt protection to prevent
inadvertant corruption of existing files but for
correction of data the Data Base Housekeeping
routine, with its own validation procedures is used,
Although the Bridge Inventory system will ultimately
be a complete Data Base it is being developed on
traditional lines using batch processing to
facilitate the transition, from the user's view=-
point, from the existing system to the new. The
interaction between the various files and
relationship between the input of data and gener=-
ation of reports is schematically shown in Figure 1.

Information concerning existing bridges can be
broadly divided into two areas:-

1. Information obtained from original plans,
design calculations and other records.

2. Information gained from detailed inspections
of structures,

Standard coding sheets have been designed and
consist of two types viz., a Bridge Inventory sheet
and Field Inspec*ion sheets, which are shown in
Figures 2 to 4, The Bridge Inventory file includes
information describing the structure in terms of
location, reference number, principal dimensions
and other administrative data. The Field
Inspection sheets have been specifically designed
for use by experienced engineers familiar with
bridge design and likely problem areas, All sheets
have been designed so that each inspection is
carried out thoroughly and is supported by careful
observation and appropriate comments without
resorting to copious field notes, These comments
are linked with the rating of each element of the
bridge and recorded for every inspection carried
out, The rating is the subjective evaluation by
the engineer of the condition of the particular
structural element and is given a value between 1
and 5§ (chosen as being a practical range without
attempting to be too definitive). The Field
Inspection report is finalised by completion of the
Recommendation Sheet where each recommendation will
be coded for follow-up and costed in man=-days work
at the site and an estimated cost where warranted.

BRIDGE STATE B8RIDGE :;:;::é:l Administrative
INVENTORY MASTER INVENTORY Ll
DATA 7
FILES
-t reports
INSPECTION INVENTORY INSPECTION -Exaun:’u:\ reports for
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i, 00205 »
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DESCRIPTION
ENQUIRY % i
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REQUESTS FOR REPORTS rating ¢ 0 80
REPORTS

On completion of a bridge inspection a
standardised computer output report is forwarded to
the relevant District kngineer who is responsible
for the construction and maintenance of Department-
ally maintained roads and bridges in that District.
Format of the computer print-out is:-

Fixed Data:
Location of structure; type, dimensions,
material,

Inspection Report:
Ratings and comments from inspection, Live Load
capacity rating.

Recommendations:

Load Limit; Monitoring required by District
Staff; Repairs required - Desirable (within 3
years), Necessary (within 1 year), Urgent (within
3 months),

It is envisaged that the standard report will
be sufficient for the majority of bridges
inspected. However, in special circumstances, the
report would be supported by plans for remedial
work or a more detailed report.

In the near future it is intended to extend the
reporting of the field inspection reports to
include a "Repairs Action Report" which will be
compiled by the District Staff, returned to the
Bridge Inspection Group, coded and included in the
computer file for future reference and easy
retrieval, The inspection report outlined above is
intended to maximise the efforts of all concerned
in the process, in so far as record keeping and
information processing is concerned,

Data: Too Much or Not Enough?

Careful consideration was given to deciding on
the level of information to be retained. The prime
objective being to store only that data which was
likely to be used. For instance, the volume of
traffic using particular structures may be useful
in certain circumstances, but in this State where
traffic volumes are relatively low it is not an




Figure 2, Bridge Inventory Coding Sheet
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Figure 4. Field Inspection Coding Sheets
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important factor and, therefore, not included in
the Bridge Inventory. Omitted for similar reasons
are reports or ratings of the minor non-structural
elements of a bridge, e.g. kerbs, median strips,
lighting standards, etc. which tend to clutter
inventory records. If, on inspection, these
elements are found to be requiring attention they
are referred to in the general Comments File., More
important are the major structural elements viz.
Deck, heams, bearings, expansion joints, abutments
and piers including foundations where accessible.

One of the most important pieces of information,
if not the most important retained in a bridge
inventory is the load rating of a structure
agsessed after a thorough inspection. The load
rating is usually expressed as the ratio of the live
load capacity of the bridge to a standard loading,
usually the design loading currently used. In this
way the load rating of a structure is a convenient
measure of the overall condition of a structure and
forms the basis of setting priorities for a bridge
replacement or strengthening program.

One serious drawback to bridges rated in this
manner is that it does not accurately express the
over-load capacity of structures. Most of the
existing bridges have been designed on the allowable
stress philosophy which result in varying actual
factors of safety (i.e. safety factors related to
live load only) for different bridge elements. (5)
This actual factor of safety for the various bridge
elements usually becomes larger as the ratio of dead
load to live load increases. Therefore, bridge
elements designed on the basis of allowable stresses
with high dead load percentages have greater reserve
capacities for carrying abnormal heavy vehicles
than those where the dead load percentage is small.
In the system under development the stresses induced
by the dead and live loads are recorded so thai the
real capacity of each bridze to carry heavy vehicles
travelling under permit, can be assessed. Since the
majority of structures in South .ustralia have sub-
stantial sub-structures with high dead lo»d %to live
load ratios, *the load rating is confined to the deck
slab and/or beams, Massive deterioration of the
sud~structure would be required to significantly
affect the capacity of the structure or overall load
rating.

Almost as significant as the rating, for setting
priorities for bridge replacement, are the width of
structures and the adequacy of the approach roads
for alignment, delineation and sight distance. With
increased traffic speeds the width between kerbs for
bridges has progressively widened sc that some of
the bridges built comparatively recently are now
virtually sub-standard and considered to be relat-
ively hazardous to traffic., Policy decisions have
been made for a long term replacement program for
bridges below certain acceptable widths depending on
the road classification., Road approaches are an
integral part of a bridge and its condition from a
road safety aspect is subjectively assessed and
recorded and used for determining priorities in a
similar way as for width of structures,

Current and Future Developments

Using a computerised data bank of the type
described, information can easily be re-=grouped
logically and globally as a function of the needs
of the Department wiich range from data required for
statistical purposes, as for example in the grouping
of common problems, cost of common repairs, inspect-
ion costs to those providing information required to
make decisions on relative priorities for bridge
strengthening, widening or replacement,

The Bridge Inventory is used by the Bridge
Inspection Team for planning a rational inspection
program. South Australia covers an area of 980 Q0O
square kilometres and although over half of this
area if of little economic or topographical signif-
icance, a large area remains to be covered by a
centrally located inspection team. A large propor-
tion of the team's time is occupied in travelling
and, therefore, a pronerly planned itinerary for
inspecting bridges grouped according to their
location and priority is of paramount importance.

The Bridge Inventory system adopted and des-
cribed in this paper has been developed with flex-
ibility in mind. It permits extension to and
changes to be made to the type of information
stored without affecting the usefulness of
previously created files. It can also be used by
other sections of the Department for their own
particular needs by simple extension of recorded
information.

Future development of the system will be in the
areas of devising methods of optimising heavy load
routes, and in combining programs with the digital
mapping services for the automatic plotting of
bridge locations and selected strategic routes.
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THE NEW MEXICO BRIDGE INSPECTION PROGRAM

Kenneth White and John Minor, New Mexico State University

The New Mexico bridge inspection program is
reviewed for its uniqueness as well as the use
of the resulting data. Annual training sessions
and field work with college professors has kept
the program viable and continuing. Close cooper-
ation with the Civil Engineering Department, New
Mexico State University, has led to utilization
of bridge capacity data developed within the
program into a statewlde overload routing and
permit system. The system takes an overload
wheel configuration and load distribution and
computes an equivalent HS loading which is com-
pared to the capacity of each bridge along a
given route.

Congress 1in the 1968 Federal Highway Act called
for national bridge inspections. National standards
based generally upon the contents of the 'Manual of
Maintenance Inspection of Bridges 1970" (2) were
issued in 1971 (1).

This paper describes how New Mexico not only
established a viable bridge inspection program
meeting all Federal requirements but utilizes the
accumulated data in routine checks resulting from
requests for permits for overweight vehicles. New
Mexico has 3,000 bridges on the federal-aid highway
system, with about 2,000 over geographical barriers
and the remainder being over highways and railroads.
All of these bridges had received their initial
inspection and inventory by July of 1973.

History of the Inspection Program

The New Mexico State Highway Department ini-
tially established its bridge inspection program in
November 1970. Bridge inspection crews were select-
ed in each of the five districts. The Assistant
District Highway Engineer of Maintenance, under the
general direction of the District Engineer, was
placed in direct charge of the district bridge
inspection crews and made responsible for the prompt
and proper reporting of information gathered. The
District Bridge Inspection Crews were directed to
make the required inspections and to place the
information in reports so that it could be checked
and forwarded to the general office. Consultation

and general guidance was available to the districts
on all technical data regarding the inspections

from the Bridge Maintenance Engineer and the Bridge
Engineer in the general office.

It was realized early that such a bridge inspec-
tion program would be only as good as its field
inspectors - i.e. the District Bridge Inspection
Crew. Although it would have been desirable to
place an experienced professional engineer in each
field crew and staff the crews with experienced
bridge inspectors, this was not possible. However,
a registered engineer was placed in charge of each
crew.

In order to have trained, qualified inspectors
for the program, the New Mexico State Highway
Department in conjunction with the Federal Highway
Administration, conducted a three week training
program in January 1971. In the program the need
for the importance of bridge inspection was empha-
sized along with inspection techniques and proper
use of newly printed forms. It was decided that as
much of the capacity ratings and computer coding as
possible would be done at the district level. Since
most bridges in New Mexico are of relatively simple
design, much of the load computation could be
accomplished at the district level with guidelines
furnished from the general office.

A booklet, ''New Mexico Bridge Inspection and
Evaluation Guide," (3) was published by the
Maintenance Division which covered all aspects of
the Program. This booklet plus the AASHO ''Manual
for Maintenance Inspection of Bridges, 1970" and
the FHWA "Bridge Inspectors Training Manual, 1970"
(4) provided written guidance for the inspection
teams. Guidance for coding data was provided by
"Bridge Maintenance Inventory System" (5) published
by the Engineering Computer Unit of the general
office.

Implementation of Present Program

Due to the turnover of personnel and the
introduction of new techniques and requirements,
plus a better understanding of the scope of the
project, additional training at periodic intervals
was considered necessary. A staff member of the
Civil Engineering Department of New Mexico State
University was employed at the time with the New
Mexico State Highway Department. Upon discussion
of the problem, it was felt that the Department of
Civil Engineering, with assistance from the
experienced general office state highway department




personnel, was well qualified to do the additional
training. The University had the necessary
facilities in terms of classrooms, training aids,
and laboratory space for the efficient and economi-
cal instruction of bridge inspectors. The faculty
was uniquely qualified to instruct the trainees
because they were experienced professional engineers
as well as professionals in the instruction of
students.

In January 1972 a bridge inspection short course
was initiated at New Mexico State University spon-
sored jointly by NMSU and the New Mexico State High-
way Department. Instructors included staff members
from both NMSU and NMSHD. The Federal Highway
Administration also furnished assistance. Partici-
pants in the course included the highway department
bridge crews, the assistant district engineers of
maintenance, representatives from the general office
and, as guests of the highway department, several
members of the Bureau of Indian Affairs. In all,
thirty-two people attended the two week course and
received certificates of completion of the course.
The course was based on the "Training Manual for
Bridge Inspectors, 1970;" however, only sections
pertinent to New Mexlco were covered.

The first week curriculum was primarily basic
mechanics such as strength of materials and statics,
nomenclature, and laboratory demonstrations.
Laboratory demonstrations included the destructive
testing of materials and some structural elements.
Also included were demonstrations of the proper use
of equipment such as torque wrenches and the
corrosion detector.

The second week leaned more toward application
of techniques which included the proper description
of bridges and defects. Field trips were conducted
to various types of bridges common to New Mexico.
The local bridges had sufficient defects to promote
many lively discussions about how to best describe
and assign a rating. The question of load reduction
and posting was also extensively discussed. A
complete inspection was conducted of a bridge with
known defects. Color slides of the bridges and
defects were available for the post field trip
discussions. In all, much information was gained
and exchanged during and after the trips--thus
complementing the classroom instruction.

Although the school was well received, it was
apparent that much improvement could be accomplished
in several areas for future short courses. Areas of
improvement included the following. First,
additional visual aids could be related directly to
New Mexico's needs. For instance, the attention of
the trainees could have been greater with discussion
of a particular structure native to New Mexico.
Secondly, the instructors felt a need to be better
acquainted with the New Mexico inspection techniques
and problems. These improvements could be accom=-
plished only by working closely with the inspection
teams in the field and with the general office in
Santa Fe.

Consequently, an annual training school for
bridge inspectors was proposed with the recommenda-
tion that two instructors from the university work
with the Highway Department and its inspectors for
the summer. The Highway Department and the Univer-
sity agreed on an annual program plus a summer
background study for the program. The background
study called for a research team consisting of two
staff members of NMSU to spend seven weeks in the
field with the inspectors, one week in the general
office and two weeks for course preparation.

The research team divided the seven week period
with the various NMSHD districts. During this time
various phases of the program were reviewed with the
bridge inspection crews. Filing systems and data

storage techniques were checked. Field inspections
with crews were undertaken. Field reports were
taken, placed into final form, and coded for the
data bank at the general office. Special inspection
equipment such as the snooper, torque wrench, and
corrosion detector were utilized during the
inspections.

Many color slides for later use in the short
course were taken. These pictures included all
phases of inspection including proper use of safety
cones, utilization of flagmen, and proper use of
equipment. All types of bridges were photographed
including many unique and unusual bridges. Close
up, detailed photographs were made of both the usual
and the unusual defects. Common type of defects
included salt deterioration of concrete, hazardous
approaches, outdated bridge railing and inadequate
deck geometry.

A general survey of "interesting' bridges gave
the research inspectors much insight into the prob-
lems of a bridge and how to inspect it. A rapport
was egtablished with all of the inspection crews
which helped immeasurably in training and updating.

Particular subjects and ideas suggested by the
inspectors were put into the course. A more
detailed explanation of the appraisal and condition
rating evaluation was requested. Careful review was
necessary to establish exactly what was meant by
such things as minimum tolerable conditiom or
present minimum criteria. How to incorporate
certain defects into capacity ratings was a common
question. In New Mexico capacity ratings were
initially computed by the actual inspector, 1if at
all possible, and reviewed by the district office
and the general office.

A week in the general office was of great bene-
fit to the NMSU group. Coordination in establishing
guidelines with the FHWA was discussed. Much of
the criteria for ratings was clarified. Coordi-
nation with other sections, particularly the roles
of the bridge design and engineering computer
section were discussed and evaluated.

An overall understanding was developed by the
NMSU team in how bridge inspection data was
collected, where it went and for what purpose. The
fact that actual field operation 1is only an initial
step in bridge inspection was made evident.
Reports, computer code forms, filing and capacity
ratings take an appreciable amount of time and
effort. This understanding helped immensely with
course preparation and evaluation for the annual
training program.

New Mexico now has a viable and continuing
program for bridge inspection. The inventory has
been completed for several years and a process has
been established for reinspection of bridges as
required. Also, a continuing training program for
ingpectors has been established.

Uniqueness of the New Mexico Program

The fact that NMSHD and NMSU have put together
a cooperative annual training program is probably
not unique. However, the manner in which the
course directors from the university involved them-
selves with the program probably 1s unique. These
professors not only worked with the field inspec-
tors in establishing a training program, but have
continued to assist in various ways. The Rio
Grande Gorge bridge, a 366m (1200 ft) deck truss
with a 183m (600 ft) main span and 200m (650 ft)
clearance, has been inspected three times since the
New Mexico bridge inspection program began. Each
time the NMSU professors were two of the members of
the inspection crew. Techniques and procedures



were developed which were unique to this size and
type structure. A similar case involves the 122m
(400 £t) steel arch at Los Alamos. In both situa-
tions the college professors worked hand in hand
with the field crews providing training and
experience for both groups. A continuing rapport
has been established.

These professors have also worked in the NMSHD
bridge design section in evaluating capacities of
existing bridges. This opportunity gave not only
insight to evaluating defects as reported from the
field but also a working knowledge of establishing
inventory and operating capacity ratings.

This unusual position of the engineering
professors of not only observing but also partici-
pating in inspection, capacity evaluation, and data
recording has yielded some unique benefits to the
NMSHD. Among these benefits was the coupling of the
data on bridge capacities from the inspection to the
reoccurring problem of overweight or 'permit"
vehicles. This coupling which is discussed in some
detall below has made the New Mexico bridge
inspection program unique. In addition this data
base provided by the bridge inspection program is
utilized to establish posted capacity limits. Height
and width restrictions are also evaluated along any
particular ‘route with this data.

Coupling Bridge Inspection and Overload Permits

In New Mexico a permit is necessary if, among
other criteria such as length and width, the groas
weight of any vehicle exceeds 384kN (86,400 lbs).
Any truck requiring a permit because of gross weight
is referred to the New Mexico State Highway Depart-
ment far evaluation of the effects on the highway
and bridge structures. Permits for overweight
vehicles have been requested for vehicles with gross
weights over 3.56MN (800,000 1lbs). Unexpected
requests to check the adequacy of structures for a
particular route for an overweight truck with odd
axle spacing were becoming more and more numerous.
Previously these requests required engineers to be
removed from their normal duties to pinpoint
potential problem bridges and reanalyze them for the
particular overload vehicle. The procedure was not
only time consuming with valuable engineering man
hours, but the potential for serious error existed.

First, it was possible that a potentially danger-
ous structure could be overlooked. Second, there
was a chance for error in a rush analysis. Also,
the data availlable in the bridge section did not
always reflect the current condition of a bridge.
The problem seemed to be becoming worse as more
heavy industry was being located in areas where no
railhead existed.

To alleviate the problem the New Mexico State
Highway Department considered a more automated
method of operation. Two facts stood out. First,

a computerized technique of locating bridges along
a proposed route as well as performing a structural
analysis of the bridges would certainly speed up
the operation and allow the bridge engineer to make
a decision on each new overload configuration.
Second, the latest information concerning any
modifications and structural conditions of all
bridges within the State was already available
through the bridge maintenance inspection program.

The inventory and operating ratings, as well as
other pertinent data such as bridge type and

location, were stored on magnetic tape (4). Since

the Civil Engineering Department, New Mexico State
University, had helped in creating the data by
assisting in the training of the inspectors and in
some cases actually inspecting bridges and

calculating the load ratings, they were not only
aware of the data tapes but also the quantity and
quality of the data. Computer programs to check
capacities of bridges had been proposed by
consultants and agenciles but no one before had
proposed utilizing directly the data accumulated by
the bridge maintenance program.

In a cooperative agreement the Civil Engineering
Department, New Mexico State Unilversity, was charged
with developing a computer system that would meet
the criteria of the NMSHD to streamline the opera-
tion and use the bridge maintenance inspection
information already collected and stored on magnetic
tapes. This data bank included the results of a
complete analysis of every bridge in New Mexico.

The load capacity rating was recorded as a HS
loading for both the inventory and operating rating.
A new analysis of each structure along each
route was rejected as impractical. First, too much

input data for each structure would be required to
perform such an analysis. Second, this detailed
structural data was not avallable from the bridge
inspection inventory system. Also, large quantities
of computer time would be required to check out a
proposed route, and finally, a detailed analysis
would be repetitious. Each bridge was already
analyzed and given a safe load capacity rating as a
part of the bridge inspection program and this
rating was stored as a part of the bridge inspection
inventory data. With this in mind, the following
approach was used to develop @VLPAD, a computer
program to automatically check bridge structure
capacity with a given overweight vehicle.

Method of Equivalent Loading

For several years the New Mexico State Highway
Department has been determining the overload
capacity of bridges by comparing the moments used
by the overloading vehicle to the designed moments
produced by the standard AASHTO truck. Therefore,
the operating capacity of bridges was designated
the standard HS truck configuration which produced
the over-stresses permitted in the Manual for
Maintenance Inspection of Bridges published by the
American Agsociation of State Highway Officials. (2)

Within @VLOAD a method of equivalent loads is
established which simulates the actual overload
truck passing over each and every bridge on the
proposed route. The overload truck is converted
into an equivalent HS truck for each particular
bridge based on maximum bending moments or other
criteria. This equivalent HS truck is then compared
with either the operating rating or inventory
rating as stored within the computer. Any time the
equivalent HS load exceeds the stored value, the
computer program automatically prints out the
bridge number, location, equivalent load capacity
required, and the rated safe load capacity. This
printout 1is available for evaluation by the bridge
engineer, The engineer may, at his option,
prohibit the overload, reroute the overload, or do
a more detalled analysis of the particular bridge
or bridges.

'

Description of Program

The program, @PVLPAD, consists of the main
program and three subroutines. The main program
recelves input data, reads stored data on bridges,
determines whether or not a bridge is on the
requested route, makes a comparison between safe
load capacity and the required capacity, and prints
information on inadequate bridges. The subroutines
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compute the required capacity for a given overload
vehicle on each particular bridge. A simplified
flow chart of the program is shown in Figure 1.

The process is initiated by the input of the
route numbers and Department of Defense, DOD,
gection numbers over which the proposed overloaded
truck is to take. The axle spacings and axle loads
of the truck are inputted for use in the computation
of an equivalent HS truck. Finally, whether the
comparison will be with inventory rating or operat-
ing rating is entered.

All bridge data are stored in numerical order by
bridge number on a magnetic tape or disk. All data
for a particular bridge are read and evaluated and
any bridges not on the route are rejected before any
equivalent load computations are made. If the
bridge is on the desired route and within the
desired DOD sections, the structure is classified
into one of four types and an equivalent loading
determined.

The structures in New Mexico can be divided into
four general categories: Simple span bridges,
continuous span bridges, truss type bridges, and
concrete box culverts. Although other types of
bridges exist, such as rigid frame structures, each
can be classified into one of the above categories
for determination of the equivalent HS truck rating
of an overweight vehicle.

For structures classified as simple span bridges,
the subroutine SIMSP is called. The SIMSP sub-
routine utilizes the span lengths of the bridge to
be checked and the axle spacing and axle loads of
the overloaded vehicle. The first axle of the
vehicle is placed at mid span of the first span and
the criticial bending moments are determined by a
standard matrix method of structural analysis. This
moment is retained for later comparison. The next
axle 1is moved to mid span and a new bending moment
is calculated. The bending moment 1is compared to
the previous bending moment and the larger value is
retained. This procedure is continued until bending
moments for all positions of the vehicle have been
compared. The bending moments produced by a
standard HS 20 truck is computed in a similar manner
for the same span. An equivalent HS rating is
assigned to the overloaded truck by the ratio of
bending moments produced by the two trucks times
twenty. This equivalent HS value is stored for
later comparison. The overloaded vehicle is then
moved to the next span. The entire procedure is
repeated for this span. The new equivalent HS
rating is compared to the old rating and the larger
value retained. This procedure is continued until
all spans have been checked. The largest equivalent
HS rating is then returned to the main program for
comparison with either the operating or inventory
rating as requested.

For structures classified as continuous span
bridges, the subroutine C@NTU is called. The C@NTU
subroutine has a general procedure similar to that
of SIMSP. The computation of bending moments by
matrix methods is made on the basis of a continuous
prismatic structure with actual span lengths. Both
positive and negative bending moments are determined.
The maximum values for each span is saved and the
equivalent HS ratings are returned to the main
program.

Structures classified as trusses are subjected
to the computations of the subroutine TRBM. The
subroutine TRBM proceeds in a manner similar to
SIMSP except that three equivalent HS ratings are
computed. These three equivalent HS ratings are
necessary because the data bank does not indicate
in what manner an excess load would cause the truss
to fail. The overload vehicle is moved across the

truss and the maximum equivalent HS ratings are
computed based on stringer moments, floor beam
reactions, and span length moments. All three HS
ratings are returned to the main program and if any
exceed the safe capacity, the bridge is considered
inadequate.

Once a structure has been classified and the
equivalent HS rating has been assigned for the over-
load vehicle by one of the three gubroutines, the
equivalent HS rating is compared to the safe loading
capacity that has been previously determined for
that structure by a complete analysis. If the
equivalent HS rating is less than the safe load
capacity assigned the bridge, the program goes to
the next bridge. If the equivalent HS rating is
greater than the stored operating capacity, the
bridge 1s considered inadequate and pertinent
information about the bridge is printed. The infor-
mation gives the user a quick identification of the
critical bridgesa, possible need for reanalysis or
whether detours might be necessary and available.
This procedure is repeated until every bridge on
the designated route has been checked and every
inadequate bridge listed.

Qutput Information

Figure 2 is a typical output which lists all
inadequate bridges on the route. Each bridge
number, route, and DOD section is listed. This
information is followed by the type of bridge, a
description of the location of the bridge, the
critical span length, the equivalent HS load
capacity required and the rated HS load capacity.
The equivalent load is divided by the rated operat-
ing load to give a ratio to assist in evaluating
the bridge. Trusses have three equivalent HS truck
printouts. The first indicates an equivalent truck
based on floorbeam reaction loadings, the second
indicates the stringer moments and the third
indicates an equivalent truck based on overall
moment.

This output pinpoints all potentially critical
bridges and prints a comparison uvf the capacity
based on allowable criteria set by AASHTO (4) as
analyzed in the bridge inspection program and the
equivalent capacity computed by the program. These
critical bridges, capacities, and required
equivalent capacities are reviewed by an engineer
before any decision is made on the issuance of a
permit.

In some cases a requirement for adjustment of
axles or axle spacing, restrictions on speed, or
re~evaluation of bridge capacity 1s all that is
required to approve a permit. In other cases the
vehicle may not be allowed to use one or more
structures and the construction of a detour may be
necessary. In all cases the engineer has the
confidence that all bridges on a route have been
considered and critical bridges with essential data
have been referred to him.

Present Operation

The program @VLPAD has the capability to pick
out all bridges which do not meet the equivalent
load criteria along a proposed route and print the
pertinent data within minutes. In New Mexico an
engineering technician inputs the necessary informa-
tion via a remote terminal and the results are
available within minutes. If the proposed route is
inadequate, an engineer can either choose an alter—
nate route which can be checked by the same system
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OUTPUT DATA

THE BRIDGE OVERLOAD PROGRAM DEVELOPED BY
WHITE-MINOR, MMSU 1973-74 AND SPOMSORED BY THE NEW MEXICO STATE
HIGHWAY DEPT. LATEST UPDATE AUGUST, 1977.

ROUTE DIRECTION CODE EXPLAINED IN NMSHD BRIDGE INSPECTION MANUAL, ARTICLE 14.10.8

NOTE: THE FOLLOWING IS COMPARED WITH OPERATING RATING

BRIDGE NO.1744 ROUTE NO. 44 DOD SECT NO. 430 ROUTE DIRECTION 1
DOD MILEPOINT IS 21.15

TIMBER SIMPLE SPAN BRIDGE

21.1MM W OF JCT SR126&44

SPAN LENGTHS 25.00

EQ HS =102.0 RATED HS = 19.0 RATIO =5.4

BRIDGE NO. 1780 ROUTE NO. 44 DOD SECT NO. 425 ROUTE DIRECTION 1
DOD MILEPOINT IS .23

STEEL CONTINUOUS BRIDGE

STRINGER TYPE

0.4ME OF US 85, BERNALILLO

SPAN LENGTHS 28.00 42.00 28.00

POS HS = 99.5 RATED HS = 30.0 RATIO = 3.3

BRIDGE NO. 3107 ROUTE NO. 44 DOD SECT NO. 425 ROUTE DIRECTION 0
DOD MILEPOINT IS 18.10

17.7 M NW JCT I-25 & SR 44

SPAN LENGTHS 10.00

CONCRETE BOX CULVERT RATED CAPACITY = 23.0

BRIDGE NO. 6946 ROUTE NO. 44 DOD SECTION NO. 425 ROUTE DIRECTION 1

DOD MILEPOINT IS 9.08

PRESTRESSED CONCRETE SIMPLE SPAN BRIDGE
8.7 M NWEST JCT I-25 & SR 44

SPAN LENGTHS 51.00

EQU HS = 101.8 RATED HS = 45.0 RATIO = 2.3

BRIDGE NO. 1521 ROUTE NO. 90 DOD SECT NO. 999 ROUTE DIRECTION 1
DOD MILEPOINT IS 0

92.3 MI NE OF US70/SR90

TRUSS LENGTH = 100.00 SPAN LENGTHS = 17.00

EQ DECK HS = 31.3 EQ FLBM HS = 32.2 EQ TRUSS HS = 38.5 RATED HS = 22.0

RATIO-1 = 1.4 RATIO-2 = 1.5 RATIO-3 = 1.7

57 BRIDGES HAVE BEEN CHECKED

Figure 2. SAMPLE OUTPUT FROM @VL@AD
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or take a detailed look at the inadequate struc-
tures.

Although the analytical procedures used are
relatively simple and contain approximations such
as assuming prismatic members and no lateral
distribution of load, these simplifications and
assumptions were essential to the successful mating
of BVLBAD to the bridge inspection program data.
This was accomplished only through thorough under-
standing of the field operation, data collection,
safe load rating techniques, and data record keeping
of the bridge inspection program.

Many requests each week for permits based on
weight are received by the New Mexico State Highway
Department. All such requests are evaluated with
the system. The majority of the requests are
evaluated with the system. The majority of the
requests indicate no inadequate bridges along their
proposed route. Only those overloads indicating
inadequate bridges are referred to engineers for
further evaluation. The system has reduced
englneering manpower requirements for checking
structures for an overweight vehicle permit, yet
has reduced the potential for error without
sacrificing engineering evaluation.

A similar computer program has simplified the
posting of inadequate bridges. The specified legal
loads are passed over all bridges within the state
via the computer and compared with the inventory
capacity. Those bridges where the equivalent legal
load exceeds the inventory rating were posted at
the inventory capacity. The system also provides
a quick method for listing posted bridges.

Conclusions

The New Mexlco State Highway Department has a
viable and continuing program for bridge inspection.
This program was developed in close cooperation
with New Mexico State University. Data developed
within the program is utilized on a continuing basis
in a statewide overload routing and permit system
as well as in other routing operations.
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PRECEPTS OF THE EVALUATION OF FACILITIES FOR HUMAN USE AND THE APPLICATION TO BRIDGE

REPLACEMENT PRIORITIES

James C. Porter, Louisiana Department of Transportation and Development

Over the years, highway departments have inven-
toried and appraised their highway systems.

One of the concepts that evolved is the suffi-
ciency expressed as a percentage. This con-
cept can be formalized as an inventory and
appraisal process for general application. The
concept has been applied intuitively to specific
inventory needs such as the ''Recording and Cod-
ing Guide for the Structure Inventory and Ap~
praisal of the Nation's Bridges' and the suffi-
ciency rating formula for bridges developed by
the Federal Highway Administration. A general-
Ized process which concisely defines terms re-
quired to develop precepts is presented. The
methodology is a synthesis developed around the
recognition that facilities subject to evaluation
are directly or indirectly intended for human
use. The process is then applied to a bridge
replacement priority process through use of the
sufficiency in an abridged example. Other uses
are also discussed.

Precepts of the Evaluation of Facilities

The precepts of the evaluation of facilities for
human use are a generalization of concepts narrowly
applied only to highway facilities in the past.

The concept of sufficiency or sufficiency rating
which is the net results of the evaluation presented
is not new. The context in which it has been tradi-
tionally used is the highway sufficiency rating used
for planning purposes or more specifically ordering
priorities or determining needs for upgrading high-
way facilities. The origin of the sufficiency con-
cept is documented as early as 1946 and its use and
the development of inventory data seem to be a some-
what arbitrary practice which relies on 3ntuition.(2)
The precepts advance the concept of systematically
developing evaluation goals, facility functions and
the required inventory data to evaluate them, This
ultimately involves establishing a glossary of terms
to describe the evaluation process, generalizing

and enhancing the evaluation process and presenting
a systematic approach to the selection of strategic
inventory data necessary to the evaluation process.

Emphasis should be placed on inventory data
which is measured and not subject to judgement which
may introduce bias.(3) Subjective evaluations,
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when included in the inventory data, should be in a
uniform reporting approach to minimize bias in the
site observations.

The need for this generalized approach became
evident when the Federal Highway Administration de-
veloped a sufficiency formula around its bridge in-
ventory data (10) which was required to be collected
by the States and supplied to a national base it
maintains. On occasion this inventory data has been
questioned as to its value or need as inventory data.
Justification for this data led to the review of the
sufficiency formula to determine what was needed to
evaluate a bridge. It logically follows that initial
development of inventory data sets can be arrived at
systematically and thereby justified through analysis
of predetermined evaluation goals and facility func-
tions.,

The engineer is often called upon to investigate
the feasibility of developed alternatives for capital
outlay programs to maximize profits as well as opti-
mize other benefits to his organization or client.
The investigation of existing facilities which are
directly or indirectly intended for human use can be
accomplished by evaluating their sufficiency in the
context of current standards of technology and prac-
tice. Several common precepts defined for the suffi=-
ciency evaluation presented herein are, in part, in-
dependent of a facility's specific function(s). The
relative independence of function should be most
valuable in a multi-discipline, team environment.
Each team member can independently develop the func~-
tion assessment in his specialty and together they
must agree on the relative Importance of each func-
tion. Another use of the sufficiency is the compa-
rison of several similar facilities of different ages,
states of repair and levels of usage. |t provides a
common denominator for input with other considerations
in a retirement, maintenance, and replacement planning
program.

Basic terminology is necessary to develop the
sufficiency concepts. A glossary of terms follows
to define the several terms which will be used
herein:

Capacity - a data assessment standard representing
a standard of capacity of the function to serve the
elements in the environment of the facility.

Data Assessment Standards - a defined range of
inventory data values defining levels of service.

Efficiency - the assessment of an inventory data
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item which is used in a composite to evaluate the
function assessment. An inventory data item can be
an assessment requiring no further evaluation.

Element - the human element or a vehicle, ma-
chine or other device operated or utilized directly
or indirectly by the human element for production
purposes, comfort or other need. An element may also
be defined as a function.

Essentiality - an evaluation of the inventory
data with respect to its relative importance to the
function and to the elements served by the function.

Facility - a distinct operational unit that may
be independently evaluated relative to the elements
it serves or affects in its environment.

Function - a service or product a facility pro-
vides or an effect it produces on one or more ele-
ments in its environment.

Function Assessment Standard - The evaluation of
a function considering the vital and the nonvital data
assessment results.

tnventory Data - information which is qualita-
tively descriptive of a function. Data best suited
is that used in current practice to design or develop
similar functions for new facilities and site obser-
vations, measurements, and evaluations.

Nonvital Data Assessment Standards - evaluation
of inventory data items not relative to human health
in terms of their essentiality to the function they
describe and in terms of the efficiency expressed by
the interactive effects of performance and capacity
of the function.

Performance - a data assessment standard repre-
senting a standard of observed or measured service
the function provides to the elements in the envir-
onment of the facility.

Relative Importance Factor - a relative importance
to the human element is assigned to each function.
The sum of the relative importance factors for all
functions in the facility will equal unity.

Safety - a data assessment standard representing
a standard of health and safety of the human element
in contact with the function.

Serviceability - the function assessment based
on the evaluation of its composite vital and nonvital
data assessments.

Sufficiency Rating - the facility assessment
based on the sum of the products of the serviceability
of each function and its respective relative impor-
tance factor.

Utilization - a data assessment standard repre-
senting a standard of observed or measured service
provided the human element served by the function.

Vital Data Assessment Standards - evaluation
of inventory data items relative to human health in
terms of their essentiality to the function they
describe and in terms of the efficiency expressed by
the interactive effects of utilization and safety on
the human element.

First the facility must be clearly defined and
so must its functions. A facility can be defined as
a bridge or a segment of highway, an office unit or
an office building, or a production unit or a produc-
tion plant. A facility's functions can be divided
into two somewhat related categories; the facility's
objective(s) and its interaction with the human ele-
ment. Facility objectives for example would be to
convey automobile and truck traffic, provide office
rental space or produce gasoline. Interaction of a
facility with elements in its environment is inevita-
ble. Environmental safety and comfort of the elements
in contact with or affected by the facility and its
contribution to their general welfare are the usual
interactions to be sought to identify functions.

Once the several functions have been defined, an
inventory data set is defined to adequately describe
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each function in terms of vital and nonvital assess-
ments. The best source of data for a function's
assessment is the parameters currently used to design
the same function for a new facility. Another source
of data is a systematic process of on-site observa-
tions, measurements, and evaluations. An example

of standardized reporting for on-site measurements,
observations, and evaluations is the following con-
dition ratings in a convenient numerical form which
are particularly valuable for multi-facility evalua-
tions:

New condition - no maintenance recommended
Good condition - no maintenance recommended
Fair condition - recommend maintenance on
minor items
Fair condition - recommend maintenance on
major items
Poor condition - recommend major rehabilitation
Poor condition - minimally adequate to operate
with current use
Poor condition - inadequate to operate with
current use - recommend restricted operation
2 Critical condition - inadequate to operate
with current use - recommend minimum restric~
ted operation
| Critical condition - inadequate to operate
with current use - recommend ceased operation
until rehabilitated
0 Critical condition - inadequate to operate
with current use ~ recommend ceased operation
until replaced
Note: Condition Ratings 4, 3, and 2 will generally
require the major rehabilitation recommended in Con-
dition Rating 5, but prevailing conditions make the
immediate concern, restricting operations, more im-
portant. f a facility or facility function is
planned for another use, substitute the word '‘planned'
for "current'.

E V)] o ~ 0O\O
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Each function identified will require evaluation
of its importance relative to the importance of the
other facility functions. The evaluation assigns a
total importance of unity to the (n) facility func-
tions. The relative importance (I;) of each facility
function will be identified by its assigned portion
of unity as demonstrated in Equation 1.

ZI;=1 (1)

After the inventory data for a function has been
selected, it is necessary to develop data assessment
standards to evaluate the function described. It is
convenient to divide the inventory data into two (2)
distinct groups, vital and nonvital data. Vital data
is descriptive of a function operation which directly
affects element safety relative to utilization such
as a structure's integrity versus the applied live
load. Nonvital data is descriptive of a function
operation in terms of performance relative to capa-
city and does not directly relate to element safety
or utilization. Nonvital data might be considered
those items associated with creature comforts such as
heating, ventilation, and air conditioning and light-
ing. The data assessment standards are mathematical
functions or data ranges which define standards of
service.

Each function is assessed independently as a di-
rect result of its associated inventory data assess-
ments. The function assessment standards can be de-
fined in common generic terms. The function may be
appraised as being in either desirable, adequate,
tolerable, or inoperative condition. A useful nume-
rical evaluation for a facility function assessment
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is in the form of appraisal ratings such as:

Better than desirable standards

Equal to desirable standards

Better than adequate standards

Equal to adequate standards

Tolerable conditions

Tolerable conditions - recommend rehabilitation
Intolerable conditions = recommend rehabilita-
tion

Inoperative - recommend rehabilitation
Intolerable conditions = recommend replacement
0 Inoperative - recommend replacement

W U 0N~y O\D

The appraisal ratings are directly applicable to
establishing data assessment standards because of the
direct contribution of the data assessment to the
function assessment. The efficiency of the vital and
nonvital data, (Vij) and (Ejj) respectively, is the
percent effectiveness of the function operation the
data describes. The efficiency can be numerically
related to the appraisal ratings if they are used.
Each item of data must also be evaluated for its
essentiality to its related function. The essentiality
(Kjj) is the proportion of unity assigned each of the
(m) items of data demonstrated by Equation 2.

m
TKij=1,i=1,2,3,...,n (2)
j=1

The serviceability (Si) of a facility function
is computed by summing the products of the efficiency
and essentiality of its related data. The service-
ability is the percent effectiveness of the function
as determined by its assessment results demonstrated
in Equation 3.

(Eij + Vij)Kij' i=1,2,3,...,n (3)

where (Eij) or (V;j) is zero when it is a vital or
nonvital data assessment respectively.

The sufficiency rating (St) for the total facility
is computed by summing the products of the service-
ability and the relative importance of the facility
function as demonstrated by Equation 4. The suf-
ficiency rating is then a composite of the service-
ability modified by the relative importance of each
function resulting in a percent sufficiency for the
facility.

n
St =.z]s;I; (4)
o

In retrospect the process for evaluation of faci-
lities for human use as presented provides a guide-
line which will aid the engineer or other specialists
in communicating complex technological evaluations.
This is accomplished by reducing the evaluation re-
sults into layman's terms such that the input and
output can be easily comprehended by all parties in-
volved. Facilitating effective input into the eval-
uation process and reducing its results to layman's
terms makes it attractive as a communication tool.

An equally important feature is that the evaluation
implementation process leads to a strategic selection
of inventory data (Dij) which best describe and there-
by evaluate a facility. The facility function ser-
viceability provides easy access to the magnitude of
functional problems affecting the sufficiency eval-
uation. The complete evaluation process is demon-
strated by the flow chart in Figure 1.

Figure 1.
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Bridge Replacement Priorities

The facility for human use shall be defined as a
highway bridge. The facility functions normally pro-
vided for through the design process for bridges are
structural and geometric. Structurally the bridge
design provides the required strength to routinely
accommodate legal weight vehicles and the reserve
strength to accommodate occasional overweight vehicles.
Geometrically the bridge design provides for a high
probability of success in negotiating the bridge site
for the motorist. Geometrics account for the psyco-
logical and physical limitations of the driver and
also for the performance, dimensions, speed, and vol-
ume of the vehicle expected to use the facility.

Another function which the highway bridge design
must provide for, is adequacy of opening or under-
clearances for the facility or geographic barrier
bridged over. The underclearances for underpassing
highways, railways, or navigable waterways and the
adequacy of opening for drainage through the bridge
site must be included in the assessments when appli-

cable. The regional significance of the bridge is
also a facility function to be assessed. Regional
significance is measured by the regional importance

of the route the bridge is on, the detour distance
which would be necessary to by-pass the bridge if it
were lost from service and the volume or traffic ser-
red by the bridge.

With the facility functions for a highway bridge
thus defined, it is now necessary to determine what
inventory data sets would be most suited to evaluate
each of them. The functions were identified from the
design process. Most of the inventory data can also

be selected from the design process.

The design strategy is to determine the structural
and geometric standards which are desirable for a
Consideration is given to the

planned bridge.




planned and actual significance of the highway and
bridge as a transportation link. This provides the
standards of highway traffic expected in terms of
speed, volume, size, and weight. The bridge is fit-
ted to its site for the required underclearances and
other site requirements while meeting the necessary
geometric and structural standards for highway traffic.
The evaluation strategy is to assess the structural
and geometric capabilities of an existing bridge using
assessment standards compared with the actual traf-
fic characteristics and also assess the underclear-
ance needs with respect to those provided. The dif-
ference between design and evaluation is simply the
difference between prescription and appraisal respec-
tively.

Facility Function Considerations

Structural Evaluation. The AASHTO Standard Spe-
cifications for Highway Br?dges(llj provides for hypo-
thetical trucks and lane loads in terms of the desig-
nations H20-44 and HS20-44 for example. These design
loads simulate actual traffic loads for structurally
proportioning bridges in the design process. The
AASHTO Manual for Maintenance Inspection of Bridges(8)
provides for the evaluation of bridge components by
specifying stress carrying capacity in terms of the
"inventory' load producing the design stress and the
""operating'' load producing an infrequently allowed
stress such as that for a permitted overweight vehicle.
The ''operating' load stress is allowed on a more fre-
quent basis provided that the rate of surveillance is
greater than that for structurally adequate bridges.

The inverse of the design process is applied. The
structural capacity of a component is computed and the
dead load stress effects are applied. The resulting
stress available for live load is consumed by an H,

HS or other vehicle configuration with axle weights

in the same proportion as provided for in the speci-
fications. A direct comparison between current design
load and the evaluated load is then possible. A com-
mon denominator is provided for by this method com-
paring the results and the evaluation processes for
bridges.

Geometric Evaluation. The geometric evaluation
of a bridge and its site is concerned primarily with
those parameters which affect the ability of a vehicle
and its driver to successfully traverse them. Under
clearances will be taken as a geometric evaluation
based on the specific needs of the underpassing func-
tions. These parameters can be obtained from field
measurements or from original plans when available.

The stopping sight distance as defined in A
Policy on Geometric Design of Rural Highways(27is the
distance at which a vehicle driver can detect an object
of a given size in the roadway. This djstance is asso-
ciated with vehicle speed and the time required for the
driver to react and physically stop the vehicle before
passing the object. A direct evaluation between the
measured stopping sight distance and the speed limit
is possible.

The approach roadway width compared to the clear
roadway width of the bridge deck is another significant
parameter affecting safety. There is a direct corre-
lation between the two and the traffic accident rate.
The most serious of these conditions is when the bridge
roadway width is narrower than the width of the ap-
proach roadway. The accident rate dramatically in-
creases for this condition.(7) Some other geometric

considerations which require evaluation are the num-
ber of highway lanes provided by the structure, pre-
sence of one-way or two-way traffic and vertical clear-
ance provided by through structures with elements over
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the roadway. The under clearance requirement is eval-
uated from the specific underpassing function need.

Condition Rating. The structural and geometric
information can be obtained from direct field measure-

ments and sampling or from plans and specifications
when available. Another form of evaluation which

plays a significant part in the overall evaluation is
the condition rating. It represents a relatively sub-
jective view based on field observations of individuals
trained and experienced in such observations.

The condition rating is an analysis of observed
site conditions and resulting recommendations which
may stipulate corrective actions to improve or repair
observed deficiencies. The condition rating as pre-
viously presented in a standardized format is suitable
for multiple facility evaluation where hundreds or
even thousands of facilities are to be compared to
established repair and/or replacement priorities. This
approach lends itself well to numerical evaluation.
It is also helpful to divide the site and the bridge
into components or inspection items and rate each one
by a performance criteria as an aid to making the
condition rating judgement. These ratings will be of
great value in determining specific maintenance needs
and repair priorities for large multiple facility sys-
tems. Performance ratings may take the following
form:

9 The item is in new condition with no repairs
necessary.

8 The item is in good condition with no repairs
necessary.

7 The item is in good condition, but is in need
of minor repairs.’

6 The item is performing the function for which
it was intended, but is in need of minor repairs.

5 The item is still performing the function for
which it was intended at a minimum level, but
is in need of minor repairs.

4 The item is still performing the function for
which it was intended at a minimum level, but
is in need of major repairs.

3 The item is still performing the function for
which it was intended at a minimum level, but
is in need of replacement.

2 The item is not performing the function for
which it was intended and is in need of minor
repairs.

1 The item is not performing the function for
which it was intended and is in need of major
repairs.

0 The item is not performing the function for
which it was intended and is in need of re-
placement.

Regional Significance Evaluation. The regional
significance of a bridge can be accounted for through
the functional classification of the route the bridge
is on and the net by-pass detour length. The net
by-pass detour length is the extra distance which
would be required to route the through traffic on a
comparable facility which could accommodate the volume
and character of the traffic currently using the
bridge. These parameters should be used to indepen-
dently evaluate regional significance of the bridge.
The regional significance is incorporated into the
selection of several data assessment standards such
as volume of traffic to select the appropriate data
assessment standards for the roadway width or number
of lanes provided by the bridge. Regional significance
is therefore not entirely an independent function.

Why have an independently evaluated regional sig-
nificance? The subtle effect of regional significance
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Table 1. |Inventory data and related functions.

Structural Function Geometric Function

Regional Significance Function

Inventory ratling
Operating rating
Condition rating

Stopping sight distance
Bridge roadway width
Approach roadway width
Vertical clearance over
roadway
Underclearances
Condition ratings

Average daily traffic
Net by-pass length
Functional classification

cannot be controlled or measured by its effects on the
data assessment standards. By providing a separate
function, the effect can be controlled and recognized
in the total evaluation.

Inventory Data. The inventory data established
thus far for the evaluation of a highway bridge fa-
cillty is summarized in Table 1. There will be obvi-
ous questions raised about the choice of inventory
data. As an example, some would question why the
accident records are not included in the data as geo-
metric inventory data. The answer is that the acci-
dent rate at a given bridge site would have a high
correlation with geometric problems already described
and therefore it would not be independent data. Also,
raw accident data does not provide the cause of a
series of recurring accidents unless uniform reporting
procedures of traffic accidents are sufficient enough
that review of the individual reports can determine
the cause.

The functions chosen were arbitrary. Another
approach would have been to combine some of the func-
tions into ''provide safe transit through bridge site''.
This would include all the inventory data items under
structural and geometric functions except under-
clearances. Any valid choice of function and com-
plete analysis should lead to an appropriate and valid
inventory data set. A limitation of selecting an all
encompassing function is the lost opportunity to re-
view the results at the more detailed function defi-
nitions. An example of further expanding the functions
would be to separate underclearance, bridge geometry,
and approach geometry as separate functions.

Relative Importance of Functions

The obvious need for structural integrity should
require that the structural function receive a sub-
stantial part of the relative importance. The safety
aspects involved in the potential for collapse are
onerous relative to structurally deficient bridges.
However, it should not be overlooked that nine out of
ten highway deaths associated with bridges are those
related to geometric deficiencies.(12) The regional
significance of a bridge should also play a role in
determining priorities.

The goals of a replacement program should be re-
viewed in determining the relative importance assigned
to the various functions. |f the goal is to replace
structurally deficient bridges, regardless of other
operational characteristics or regional significance,
the choice of relative importance factors is trivial.
The relative importance would be unity for the struc-
tural function and zero for all others. |If the goal
is to replace structurally deficient bridges of re-
gional importance, the regional importance function
would share some relative importance with the struc-
tural function for example 0.2 and 0.8 for the regional

importance and structural functions respectively.

The factors which affect the need for replacement
are considered for each defined function in proportion
to its contribution to the goals of the program when
selecting the relative importance value. Values
representing the goals of three replacement programs
are shown in Table 2. Policy | gives the structural
function the prime consideration with slight modifi-
cation by the geometric and regional significance
functions. Policy Il gives a strong significance to
the geometric and regional importance functions coupled
with the structural function. This may be more in
line with the real needs for consideration of highway 3
bridge replacements. Policy Ill places heavy emphasis ;
on the regional importance function especially in the :
view that items in its Inventory data set will be used
in setting data assessment standards for other func-
tions. The benefits that may be derived from a re-
placement program based on Policy || compared with
Policy | is a greater reduction in fatal traffic acci-
dents associated with the replaced bridges at a
slightly higher risk of collapse from those structures
not replaced as soon with Policy Il as they would have
been with Policy |. The benefits associated with Po-
licy Il might be improved capacity of bridges on
principal arterials at the sacrifice of higher risk
of collapse of structures on secondary roads which
would have been replaced sooner by Policies | or IlI.
However, the exposure to the dangers of collapse may
actually be reduced for the total motoring populatlon
by Policy 11l. It is possible that there may be sig-
nificantly more traffic and therefore more exposure
to collapse of bridges on the principal arterials
which would remain by following Policies | and I!.

For the purpose of this example, Policy 11l will be
used.

P

Table 2. Relative importance assignments to functions.
Function Policy | Policy Il Policy LI
Structural .60 .50 .50
Geometric .30 .o .30

Regional .10 .10 .20

significance

Serviceability of a Function

The serviceability of each function may be derived
from a direct relationship established between the
previously presented appraisal ratings which are a
numerical approach to the function assessment. The
serviceability is associated with a percent effective=
ness a function has, based on its assessment. The
serviceability could be arbitrarily assigned as

L——_———————_—.
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Assigned serviceablity percentages for appraisal rating values.

table 3.

——

A praisal Serviceability Appraisal Serviceability

Rgting Percentage Rating Percentage

e

9 100 4 84

8 100 3 64

7 100 2 36

6 100 1 0

5 96 0 0

el

Table 4. Structural appraisal limits.

ADT2 Desirable Adequate Tolerable Inoperative Rating

gver 1,500b HS20 HS20 HS15 - Inventory
- - HS20 HS2 Operating

750-1,500 HS20 HS15 = = Inventory
- HS20 HS20 HS2 Operating

Less than 750 HS15 » = - {nventory

HS20 HS20 HS20 HS2 Operating
= 9,8 7,6 S, b 1,0 Conditionc

aADT is not applicable with condition ratings.
bAll principal arterials.

CCondition Ratings of 3 and 2 are in the intolerable range.

demonstrated in Table 3.

The boundary conditions selected are the appraisal
ratings 9, 8, 7, and 6 will have a serviceability of
100 percent and the appraisal ratings 1 and 0 will
have a serviceability of 0 percent. The remaining
task is to select a reasonable declining scale between
6 and 1 based on the relative need for replacement of
the facility stated in appraisal ratings 5 through 2.
An estimate of these values is represented by a second
degree parabolic function with zero slope at the apprai-
sal rating of 6 as a third boundary condition.

The serviceability is ordinarily determined di-
rectly from the inventory data assessment using the
efficiency and essentiality. This is a particularly
valuable alternative when several data assessments
are involved for a function. In this alternative,
the efficiency will be determined in the same way as
described here for serviceability.

Data Assessment Standards

The data assessment standards convert the inven-
tory data into an efficiency through mathematical
functions or ranges of data. The efficiency is de-
scribed in terms of appraisals which are either de-
sirable, adequate, tolerable or inoperative. For
highway facilities, there is a wealth of information
available for assessing some of the inventory
data.(1,2,4,5,6,7,8,11)

Structural Function inventory Data. The struc-
tural evaluation is accomplished by developing a table
of inventory and operating loads and condition ratings
which are characterized as one of the four stated
appraisals describing the function. Table 4 is a

policy for the efficiency evaluation of the data for
the structural function.

Though Table 4 is presented using all HS type loads,
it can be converted for other load types.

The condi-

tion rating used in the evaluation would be the lowest
of those associated with the bridge structure exclu-
sively. The efficiency of the structural rating and
the condition rating are expressed with the same values
used for serviceability and the essentiality is ex-
pressed as .75 and .25 of their efficiencies respec-
tively.

Geometric Function lInventory Data. The geometric
function for this example is divided into two functions
to provide more detailed significance at the function
level. These functions will be bridge geometry with
an assigned relative importance of .20 and approach
geometry and underclearances with an assigned relative
importance of .10.

The stopping sight distance limited by the ap-
proaches to the bridge ends and limited by the bridge
itself is applied in part to the appraisal ratings of
the approach geometry and the bridge geometry respec-
tively. The data assessment standards for evaluating
the desireable criteria for the stopping sight dis-
tance (SSD) are common to both applications and a
policy is demonstrated in Table 5. The adequate cri-
teria is represented by the posted speed limit or ad-
visory speed for the location equated to its corres-
ponding wet pavement stopping sight distance. The
tolerable criteria is represented by the posted speed
limit or advisory speed for the location equated to
its corresponding dry pavement stopping sight dis-
tance. The condition ratings for the bridge roadway
and the approach roadway are included in the assess-
ment with the same appraisal limits demonstrated in
Table 4. The inoperative criteria is not considered
applicable to geometric function assessments.

The bridge roadway evaluation policy demonstrated
in Table 6 and Table 7 is a component of the bridge
geometry function evaluation which will also include
the stopping sight distance, condition rating and the
vertical clearance. The essentiality of the inventory
data are expressed by allocating .50 of the lowest
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Table 5. Desirable criteria for Stopping Sight Distance

Functional Average Daily Speed Wet Pave-
Classification Traffic (Km/h) ment $SD(m)
Principal arterial Over 3,000 110 210
Principal arterial 3,000 or less 95 150

Minor arterial 750 or less 70 95

Other 4O0 or less 65 80

Note: | Km/h = 0.62 mph; 1 m = 3.28 feet.

Table 6. Desirable criteria for bridge roadway width,

Functional Average Daily Roadway Width
Classification Traffic (meters)
Principal arterials Over 12,000 15.2°
12,000-3,000 11,63
Less than 3,000 12.2
Minor arterials 1,500-751 12.2
750-400 8.5
Less than 400 8.5

Note: 1 meter = 3,28 feet
aTwin structures are required.

Table 7. Adequate and tolerable criteria for bridge
roadway width.

Average Daily Adequate Roadway Tolerable Roadway

Traffic Width (meters) Width? (meters)
Over 1,500 11.0 9.1
1,500-751 9.8 73
750-401 8.5 6.7
Loo-250 8.5 6.7
Less than 250 7.9 6.1

Note: t meter = 3.28 feet
3Roadway width shall not be less than the approach
roadway width.

efficiency value between the roadway width or vertical
clearance and .25 of the efficiency of the stopping
sight distance and condition rating each.

The vertical clearance evaluation through a bridge
structure is not as complex in application. For ex-
ample; a vertical clearance policy of 4.9 meters can
be taken as the desirable criterion, 4.6 meters as the
adequate criterion and 4.3 meters as the tolerable
criterion.

The underclearance and approach geometry are also
components of the bridge geometry function. The
approach geometry is evaluated as previously shown by
the least stopping sight distance from the bridge ends
and the condition rating. The essentiality of these
inventory data items are expressed as .60 and .20 of
their respective efficiencies.

The underclearance evaluation can not be assessed
in a uniform manner. The vertical and horizontal
underclearances and other dimensional requirements
will be dependent on the unique services under the
bridge or the hydrological characteristics of a stream.
This evaluation must be done |ndependently for each
bridge. An essentiality of .20 is assigned to this
inventory data assessment.

Regional Significance Function Inventory Data.
The regional significance evaluation is a measure of
the impact of the increased costs to transportation
if the bridge were suddenly lost from service. Addi-
tional data is collected to compare the cost of the
replacement structure to the increased cost of trans-
portation. The increased cost for transportation is
due to the detour distance added per vehicle over the
time required to restore bridge service. The approx-
imate replacement cost and time required before bridge
service could be restored can be estimated from the
physlcal size ol the existing bridge. The cost per
mile for operation of the average vehicle can also
be estimated.

An appraisal rating for regional importance would
have no significant meaning. A mathematical function
(Equation 5) is developed which directly computes the
function's serviceability. The regional significance
of a bridge can be thought of as independent of its
condition. In this instance it is the regional sig-
nificance of the bridge relative to its current ade-
quacy which is of interest. This will require that
the regional significance appraisal be performed last
such that the results of the remaining functlon ser-
viceabilities can be used.

el R F ‘2_0_5'—51)* : 100 (5)

The variables in this equation are the regional
significance function serviceability (S), the func-
tional classification factor (F), the total increase
in transportation cost (C¢), the bridge replacement
cost or a base cost (Cp), the sufficiency if the re-
gional significance function serviceability were 100
percent (St), and an arbitrary constant (a). The ar-
bitrary constant (see figure 2.) is taken as 2 and
the functional classification factor is taken as 1.00
for principal arterials, 0.95 for minor arterials and
0.90 for other roads. The value of (F C¢/Cp) should
not exceed unity. The total increase in transporta-
tion cost is the product of the average daily traffic,
the estimated time required to restore the bridge to
service in days, the net bypass detour length and the
cost per unit length traveled per vehicle.

Sufficiency of a Facility

As previously presented, the sufficiency of a
facility is a percentage determined from multiplying
the serviceabilities by the relative importance and
summing the resulting products. Depending upon the
goals of the replacement programs as previously dis~
cussed the bridge with the lowest sufficiency per-
centage should have the highest replacement priority.
In order to calibrate the algorithm to obtain the
desired goals of a replacement program, substitute
several different sets of relative importance values
and review the priority sequence of bridges obtained.
Continue this process until the desired results are
obtained. It should be realized that the desired re-
sults are obtained only in a general sense because
there are no absolutes in the comparison of deficient
bridges requiring replacement. (3)

Ordering priorities

The established goals represent benefits expected
from a facility. They provide the scale to measure
the sufficiency or a percent of the beneflit provided
by a facility. The benefit of replacing or repairing
a facility can be directly measured by the percent

. I ——




e in 3 facility's sufficiency once an action is
increas (3) With the inclusion of the cost of the

om?':c?; the inventory data, the cost-benefit ratio
actngc compared and priorities can be reassessed to
;::smize penefits at the least cost.
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SYSTEMS APPROACH TO BRIDGE STRUCTURE REHABILTITATION OR REPLACEMENT DECISION~-MAKING

Arunprekash M. Shirole', P.E., City of Minneapolis

James J. Hill, P.E., Minnesota Department of Transportation

This paper presents a systems approach to the
difficult bridge structure rehabilitation oxr
replacement decision-making. Essential ele-
ments of the data base, or structure informa-
tion system, supporting this decision-making
process are indicated. Adequacy for future

use and economic criteria for a rational apprais=-
al of alternates are developed and their appli-
cation is indicated. Constraints; like available
and projected flow of funds and of local or

legal nature are identified and their impact

on the decisions is analyzed. Analytical
decision methods, such as pay-off wmatrix and
decision tree, for evaluation of alternate
proposals are presented and illustrated in a
systematic, step-by-step procedure. Guidelines
are also presented to assist the decision-maker
in the selection of 2 method suitable for
individual situations.

For & decision-maker, the decision to rehabili-
tate or to replace a deficient bridge structure
and its subsequent justification have not always
been easy. One principal cause for this has been
the approach of piecemeal synthesis in the existing
decision-making that has, in general, been oriented
toward emphasizing certain advantages of one alter=-
nate and underestimating its disadvantages. Need
exists, therefore, to accomplish the decision-
waking process through a complete, integrated and
logical analysia. The systems approach provides
such a coordinated step=by-step analysis which,
when applied to bridge structure rehabilitation or
replacement decision-making, offers several advan-
tages. It integrates essential elements of reliable
information, well defined criteria, clearly per=-
ceived constraints and uniform evaluation of all
available alternatives. Further, it allows for and
encourages the use of experience, judgment, and
analysis of the impact of uncertainty and of possible
future decisions. Thus, the decision-making, based
upon systems approach, can take place in a logical
and orderly manner, which can facilitate rationally
sound decisions and ensure the optimal or near
optimal use of the limited public funds.
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Systems Approach

The system for decision-making can be described
as a logical, clearly defined and step-by=-step
procedure operating to accomplish the decision-
making process. A comprehensive formulation of the
decision process; characterizing various technical,
economic and other aspects; which is needed before
a realistic operating system can be developed is
described by the following: objectives, data-base,
criteria, constraints, and methodology for evalu=
atiomn,

Objectives

Objectives of the systems approach are to bring
out all possible alternatives, evaluate them on the
basis of clearly defined criteria and constraints,
and arrive at an optimal or near optimal decision.
The ultimate aim of systems logic is to discover and
take into account those aspects that truly influence
the outcowe of an optimal or near optimal (i.e., the
best and the second best) decision.

Data-base

A user oriented, up to date, complete and order=
ly structured data-base is presented in Tables 1, 2,
and 3. To facilitate its efficient retrieval, use
and ease of updating, this data-base has been divid-
ed into the following sections:

Structure Inventory and Traffic. Physical char-
acteristics of the existing structure and traf=-
fic related information are presented in this
section. Estimates for rehabilitation, relative
importance of the bridge to traffic and physical
requirements of future replacement structure can
be determined from this information.

Structure Inspection and Appraisal. Inspection

of the existing bridge structure reveals con-
dition of its superstructure (i.e., deck,
stringers, etc.) and substructure (i.e., abut-
wents, pilers, footings, etc.). It also reveals
unsafe conditions, serviceability consideratioms,
estimated remaining life and the extent of
repalrs needed.

~m
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rable 1. Data~base: Part 1

e
mumgmvmmmmnmm(szcrmumx (Dated « 4 4 & + s o « o « s3Updated + + « 4 4 4 4 4 44w s )

structure Number + + - +« « « » » + o3 Bullt In « v o o v & v o} Remodeled {n . . . . ,; Owner . . . . . .
°  {nventory ROULE. . « « « =« « & « & o} Over/Under . . « . + . +3 location . . . . . ah R R R GRS a
2. Alternate Length . « « + « ¢« o v o} Impact on Travel Time. . . . .min.; lmh (mph) e RN

2' Lanes/R.R. Tracks (over) co3(under) o - . 4 . . 3 OME/TWO WAY . o 4 v b 4 e 4 s e e e e s
5' Av. Daily Traffic (ADT) on Structure s + 2 s« » +» o3 Peak Hour Traffic . + « « « « « « o Ye@ar. . . « . .
5. Projected ADT . « « « « + + + o . .; For Year . . . . .; Heavy Commercial ADT . . . « + & v v s s s o o
7: Design Load + . ¢ « « « « .+ . o} Present Structural Capacity . . . . . . .; Posted Load Limit . . . + . .

g, Approach Wwidth: Roadway. « « « « « « o » « o » o»; With Shoulder « . . « +« « + + + & EE R
9. Angle Skew . . . « - « .3 I8 Structure Flared?. . e + s o3 Width: Max . . . . .3 Min. S T N N .=
10. Minimm Clearances: Vertical: Over. . . . . . ..« . .o o . oy Under ... .. oo vev oo
Horizontal: Over . . . « « « . . (North/West), . e o o o o o o (SOULH/EGBE) « « o « 4 & & + & = « &
Under. . + - « « . . (North/West); . e w8 v ¢ o o« (South/East) o « < & & e 2 4 4 8 4
1 11, Navigation Control: Yes/No; Vertical . . . . . . e o o o s3 HordzZomtal v « ¢« &+ o+ o v o 4 ¢ o 0 o 0 o o
12. Structure Type: Main Span . . . + & o v ¢ 4 4 . s . ] Approach Spans . . . . . . .
13, Number of Spans: Main . « & v o 4 v 4 e 0 0 e e 0w 4 Approach ¢« « ¢ ¢« v &« 4 & « &
14, Structure Length: Total « . . . . . . « .; Max. Spam . . » . « . . .; Approach Spans.

15. Widths: Roadway (curb to curb). . . . . . « « o3 Deck (out to out)e « + o« . .
Sidewalks: « « « ¢« ¢ ¢ o ¢ o o @ (North/West) e e . I (South/East).
16. Wearing Course and Overburden: Type(s). « ¢ v o« ¢ « « ¢ s o ¢ o« o« 4} Thickness(es) T T
17. Guardrail: Type . . . . . . « . . Length; Other Railings: Type « . « « + + » + o5 Length, . « . + . . =
18. Utilities Carried, Locatfof. « + + « 4 o « o « 4 o o o o o o s o o o s o s o o v s o s s s s o 0 6 0 o
19, Joints on the Bridge: TYPe . . . = + « o s = + o = o « o o o » s o o3 Lengths & & v 4 v 0 v 0 o v v .
20, Lighting SYSte@m . &+ ¢ + « ¢ « o o o ¢ s o o o s o o o s o ¢ v v 4 e s 4 4 4 s 6 s 8 v s s e e e e e e s
21, Painted in . . . ¢ ¢« ¢ ¢ ¢ o . o3 Type 0f Padnt & . . 4 ¢ 4 2 o 4 o 2 s 6 s s e o 8 e 8 a4 e e s e s e
22. Material Inventory: Roadway . . . . . . . «+ + «; Sidewalk . . . . . . . .; Superstructure. . . . + + « »

SubstrTucture. . .« « .+ 4+ 4 v s 4w e e oe s
23, Other Features (such as safety 1ights)s. . v & & & & v 4 4 « ¢ o 4 4 4 o o & & + o« s « s s o s o s o o s
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STRUCTURE INSPECTION AND APPRAISAL (SECTION B): (Dated + . + 4+ « « & & o & &)

! 1. Deck: Overall Condi€fonm ¢ + « + & ¢ ¢ v ¢ v o 4 o o o o o o s o s o o s s o o o o s o s
' Type and Extent of Deterforatfon. . + « 4 « o & & « o o o o o 4 s s o o o o« o & 4
Repairs Needed and WVhen . « + ¢« + + ¢« v ¢ ¢ ¢ & « o = &

.
.
.
.
.
-
.
» s e s

2. Superstructure: Overall Condition . . . . . . T I I TR “ s ' . .

(Other than Type and Extent of Deterioration. .0 BN IS Ay R NN AN EN

Deck) Repairs Needed and When . « . . ¢ & ¢ ¢« « v & » o & ww @ s oW i oW oE W 6w e

3. Substructure: Overall Condition . . . . . T R T e T

Type and Extent of Deterioration. " I R

Repairs Needed and When « + & &« v « & v ¢ & & o o o s o o o o & O B PR

4, Safety Considerations: Unsafe or Hazardous Conditions ., L T T O
(Width, aligmment, load-limits, steep grades, railings, clearances, etc.)

5. Serviceability: Drainage. . . . v ¢ @ e © ¥ & ow s ¢ e il W e W el W le W e e W e aw .

Rideability (Roughness Coefficient) . 5w ¥ o W d e SR W W e e e .

Lightinge « o ¢ ¢ o o « o » o 6 o o 4 o o o s o o 8 & 2 2 ¢ a 2 s & o PR .

6. Condition of Patnt . . . . . . . P T s e 4 e e e * v e s 8 .
7. Estimate of Remaining Life: Without (with) major repairs. . + + v 4 v s s o s o (v o s o) Years

8. Description and Estimated Cost of Major Repairs Needed and When. + + + « + « & & o« o + s + s s s s o« &«

STRUCTURAL CAPACITY AND FUNCTIONAL ADEQUACY (SECTION C): (Dated « . « « & + & « « 4)

IR S S e @ & 8 8 e ¥ s s & e & 6 e ® e &8 B W ® B ® B o ow o=

« « sy Estimate of Deterioration. . . « + s s« « s « & )
o o o3 Hotdzontal ¢ & & 4 & & ¢ o 4 5 6 s s w o w s e e

1. Load Carrying Capacity . . . . . . . é
(Based on: Current Legal loads. . . + + « « + &

2. Minimum Clearances: Vertical. . . . .. . . ..

3. Adequacy for Present and Projected Traffic . . .

4. Waterway Adequacy and Protection (e.g., Pler or Scour Protection). . . « + « « . D

5. Limits for Special Permit Ioads. . . . . « . . . . .; Wheel-Load Configuration Used. P T S

o 8 4 e @ & e e & 8 6 e o = & + 4 ® 8 B 8 &+ " = = 8

Structural Capacity and Functional Adeguacy. Envirommental and Other Factors. Information
Load carrying capacity of the structure and on aesthetic considerations, developmental
functional adequacy are indicated in this sec- plans and projected needs of the area served,
tion. This information is helpful in appraising and major items of information for envirommente
rehabilitation alternates. al impact statements are provided in this sec=
tion.
Maintenance History and Projected Future Needs.
This section provides information on the major, Relevant Details for Rehabilitation and Replace=
or recurrent minor, maintenance and repair work ment. Details relevant to all available rehab-
done in the past and projected future maintenw ilitation and replacement alternatives such as
ance. This informatiom is valuable in appraising cost estimates, are presented in this section.

the rehabilitation alternates.
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Table 2. Datae<base: Part II

MAINTENANCE HISTORY AND PROJECTED FUTURE NEEDS (SECTION D): (Dated o &« + « « & « « o« v + + )
1. Chronology and a Brief Description of Major Repairs Done: . . . . v e w0+ @G e
(when, what, at vhat cost and who made them, improvement in life expectancy). R

2. Brief Description of Minor Repairs in the Past Five Years . .

3. Projected Future Maintenance Needs: (e.g., New Overlay).

.
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ENVIRONMENTAL AND OTHER FACTORS (SECTION E): (Dated « « « « « v o ¢ « ¢ o o )
1. Aesthetical Considerations (e.g., Paint, @LCede + « & ¢ o & & « & o o o s o & & s o o o o s s + & s o« s
2. Developmental Plans and Projected Needs of the Area Served. . . . « « & & &+ & & & o s & & &+ & & & 2 s + &

e e 5 8 4 & 8 8 e & 8§ e & & e e e e e & e B 6 € & e e &5 6 e & s 4 B W o s B & 8 ¥ ¥ e & ® = " 8 A o= 4w

Table 3. Relevant Details for Rehabilitation and Replacement.

RELEVANT DETAILS FOR REHABILTITATION (SECTION F)

1. Data-base Sections "A" through 'D"
2. Alternate Proposals for Rehabilitation:

RELEVANT DETAILS FOR REPLACEMENT (SECTION G)

1. Data-base Sections "A', "C" and "E"

2. Physical Requirements of Proposed Structure:
Roadway width (curb to curb): . . . . « + « + . . .
Minimum Clearances: Over: Vertical. . . .

Under: Vertical . . .
Traffic Capacity (Peak Hour): . . . . . . .
Alignments: « o o ¢ ¢ ¢ ¢ ¢ o o o .
Approachess. « « « « « « o o ¢ o o o 4 0 0 s o4 a s
Other: . « ¢ « ¢ o ¢ o o s o o » o

3. Special Features of the Site (e.g., subsurface data)

4, When is New Bridge Needed?. . . . . . . . +« « ¢« .

5. Altermate Replacement Proposals:
Other CoStS: + + o ¢ o s o ¢ o o ¢ o o o o s o s o »

. s s

.
DI
s & ¢ ¢ % = = » w
.

s e o o & & & & s

Details, Cost Estimates, and Improvement in Life Expectancy

« 3 Sidewalk widths: . . . . . « + « & o & @ e
e o o3 Hordzontal o ¢ « ¢ ¢ o o o o o 8 ¢ ¢ & ¢ »
3 .3 Hordzontal . . . « « « « « « & « & « o e

. .3 Design loads . . . . . .
. + 3 Related Structures, needed. . . . .
+ +» o3 Utilities, to be carrded. . . . . « .« . .« .

® & & ® & % = ® ® 8 & ® F T o4 F % s & = = = 8 & ®

Details, Life Expectancy and Estima:es of Initial, Maintenance and

® o o 5 e 5 » e s a s & e & v & & o & & e 6 & s = ®

The information provided in Tables 1, 2, and 3
has been so structured and organized that it can
easily be maintained manually or on computer. Fure
ther, the information from this data-base can be
utilizzd to reinforce an agency's deciston-making
process.

Criteria for Decision=Making

One of the major reasons for difficulties exe
perienced in rehabilitation or replacement decision-
making is the lack of appropriate and clearly de=
fined criteria for a comparative appraisal of
available alternates. Further, major investment
decisions like bridge structure rehabilitation or
replacement must be consistent with the agency
objectives and policies.

The first important criterion is adequacy, for
projected future use, of the rehabilitated or
replacement structure. This adequacy must be deter-
mined to establish a rehabilitation or replacement
proposal as a realistic alternate. Developmental
plans and projected future needs of the area served
influence the functional adequacy of the rehabili-
tated bridge. These plans can change traffic
patterns, thus influencing the type and frequency
of traffic at a bridge=-crossing. Inadequacy to
sustain the projected traffic may eliminate a

simple and economical rehabilitation alternate,
thereby requiring selection of an acceptable res
placement alternate. In addition to adequacy for
present and projected traffic, the rehabilitated
or replacement structure shall also need to meet
the minimum requirements of horizontal and vertical
clearances, roadway width, waterway opening, and
safety.

Analysis of highway improvements on the basis
of engineering economics, which is the second group
of criteria, began over 100 years ago. The il
lusory nature of initial costs as decision criteria
was recognized by Gillespie, in his book on roade
making, published in 1853 (2, 9), who recommended
use of estimated total costs and benefits in the
selection of highway improvements. This principle
of estimated total costs as a decision criterion
still underlies all rational economic analyses in
highway engineering. Three most commonly used
criteria for comparing total costs of altermate ine
vestment proposals are: present value, annualized
costs, and prospective rate of return. In economic
evaluations, comparative estimated values of future
series of benefits and costs, such as maintenance
costs, are arrived at through present value convere
sion. Where comparisons are for a limited number
of years, present value of the cost:of the same
number of years of service is calculated for each
alternative. The second method of economic evalu=
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¢ion 18 to compare alternates on the basis of

2 uivalent uniform cost using a suitable interest
e: discount rate. Annualized cost comparisons are
convenient to use when many of the estimated costs
are essentially the same year after year. The
pasic data for such comparigons consists of esti-
mated costs associated with the alternatives being
compared. Conversions into equivalent annual cost
require the use of appropriate factors, obtained
from compound interest tables or computed using
compound interest formulas. The third criterion,
rospective rate of return, provides another way of
considering the time value of investments. A come
parison between alternatives involving costs and
quantified benefits of different amounts at differ=
ant dates may be expressed by an interest rate that
makes the two alternatives equivalent. When one
alternative involves a higher present investment
and higher future net benefits, possibly as a result
of lower future disbursements, the interest rate is
called the prospective rate of return on extra in-
vestment.

There are many difficulties in applying any of
these three criteria to engineering economic analy=-
sis of alternate bridge rehabilitation and replace=
ment proposals. Although initial costs can be
arrivedc at with reasonable accuracy, problems emerge
while estimating future series of maintenance costs.
One way of estimating these costs 1s by using past
experience with similar structures. Such projec-
tions tend to be quite subjective and considerable
care needs to be exercised in analyzing the past
experience. To arrive at a reasonably close esti-
mate, from a range of estimates of future series
of maintenance costs, statistical techniques such
as expected monetary value (EMV) are utilized.
Another difficulty arises in estimating the life of
an improvement because in many longelived projects,
such as bridge structures, analyses are made and
costs are computed as if the economic life were
fifty years. However, life expectancy of a rehabili-
tated structure is difficult to estimate, although
past experience with similar improvements is help-
ful, Levels of future use and sound engineering
judgments based upon performance characteristics
of the method and materials used in rehabilitating
structure will be valuable. Further, the selection
of a suitable interest rate or discount rate to
determine time value of money is particularly diffi-
cult for the decision-maker. For longer time spans,
one could estimate a range of such rates; and with
the help of economists, use probabilistic methods
to select the most probable interest rate., Quantie
fication of benefits is another difficult proposi-
tion. However, it is not likely to be a critical
factor in the bridge structure rehabilitation or
replacement decisione-making.

Constraints of Decision=Making

Lack of a clear perception of all constraints on
decision-making has been another major reason for
difficulties experienced by a decision-maker. The
most important group of constraints are those per=
taining to the available and projected flow of
funds. No agency ever seems to have enough funds to
follow through what it considers to be the most
desirable capital improvements. Grants of different
kinds, bond and general revenue funds are used to
carry out what are considered to be high priority
projects. A decisionemaker has to take into account
not only the availability of funds for initial in-
vestment, but also the requirements of future flow
of funds that the investment is expected to create.
This future investment is particularly difficult for
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the decision-maker, because of the element of une
certainty associated with it. Statistical tech-
niques, which deal with the element of uncertainty,
can provide a clearer perception of this constraint.
Local and legal constraints constitute another
group that can substantially influence the decisione
making process. In recent years, local groups have
increasingly managed to change what a decisione
maker had determined to be the best decision. The
decisions to rehabilitate or replace bridge struce
tures are no exception to this process. Involve=
ment of local groups and consideration of their
concerns, during the decision-making, has become
necessary. Where major rehabilitation is intended,
some state laws require compliance with minimum
clearances, and these legal constraints may render
a major rehabilitation proposal totally uneconomical.
Recent Uniform Relocation Act requires extensive
environmental reviews and complex acquisition proe
cedures even on small bridge rehabilitation projects.
Peculiar site conditions, historical value of a
bridge, technological limitations, local availability
of specialized labor, materials or equipment, etc.,
also influence a rehabilitation or replacement
decision.

Methodology for Decision=Making

Decisions to rehabilitate or replace a struce
turally deficient or functionally inadequate bridge
generally involve outlay of large amounts of money,
have long-lasting effects and often require judge
mental estimates about future events. In this re=
spect, they are important and generally difficult
investment decisions. If the evaluation of such
an investment decision is based only on a single
estimate=~the 'best guess'-w-of the cost of each
factor affecting the outcome, the resulting evalu=
ation will be incomplete and possibly wrong. In
recent years, increasingly sophisticated methods
have become available for analyzing investment
decisions. The most widely known of these new
developments are the analytical methods that take
into account time value of money. However, there
have been two troublesome aspects of investment
decision~making that need adequate treatment. One
problem is handling the uncertainty that exists
in virtually all investment decisions. Another
problem is analyzing separate but related investe
ment decisions, such as stage comnstruction, that
must be made at different points in time. The
decision theory approach indicated in the payoff
matrix and opportunity loss tables (Tables & and 5)
provides a basis for reaching objective decisions
under uncertainty. Another method, called ''decision
tree" method (5,6,7,8), 1s particularly applicable
to investments under uncertainty and require a
sequence of related decisions to be made over a
period of time.

Payoff and Opportunity loss Tables. These
tables illustrate the various dimensions involved
in any decision problem. A payoff table indicates
all alternatives available to the decision-maker,
events that can happen, probability distribution of
these events, and monetary payoff (+ sign: benefits,
- sign: costs) that result from each alternate/
event combination. The formulation of a payoff
table is probably the most difficult step in analy=
sis of decision problems under uncertainty. It can
also be the most beneficial, because in some decie
sion problems the creation of new alternatives can
have a great benefit. Some of the consequences
that result from the specified alternate/event
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combination are not initially in monetary terms, and
this causes difficulties in the construction of a
payoff table, Although it is not easy, it is necese
sary to convert non-economic consecuences into their
monetary equivalent before the decision analysis
process can continue. A very useful decision cri-
terion for many decision problems under uncertainty
is expected monetary value (EMV). 1In order to com=
pute the EMV for.a given alternate, the payoff is
simply multiplied by the probability of that event's
occurring, and products for each event are added
(see step 1, Table 4)., The expected value of a
chance event or random variable X, which can take

on any one of n values, is defined to be:

n

Expected Value of X = E(X) = 3 xL

i=1
Where X is the monetary outcome of a decision prob-
lem under uncertainty, the expected value of X is
usually called Expected Monetary Value, or EMV. The
optimal alternative in the payoff table is indicated
by the highest EMV.

Another way of analyzing decision problems under
uncertainty is to construct an opportunity loss
table (see Table 5). The opportunity loss for an
alternate/event combination is the difference be=-
tween payoff for that combination and the best
payoff for that event. To construct an opportunity
loss table, each event is considered one at a time.
All rows of the opportunity loss table are thus
completed (see step 1, Table 5), The bottom row
shows the Expected Opportunity lLoss, EOL, for each
of the alternates. The EOL is calculated from the
opportunity loss table (see step 2, Table 5), in
the same way as EMV is calculated from the payoff
table, An alternative which has the lowest expected
opportunity loss is the optimal alternative. This
optimal alternative will also have the best expected
monetary value. In many decision problems, it is
quite easy to construct the opportunity loss table
directly without going through the payoff table.

One principal reason for considering opportunity
losses is that it helps a decisionemaker understand
the costestructure of difficult {investment problems.

P(Xi)

Decision Trees. The decision tree approach, a
technicue very similar to dynamic programming, is a
convenient method for representing and analyzing a
sequence of related decisions to be made over a
period of time (5, 6, 7, 8). Each decision point
is represented by a numbered square at a fork or
node in the decision tree (Figure 1). Each branch
extending from a fork represents one of the alter-
natives that can be chosen at this decision point.
In addition to representing decision points, decie
sion trees represent chance events. The forks in
the tree where chance events influence the outcome
are indicated by circles. A node representing a
chance event generally has a probability associated
with each of the branches emanating from that node.
This probability is the likelihood that the chance
event will assume the value assigned to the particu-
lar branch., The total of such probabilities leading
from a node must equal one. Each combination of
decisions and chance events has some outcome, in
terms of Net Present Value (see NPV calculation in
Figure 1), associated with it. The key steps in
building and using a decision tree for investment
project analysis are:

Identification of the problem and alternatives,
It is important to identify all alternatives,
freedom of action, and present and future une
certainties; and also to estimate costs and
probabilities of uncertain events. All future

possibilities cannot be identified, but a reason-
able job can be done. Those engaged in this
analysis should be encouraged to express doubts
and uncertainties and to bring out facts about
cost estimates, engineering feasibility and
forecasts of future conditions in terms of
ranges or probabilities.

Layout of the Decision Tree. This formulates
the structure of alternatives underlying the
decision. The time span over which the analysis
must extend will vary for particular decisions.
Roughly, the practical time span to consider
should extend at least to the point where the
distinguishing effect of the initial altermative
with the longest life is liquidated, or where,
as a practical matter, the differences between
the initial alternates can be assumed to remain
fixed (see Illustrative Example), Outlining
major choices, breaking the problem into two to
four decision stages, and thinking out the de-
cision at least through a second decision stage
enriches the analysis considerably over a cone
ventional single-stage consideration (see 'Dis-
cussion of Illustrative Example). :

Obtaining the Data Needed. The data needed are:
a. probabilities of each uncertain outcome,

b. cost estimates associated with each combina-
tion of decision alternative and chance outcome,
and c. an estimate of discount rate to be applied
to future costs and benefits. The estimation

of elemental probabilities permits review of

the basis for conclusions. It also permits

the decisionemaker to make use of the intuitions
and skills of his staff without abdicating his
position as the decision-maker. Further, it
permits analysis of the impact of variations

in the estimate--that is called sensitivity
analysis (see Discussion of Illustrative Exam=
ple).

Evaluation of Alternatives. A good evaluation
test which alternatives appear desirable in
light of standards used. It shows whether
apparent conclusions are sensitive to changes

in doubtful or controversial estimates. It
examines the effect of choosing alternate
standards, which in turn may lead to revision

of standards, further analysis, or reformulation.
The optimal sequence of decisions in a decision
tree is found by starting at the right=hand

side and ''rolling backward". At each node, an
expected Net Present Value, NPV, is calculated.
If the node i{s a chance event node, the expected
NPV is calculated for all of the branches emane
ating from that node. If the node is a decision
point, the expected NPV is calculated for each
branch emanating from that node, and the highest
is selected. In either case, the expected NPV
is carried back to the next chance event or
decision point by multiplying it by the probae
bilities associated with branches that it trave
els over. The preferred alternative shall be
one with greatest net present value (see Typical
Calculation, Figure 1),

One modification of a decision tree is stochase
tic decision tree which i{s similar to the conven=
tional decisfon tree approach, except that it uses
continuous, instead of discrete, empirical probabil-
ities, and provides results in a probabilistic form.

Use of the decision tree concept, as a basis
for capital improvement analysis, evaluation and
decision, is a means for making explicit the process
which must be at least intuitively present in good




. 1t brings out the impact of both
n.makt:i of possible future decisions, con=
:ln:: future developments. It allows for and

es use of analysis, experience and judgment.
i force out into the open those differences
o or standards of value that underlie
judgment or choice. A decision tree

be only as complex as the decision itself. If

need isjon is 2 simple choice among al;sznntives,
g dece decision tree reduces to a single stage
chen € {.e., the use of present value technique
,n.1ysss;° alternative benefits and costs. Where

u:cuation {s more complicated, more stages and
ey atives are necessary. Explicit use of the’
,1cer: n tree concept helps force a consideration
dRC1;1°a1ternatives, definition of problems for ine
ot ation, and clarification for the decision-maker
“"Eﬁf nature of the uncertainties present and the
of {mates that must be made. Thus, the decision
s concept contributes to the cuality of the
:::;sion a decision-maker must make.

gzetational System for Decision-Making

An operational system for bridge structure re=-
pilitation or replacement decision=-making is
{ndicated by the flow chart, in Figure 2, The
development of this working system can be described
by the following: System Inputs, Constraints and
Alternatives, Decision Criteria, Evaluation of
Alternatives, and System Output.

ditione

encoy
1t he
in assumptions
differmce’ in

ha

gystem Inputs

System inputs are dictated by various generated
alternatives and by methods of evaluation used by
the system. These system imputs can be described
{n the following general groups:

Information from the Data Base. Information
from Tables 1, 2 and 3 is used to generate possible
alternatives and to provide the basis for evaluation
of options or alternatives available to the decision
maker.

Probability Estimates. A certain amount of un=

certainty underlies all estimates, whether they are
estimates of initial and subsequent costs or esti-.
mates of life expectancies. The cost of some types
of work, such as replacing stringers, are easier to
estimate with a reasonable amount of accuracy than
others like gunite repair of deteriorated concrete
arches, Further, it is possible for any experienced
decision-maker to reasonably estimate a probability
for each probable state. These probabilities may

be objective or subjective. Objective probabilities
are derived from actual data. Subjective probabili-
ties are derived by judgment, and reflect the engi-
neer's estimation of the relative likelihood that

a particular state would occur. For a decision=
maker, expressing professional judgments over a
range of values as probabilities is more accurate
than simply using a single best estimate value.

Cost Inputs. The criterion of total overall
€08t in terms of present value is used in this work-
ing system to indicate the preference for one option
over others. The total overall cost is the sum of
the present values of design, construction, future
¢xpected maintenance and indirect costs. A number
°f cost inputs are, therefore, used by the working
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system for evaluation of different available alter-
natives. 1In some cases, these inputs may include
quantified estimates of economic, social or envire
onmental losses that may result. For a rational
economic analysis, a discount rate or interest rate
needs to be used to properly evaluate future bene=-
fits and costs. If necessary, statistical tech-
niques can be used to arrive at a reasonable rate.

Constraints and Alternatives

The overall number of feasi{ble alternatives is
controlled or limited by a set of specified con-
straints. These constraints can be located at vari-
ous stages in the working system. All possible
alternatives are analyzed and checked against these
constraints. Alternatives are either accepted or
rejected at these checks. 1In general, system con=-
straints and options are part of the decision-maker's
decisions to generate a reasonable type and number
of alternate solutions. But at certain times, these
constraints can be actual physical limitations ad-
vocated by conditions of site, design, and construc=
tion.

Decision Criteria

The total overall cost, in terms of expected
monetary value, expected opportunity loss or net
present value, is chosen as the prime decision
criterion for the selection of the optimal or near
optimal decision strategies. Provisions for addi=-
tional future structural capacity and functional
adequacy, safety and serviceability, and maintenance
economics are some of the other criteria which may
be relevant in some cases.

Evaluation of Alternatives

Any one of the methods, namely payoff matrix,
opportunity loss table or decision tree, may be used
by the decision-wmaker in the evaluation of alter=
natives. In some simple choice situations, the
mental exercise in assessing each of the dimensions
is sufficient to give the decision-maker insight
into the problem so that the desired course of
action will become obvious without further analysis.
In general, the payoff matrix or opportunity loss
table methods can be used in nearly all situatioms.
Where sequential decisions are to be considered,
the decision tree method should be used.

Output

The decision criteria included in the present
operating system are not comprehensive enough to
make final judgments. It is difficult to quantify
the relative importance a decision-maker will as=
cribe to various economic, social, environmental
and experience values. Universally acceptable
methods for quantifying such values are not avail-
able at the present time. The output for decisionm,
therefore, is arranged in a way that would assist
the judgment of the decision-maker. An orderly
structured set of alternatives and conclusions of-
the evaluation process for each of the alternatives
are produced in the form of a summary table. This
is based on increasing order of the expected present
value of total costs (see ''Discussion of Illuatra-
tive Example).
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Illustrative Example

A 4-lane, 456 m. (1500 feet) long, steel girder
type river bridge is structurally deficient and in
need of rehabilitation or replacement. Future pro=-
jections indicate the need of 2 additional lanes
for mass transit, 25 years later.

Available Alternatives: (all costs are in terms
of present values)

Alternative I. Immediate Limited Rehabilitation
(Restrict Traffic) . . . . . . . . . . . $ 250,000
(Deck repair; replace railings, few
stringers, etc.)

Major Rehabilitation, 5 years later. . 3,500,000
(New deck; replace other stringers,

floor beams, joints; sidewalks; repair

pler caps, beam seats, etc.)

Widen the Bridge, 25 years later . . . . 2,500,000
(Add 2 more lanes, reconstruct portions
of piers and abutments, etc.)

Maintenance and Other Costs: 0=5 years @

$30,000/y€8T . o « ¢ ¢ o s 00 s s e e 150,000
6=25 years 150,000
26=50 years 450,000

Pregent Value of Total Costs for

Alternative I . . + « + « « « « + « «» - $7,000,000

Alternative II. Immediate Major
Repair. . . + « « « « o « o « o o o« o« &« $3,750,000
(New deck, sidewalks, railings,
stringers, floor beams, joints,
repair pier caps, beam seats, etc.)

Widen the Bridge, 25 years later. . . . 2,500,000
(Add 2 more lanes, reconstruct
portions of piers and abutments, etc.)

225,000
450,000

Maintenance and Other Costs: 0-25 years
26=50 years

Table 4. Pay=-off Table (Time Span = 50 Years)

Present Value of Total Costs for
Alternative IT . . . . . « + « « + « « $6,925,000

Alternative III. Tumediate Removal
of Existing Bridge and Replacement with
Steel Plate Girder (CORTEN-Weathering
Steel) Type Bridge and Substructure
Provision for Future Widening. . . . 5,750,000
Widen the Bridge for 2 additional
Lanes at the end of 25 years . . . . . . 1,100,000

Maintenance and Other Costs: 0-25 years 150,000
26=50 years 250,000

Present Value of Total Costs of

Alternative III . . . . . . e o« « . $7,250,000

Alternative TV. Immediate Removal
of Existing Bridge and Replacement with
Segmental Post-tensioned Box Girder
and Substructure Provision for Future
Widening . . +» « + ¢« ¢« ¢« « ¢« ¢« « « « « 5,500,000

Widen the Bridge for 2 additiomal
Lanes at the end of 25 years . . . . . 1,100,000

Maintenance and Other Costs: 0-25 years 100,000
26=50 years 200,000

Present Value of Total Costs of

Alternative TV . . . . + . . « + .« « « $6,900,000

Additional Information

Beyond 50 years, coats for all alternatives are
approximately equal.

Cost overruns in rehabilitation projects are
very common.

Estimates for replacement projects could be pre=
pared with a high degree of accuracy.

The two additional lanes of mass transit are not
to be constructed at the present time.

All cost estimates are in terms of present
values, which have been arrived at by wultiplying
future costs with diascount factors, for inflation
and interest rates.

Events Rehab. Alternatives

(in Dollars)

Replace. Alternatives
(in Dollars)

Alt. I Ale. 1T

Actual Costs 107 Below
Estimated

-$6,300,000 =$6,232,500

Actual Costs = Estimated - 7,000,000 - 6,925,000
Actual Costs 107 Above - 7,700,000 - 7,617,500
Estimated
Actual Costs 207% Above - 8,400,000 - 8,310,000
Estimated
Expected Monetary Value - 7,434,000 - 7,354,350
(EMV)

Probability Probability
of of
Occurrence Alt. IIT Alt. IV Occurrence
0.05 -$6,525,000 =$6,210,000 0.05
0.50 - 7,250,000 -~ 6,900,000 0.80
0.23 - 7,975,000 - 7,590,000 0.10
0.22 - 8,700,000 - 8,280,000 0.05

- 7,358,750 = 7,003,500

Step 1: Alt. I: (-$6,300,000 x 0.05) + (=$7,000,000 x 0.50) + (=$7,700,000 x 0.23) + (-$8,400,000 x 0.22) =

$7,434,000

Step 2: Best expected monetary value (EMV) = lowest expected total cost, i.e., $7,003,500 or Alternative IV.

R s
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Table 5+
"-—-—-Events Rehab. Alternatives Replace. Alternatives
(in Dollars) (in Dollars)
- Probability Probability
of of
Ale. I Alt. IT Occurrence Alt. III Alt., IV _Occurrence
Actual Costs 107 Below $ 90,000 $ 22,500 0.05 $315,000 -0~
c
ted
I;‘_s'c:z‘::s = Estimated 100,000 25,000 0.50 350,000 0= 0.80
ﬁﬁ:l costs 10% Above 110,000 27,000 0.23 385,000 ~0= 0.10
c
Estimated
Actual Costs 207 Above 120,000 30,000 0.22 420,000 -0= 0.05
Estimated
gxpected Opportunity Loss $106, 000 $ 26,435 $355,250 -0-
(EOL)
step l: Consider in the event that actual costs Step 2: Alt. I - EOL = ($90,000) (0.05) +
are 107 below estimate: The best alter- ($100,000) (0.5) + ($110,000) (0.23)
native is Alt. IV. + ($120,000) (0.22) = $106,200.
Opportunity loss in selecting: Step 3: Best Expected Opportunity Loss (EOL)

Alt. I = (=$6,210,000) - (~-$6,300,000) = $ 90,000.

= lowest expected opportunity loss,

Ale. II = (-$6,210,000) - (-$6.232,500) = $ 22,500. i.e., $0 or Alt. IV.
Alt. IIT = (-$6.210,000) - (-$6,525,000) = $315,000.
Alt. IV = (-$6,210,000) - (=$6,210,000) = 0. Negative signs indicate costs.
Figure 1. Decision Tree
(NPV)1 ROLLBACK (NPV)1 ROLLBACK
$~3.009M $-2.36M pm0.2 |
-$3.6450M, P=0.0S =2.95 7 S ——
-3.54 0.3 $-3.,009M -2.,36M 0.2
NPV - |
-$7.310101 $-3.009M «2.36 0.2 ~3.54 0.3
=34 .4550M, P=0.23 [7] O< -2.95 0.5 $-3.009M -2.36 0.2
Alt, -3.54 0.3 -2.95 0.51
-$4.8600M, P=0.22 [7) N~ =3.54 0.3:
$=-3.009M §$=2 ,36M P=02 T T T T S
=$3.5775M, P=0.05 [7] -2.95 I S (R e
& ~ =3.5 0.3 $-3.009M -2.36 0.2
=2, |
$=3.009M -2.36 0.2 O< — =3.54 0.3!
~$4.3725M, P=0.23 (3~  -2,95 0.5 $-3.00M ___ -2.36 0.2
Alt. - NN =3,54 0.3 =2.95 o_5|
=§4.7700M, P=0.22 [ =3.54 0.3,
_____ —_——— e = =)
$=1.377M $-1.080M  P=0.1 [
=$5.3100M, P=0.05 7 )~ il =1.350 Dol e o iy i A
N -1.620 0.2 $-1.377M -1.08 0.1l
NPV -$5.9000M, P=0.80 M\ -1.35 0.7!
-$7.36550M 2 $=1.377M -1.08 0.1 NN «l.62 02!
~$6.4900M, P=0.10 (1 "\~ -1.35 0.7 $=1.377M ~1.08 0.1
Ale. o — e @ —— ¥ | 0.7,
I1I P=0.05 NG -1.62 o.z:
$-1.326M $-1.04M 0.1 T TTTTTT it
=$5.0400M, P=0.05 [7) N =1.30 S
N -L.56 0.2 -1.326M -1.04 0.1
NEBV -$5.6000M, P=0.80 Z- N\ -1.30 0.71
-$7.01000M $-1.326M -1.04 0.1 NN -1.56 9.2
-$6.1600M, P=0.10 [7] O/ -1.30 0.7 $-1.326M -1.04 0.1
Alt. N =1.56 0.2 -1.30 0.7
™ ~$6 .72004, P=0.05 [3] =1.56 0.21
- 0-25 years it 26-50 years ﬂ:
Key: [] Decision Pointo Chance Event NOTE: Alt. IV: Highest (NPV) |

Alt. II:

Typical calculation:
(NPV) --|(3.5775 + 3.009)(0.05) + (3.

= $7.23045 million.

(NBV)

==-[(2.36 x 0.2) + (2.95 x 0.5) + (3.54 x 0.3)] M = $3.009M
75 +3.009)(0.50) + (4.3725 + 3.009)(0.23) + (4.77 + 3.009) (0.22)] M
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S e i Decision Point
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Needs Analysis
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Economic Evaluation

I Step - 5

r-_——---_—-—

| Decision Point No. 5.

Financisl Analysis Funde?
SYMBOLOGY: Decision |terative or
Fodbak Lo

Figure 2: FLOW CHART OF DECISION-MAKING SYSTEM

piscussion of Illustrative Example

Tables 4 and 5, as well as Figure 2, indicate
Alt. IV as the optimal or best alternative. Further,
all alternatives can be tabulated in increasing
order of present value of the total costs. The
decision tree brings out two-stage nature of the
decision. It uses two separate sets of probability
values to reflect increased uncertainty of future
costs. Further, it helps a decision-maker match
available alternatives with present and future
sources of funds. For example, an agency with ex-
tremely limited present funds may wish to select
Alternative I and defer major capital outlay to a
future date. When financing costs are expected to
remain high for more than five years, an agency may
wish to select Alternmative II. When funds are
available and present financing costs are reasonable
but expected to rise sharply, an agency may wish to
select Alternative IV.

Events: Experience indicates the general range
of actual costs of bridge projects to be 107 below
to 20% above the estimated costs. For simplicity
of 1llustration, indicated events were selected.

Probabilities: 107 or 20% cost-overruns for
rehabilitation projects are considered equally
likely, but about half as likely as event of no
overruns. Accuracy of replacement estimates is
considered high. Probabilities of occurrence have
been set accordingly. For decision-tree, probabili-
ties of events associated with the second decision
are adjusted for increased uncertainties of the

future. 1In case of genuine differences of opinion
about selected probabilities, sensitivity analysis
with different sets of probabilities can be used
to examine the optimality of the decision.

Expected Opportunity Losses are also costs one
could incur to obtain perfect information. It
indicates the maximum amount of money that could be
spent to predict an outcome with absolute certainty
(8). For exaumple, a decision-maker could determine
the amount he could spend in ultrasonic or other
testing to make estimates of rehabilitation with
certainty.

Conclusion

This paper has presented a systems approach to
the difficult bridge structure rehabilitation or
replacement decision-making. The decision~maker
can select a suitable method for evaluation of
different alternates based upon special requirements
of individual situations and future implications of
decisions. This system is simple, adaptive, and
the decision process is easy to control. The
decision-making process based on systems approach
can be utilized manually for smaller and simpler
investment decisions or can be computer based for
large and complex investwent decisions. It can be
easily adapted to the needs and desires of the
decision-maker, and can be no more difficult or
involved than the decision itself.
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SYSTEMS APPROACH TO BRIDGE STRUCTURE REPLACEMENT-PRIORITY PLANNING

Arunprakash M. Shirole', P.E., City of Minneapolis

James J. Hill, P.E., Minnesota Department of Transportation

This paper presents a systems approach to the
bridge structure replacement-priority planning.
Structural condition and functional adequacy;
safety; essentiality to traffic and other cri-
teria for setting replacement priority are de-
veloped and evaluated. Budgetary, environmental,
developmental, policy and other constraints on
the replacement priority are identified and an-
alyzed for their possible impact. A quantita-
tive methodology is developed, based upon assign-
ment of weights to the rated criteria and is
illustrated step by step through a flow chart.
Guidelines are provided to easily adapt use of
this methodology to meet the needs of an indi-
vidual area or policy, for a rational determina-
tion of long-range programming.

In recent years, the number of structurally de-
ficlent and functionally inadequate bridges has in-
creased at an alarming rate. This increased number
has made it imperative for agencles responsible for
bridges to include bridge-replacement, in a major
way, in their planning and programming process. A
logical, consistent and comprehensive evaluation of
an agency's bridge-replacement needs thus become®
necessary, not only to accomplish a rational and
equitable distribution of limited public funds but
also to ensure public safety. The systems approach,
based upon use of factual data, can facilitate such
a logical, consistent and comprehensive evaluation.

Systems Approach

The system for replacement-priority planning can
be described as a step-by-step procedure following
clearly defined guidelines to accomplish the pri-
ority planning process (see Fig. l: Flow=-chart).

A comprehenaive formulation of the priority planning
process; characterizing various structural, func-
tional, safety, traffic-related, economic and other
aspects; 1s described by the following: Objectives,
system inputs, criteria, constraints, evaluation and
system output.
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NEED ANALYSIS

ESTABLISH OBJECTIVES

\

DEFINE SYSTEM
System Inputs, Criteria, Constraints

Y

DETERMINE METHOD OF EVALUATION

EVALUATE FOR PRIORITY

Y

ESTABLISH PRELIMINARY PRIORITY LIST

Y

REVIEW PRELIMINARY PRIORITY LIST
FOR BUDGETARY, ENVIRONMENTAL
AND OTHER CONSTRAINTS

Y

ESTABLISH FINAL PRIORITY LIST

Figure 1.

priority planning.

System flow chart for bridge replacement
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Table 1. Bridge replacement-priority rating.

Number of Points

Individual Range for
Iten Sub=-category Category
I. Structural Condition and Functional Adequacy: (from Table 2): 0-40
a. Estimated Remaining Life 0-5
b. Structural Condition Appraisal 0-15
¢. Deck Width 0-5
d. Approaches and Alignment 0-5
e. Overclearances 0-5
f. Underclearances or Waterway Adequacy 0-5
II. Safety: (from Table 3): 0-25
a. Safe Load Capacity 0-16
b. Safety Appraisal (Frequency and Type of Accidents, X Correctible,
User Complaints, Potential Hazards) 0-9
1I1I. Essentiality to Traffic: (from Table 4) 0-35
a. Traffic Demand (Present & Projected A.D.T., Peak Hour Traffic,
Volume/Capacity ratio) 0-16
b. Area Served (Planned or Projected Development) 0-8
c. Alternate Route (Length @ Average speed...., Access to Metro-
scale or similar facility, Link in Commercial and Industrial
network of Out-state Significance) 0-8
d. Road System 0-3
RATING 0-100
Objectives are correctible, as well as user complaints,
Objectives of this systems approach are to eval-
uate and rate the relative importance of all bridge Essentiality to Traffic. This section provides
structure replacement needs on the basis of clearly information about the present and projected Average
defined criteria and constraints, and arrive at a Daily Traffic, Peak-hour traffic, and volume/capac-
bridge-replacement priority list. The ultimate aim ity ratios. Further, it provides information about
of this systems logic is to take into account all area served by the existing bridge, which is deter-
those aspects that truly influence the optimal or mined by using origin-destination studies ({i.e.,
near optimal use of public funds. planned or projected development of the area and
effect on its tax-base); alternate route (i.e., its
length and impact on travel time or energy use);

System-inputs and the road-system (i.e., relative importance in
) overall transportation network).
An up to date and complete data-base (Tables 1,
2, 3 and 4) shall provide inputs for a rational re-

placement-priority planning. These system inputs, Criteria
which utilize basic inventory and inspection data,
are divided into the following sections: Criteria for developing a bridge replacement-

priority list are factors or types of considerations
that go into comparison of existing bridge struc-

Structural Condition and Functional Adequacy. tures. The first group of criteria relate to struc-
Annual physical inspection reports by qualified tural condition and functional adequacy of bridges.
staff provide information about estimated remaining Estimated remaining life sets the time limit within
life of the existing structure, condition of its which the bridge replacement is desired. Structural
superstructure (i.e., deck, stringers, etc.) and condition is compared on the basis of the ability of
substructure (i.e., abutments, piers, and footings). a structure to perform according to present accept-
Further, these reports indicate the type, extent, able standards. Comparison of deck-widths is based
estimated costs of needed improvements, and replace- on the latest AASHTO (or equivalent) recommendations
ment cost; as well as data for appraisal of deck-~ (1,2,3,5,6). Criteria for acceptable approaches and
width, approaches, alignment, clearances and water- alignment relate to their effect on traffic flow and
way adequacy. may influence early structure replacement. Over-

clearances, underclearances and waterway adequacy
are judged against the current minimum AASHTO (or

Safety. The safe load carrying capacity (@0.75 equivalent) recommendations (1,2,3,6). The second
of yleld stress) and safety appraisal of the exist- group of criteria relates to safety aspect of bridge
ing structure is given in this section. It pro- structures. Criteria for safe load capacity are
vides information about frequency and type of acci- based upon legal vehicle loads. Safety of a struc-
dents related to the structure, potential hazards, ture 1s appraised on the basis of frequency and type
percentage of hazards and causes of accidents that of accidents as well as hazardous conditions and

L——_—.—_
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their extent of correctibility. The third group of
criteria pertains to essentiality to traffic. Struc-
tures are compared on the basis of their ability to
meet traffic demand in terms of present and projected
average daily (as well as peak-hour) traffic and

development of the area served by the bridge in terms
of projected increase in its tax-base is used as a
criteria for comparison. Alternate routes are com-
pared on the basis of their lengths. Finally, the
road systems are evaluated on the basis of their im-

traffic volume/capacity ratios.

Planned or projected

portance in the overall transportation network.

Table 2. Structural condition and functional adequacy.
Rating !
a. Estimated Remaining Life ("L" in years): . . . . . « « « + o o o o v v v v i el w W 0-5 points
L > 20 years : 0 point i
16 years S L £ 20 years t 1 point
11 years < L £ 15 years : 2 points
6 years < L £ 10 years 3 4 points
L s 5 years : 5 points
b. Structural Conditiom Appraisal: . . . + . & ¢ ¢ 4 4 4 4 s e e b e e e e e e s . s e 0-15 points
Good: Meets present requirements . . . . . . . . 4 . e o e o4 e 0. 0. 0 point
Fair: Needs minor improvements (@ costs 5% of replacement cost)
to meet present requirements . . . . . . . s s e 4 e 8 o4 s s 5 pointa
Fair to Poor: Does not meet present requirements, needs major improvements
(@ coasts 5% but 251 of replacement cost) to maintain in 1
full service . . . . s i 0 e b e s e e s e e e e s e s e e : 10 points
Poor: Does not meet present requirements, needs major improvements
(@ costs 25% of replacement cost) to maintain in limited
service . . L L 0 0 i e e e e e e e e e e s e e e e : 15 points
i
C- Deck-width: . . ¢ 4 & 4 4 4o ¢ 0 ¢ 4 4 s 0 s 4 s s 8 e e e d e e e s e e 0-5 points w
- Meets present desirable (i.e., better than AASHTO recommended or equiv- :
alent) requirements . . . . e B e By s e lwnl ol b Beel e fo (w0 sl i e M &Y 0 point
- Meets minimum (AASHTO recomended or equivalent) requirements . . . P I I 1 point
- Does not meet minimum (AASHTO recommended or equivalent) requir-ents,
but can be brought up to meet these requirements . . . . ¥ o W 3 points
- Does not meet and cannot be rehabilitated to meet the minimum (AASHTO
recomnended or equivalent) requirements . . . . ¢ ¢ 4 4 s 4 4 444 a e s s 5 points
Note: Stable traffic flow with operating design speeds >65 kmh (40 mph):
Desirable: 3.66 m.(12')/lane + 1.83 m. (6') distance from outside traffic lane edge to obstruction
Minimum: 3.66 m.(12')/lane + 0.61 m. (2') distance from outside traffic lane edge to obstruction
(not less than 9.75 m. (32 ft.) for 2 lanme undivided roadway)
Unstable traffic flow with operating speeds< 65 kmh (40 mph):
Desirable: 3.66 m.(12')/lane + 0.61 m. (2') distance from outside traffic lane edge.
Minimum: 3.35 m.(11')/lane + 0.61 m. (2') distance from outside traffic lane edge to obstruction.
Note: Sidewalk Widths: Desirable - 1.83 m.(6 ft.), Minimum - 1.22 m.(4 ft.)
d. Approaches and Alignment: . . . & & & 4 4 v 4 4w e w e e a e .. 0-5 points
- Do not adversely affect traffic flow . . . . . . « . + ¢« ¢ v ¢ v ¢ v o o 4 W 0 point
- Slow down peak-hour traffic . . . . 3 5 OM % e B W W BE 1 point
~ Slow down traffic flow and affect Average Daily Traffic (ADT) T i@ VB 3 points
~ Slow down traffic flow, affect ADT and create traffic hazards which lead
toaceldent®, « « v o w i W i ow oW s oW s W M F E § e W v E W o§ W ¥ % s e s 5 points
e. Overclearances (vertical and horizomtal): . . . . « &« « & + + 4 o 0 o o 4 4 .« 0-5 points
- Meet desirable (i.e., better than AASHTO minimum, or equivalent) requirements : 0 point
- Meet minimum (AASHTO or equivalent) requirements . . . . . . . 2l SRR 1 point
- Does not meet, but can be brought up to, minimum (AASHTO or equivalent)
requirements SO w0 e o s e . o o « @ s @ w5 B 3 points
- Do not and cannot be brought up to meet minimum (AASHTO or equivalent)
requirements , . . o . oy s ow o we o w o @ e & s wow 4 @ wmow o w s oo s v w & 5 points
£. Underclearances (vertical and horizontal) or Waterway Adequacy: . . . . . . . o e 0-5 points
- Meet desirable (i.e., better than AASHTO minimum underclearances or
100-year flood capacity plus 0.30 m.(l ft.) freeboard) requirements . . . . 0 point
- Meet minimum (AASHTO underclearances or 50-year flood capacity with
0.30 m.(1 ft.) freeboard) requirements . . . . . . + + + 4« ¢ « « « + « « . ¢ 1 point
- Do oot meet, but can be brought up to above minimum requirements . . . . . : 3 points
=~ Do not and cannot be brought up to meet above minimum requirements . . . . . S points
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Table 3. Safety.
b Rating
a. Safe Load Capacity (in WL, gross weight): . . . . . . . . i e e d PRIT TR VI 0-16 points

Cloged to TEBELLC: o n o o 5 o @0 & o 010 & 0 ¢ 8 8,8 6.9 o 5 & o 9 0 16 points

Two Axle Vehicles Three Axle Vehicles Four or More Axle Vehicles

3 tons SWL< 8 tons L< 12 tons L< 12 tons : 12 to 14 points
8 tonsSHL< 15 tons 12 tons<WL< 18 tons 12 tons < WL< 27 tons 8 to 11 points
15 tons £ wL< Legal 18 tons = HL < Legal 27 tons s "L < Legal : 4 to 7 points
Legal SHL Legal <WL Legal SHL $ 0 to 3 points
1. AASHTO H-15 and H-20 Trucks®.
i 2. AASHTO HS-15 and gs -20 Trucks .
{ 3. AASHTO 3S2 and 3-3
’ 4, Use equivalent legal vehicle weights, Lif different.
b. Safety Appraisal: . . . . . . . .+t 4 4t o s s 4 44 s e e e e e s a s e s .. 0-9points
- No recorded accidents/no obvious hazards noticed or reported . . . . . . . . 0 point
- Accidents with minor vehicle damage reported/some hazards noticed and
reported; hazards and causes completely correctible . . . . . . . . « . .« . 2 points
- Accidents with vehicle and structure damage, and bodily injury reported/
gome hazards noticed and reported; hazards and causes completely
correctible . . . e ow W e W @ s N e W W e w W s w e v & 8 4 points
- Accidents with vehicle and structure damage, and bodily injury teportad/
gome hazards noticed and reported; hazards and causes partially (i.e.,
50Z or less) correctible . . . . . . . . . . o w s m e w e e W E 6 points
-~ Accidents with vehicle and structure damage, and bodily injury reported/
some hazards noticed and reported; correction of hazards and causes
economically not feasible, warrants replacement . . . . + « « « o o « o « & 9 points
Constraints Condition and Functional Adequacy, Safety and Essen-
tiality to Traffic. Points are assigned to these
Various types of constraints or limitations gen-~ groups in the order of their importance. Table-1
erally control the bridge replacement priority plan~ indicates assignment of these points.

! ning process. The first group of constraints is of
economic or financial type. Present and projected
future available funds for a certain category of
bridges can influence an early replacement of a lower
rather than a higher priority bridge. A second group
of constraints is environmental and local political
factors, which have become prominent in recent years.
Legitimate concerns of neighborhood groups can ef-
fectively prevent a bridge-replacement. The third
group of constraints pertains to the consistency of
the replacement priorities with local plans, civil
defense needs and policies of the agency responsible
for bridge replacement. Requirements of unusual
length of construction periods that would unfavorably
affect the economy of the area can influence prior-

) ity. Finally, emergency situations, like accidents
and failures as they develop can influence and change
the replacement priorities. Experience has indicated
that any of these constraints can move a bridge up
or down on the replacement-priority list.

Evaluation

The method of evaluation devised for arriving at
priorities for bridge replacement are based upon a
form of numerical evaluation of factors that influ-
ence bridge-replacement. Such rating procedures have
been proved to be the most satisfactory, realistic
and factual means of evaluating highway needs and
programming improvements (7). The factors pertinent

to bridge replacement are grouped into Structural

In assigning points to factors in the first
group, structural condition and estimated remaining
life are given fifty percent of weight of the group.
The structural condition appraisal is based upon
maintenance-economics. Deck-width, approaches and
alignment, overclearances, underclearances and water-
way adequacy are weighed equally. Table-2 indicates
agsignment of these points. In the second group,
Safety, about two-thirds of the weight in assigning
points was given to the safe load carrying capacity,
since it is the single most important factor in
bridge replacement. Table-3 indicates assignment of
points for this group. The traffic demand is con-
gidered the most important factor in the Essential-
ity to Traffic group and is assigned about fifty
percent of the weight. Minor weight was given to
the Road System while area served and altermate route
were weighed equally. Table-4 indicates assignment
of points for this group.

A preliminary list according replacement prior-
ity is the outcome of this stage of evaluation pro-
cess. The preliminary list is then reviewed for
budgetary, environmental and other constraints, dis-
cussed earlier. This review process will result in
the final list of bridge replacement priority. The
weighta assigned in Table-l can be changed to adapt
to an individual agency's policies, such as poli-
cies to upgrade all bridge crossings to meet mini-
mum legal requirements. Further, this system can
be adapted to prepare separate replacement-priority
lists for bridges on certain classified routes in
order to utilize specific sources of funds.
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Table 4. Essentiality to traffic.
Rating
a. Traffic Demand: 0 & WS B A ST R W W W e el w - % By e ol & W b e B R 0-16 points

Present Bridge:

- Will satisfy projected (10-year) Average Daily Traffic (ADT) and penk—hout

traffic, with no adverse effect on traffic flow ¥ ¥ R . o 3 0 point
- Will satisfy projected (10-year) ADT and present peak—hour traffic, wi:h
no adverse effect on traffic flow i " R T R T R R i 5 ow g 3 points
- Satisfies present peak-hour traffic lnd ADT (Present peak-hour traffic
volume/capacity = 1 or 1less) . . . . « « ¢« « = ¢+ ¢ ¢ « o v 4 4 4 e o v o« « it 7 points
- Satisfies present ADT, (Present ADT volume/capacity = 1 or less) . . . . . . : 12 points
- Does not satisfy present ADT of the route and has adverse effect on
traffic flow, (Route ADT volume/capacity>1) Vi @ @ R ST P R 16 points
b, Area Served: . . . . 4 4 4 4 b e e s e s e e T e I I E E F ST T 0-8 points
- No appreciable area tax-base increase (< 102 of present tax base, in real
values) projected in 10 years o W R ad W Rcs B oW B W W W owoa @ %R AR 0 point
- Moderate area tax-base increase (10X - 502 of present tax-base, in real
values) projected in 10 years Bie e e i e e @ e e e w s e e e s e e i S 4 points
- Considerable area tax-base increase (> 502 of present tax-base, in real
values) projected in 10 years I B R P VR R o wom o o wow e e e § 8 points
c. Available Altermate ROULE: . . & & & & + & « & o « & & & & = &« & 4 4 & & 4 v o+ w4 o s oa s 0-8 points
- Alternate newer or better direct access to metro-scale or similar facility
is available, and/or better alternate link(s) to commercial and industrial
network of out-state significance is available. (Alternate route length
< 1.6 km @ 32 kmh (1 mile @ 20 mph) average, or<4 km @ 80 kmh (2.5 miles
@ 50 mph) average or equivalent) . . . o e w w e e m e o s e w el B 0:-poing
- Alternate access to metro-scale or similar facilicy is available, and/or
alternate link to commercial and industrial network of out-state signif-
icance is available. (Alternate Route length<8 km @ 32 kmh (5 miles @
20 mph) average, or <20 km @ 80 kmh (12.5 miles @ 50 mph) average or
equIVALENE) o . w w e e s o e e o e o a e e se e e w i s e e e e B B 4 points
~ No direct access to metro-scale or similar facility, and/or no alternate
link to commercial and industrial network or out-state significance is
available. (Alternate Route length<8 km €@ 32 kmh (5 miles @ 20 mph)
average, or<20 km @ 80 kmh (12.5 miles @ 50 mph) average or equivalent). . . : 8 points
d. Road System: . . « « & o s o o o ¢ o « 5 5 a4 4 0 s 0 s 4 s s s s o s x e s e e s s e s 0-3 points
~ Non-municipal and non-county State-Ald Roads . . . . « ¢« &« ¢« & & v &« & & &« & & 1 point
- Municipal or County State-Aid Roads . . . . €6 B W B e 2 points
- Interstate or State Highways and Federal Aid Urban Roada % e G W & e e B 3 points

System-Output

This consists of a preliminary and the final
bridge replacement-priority list in decreasing order
of final rating points. The agency responsible for
bridge replacement can utilize this priority list in
its planning and programming process.

Conclusion

This paper has presented a systems approach to
the difficult bridge structure replacement-priority
planning. The approach is comprehensive in that it
goes beyond the structural sufficiency to include
consideration of all relevant factors. The numerical
rating system devised makes an objective evaluation
possible. This system is simple, uses linear inter-
polation, and is easy to understand. Further, it is
adaptable and its results are easy to communicate.
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WHAT HAS BEEN LEARNED FROM THE FIRST PRESTRESSED CONC. BRIDGES~REPAIR CF SUCH BRIDGES

Heinz P. Koretzky, Pennsylvania Department of Transportation

Engineers often wonder to what extent proto-
type structures have lived up to their expectations
As examples, old construction of the Walnut Lane
Bridge, Amdeck section, and one other structure
which showed signs of distress over the years will
be illustrated., The speaker will discuss the
apparent background and reasons for such a dis-
dress plus the improvements which may be made to
make such effects less severe. Also, methods of
repair and what has been learned from these old
designs will be described. The lecture is support=~
ed with many color slides and viewgraphs which
depict old construction details and the in-
creasing severity of distress. Accidental damages
caused by vehicles on three different types of
prestressed bridge superstructures are also illus-
trated.

History

Modern use of commercial prestressed concrete
was introduced by E. Freyssinet of France, who in
the late 1920's started using high strength steel
wires for prestressing. (1) Although others before
him worked on, designed, or received patents on
prestressing systems, it was Freyssinet who ident-
ified the conditions and established the parameters
under which it is possible to assess strains in
concrete, and clarified methods to apply a pre-
stress force which give the predicted strains. (2)

Use of Prestressed Concrete in North America
started at the beginning of the 1950's. The
structure most often mentioned in magazine articles
and in text books is the Walnut Lane Bridge in Phil-
adelphia which was conceived in the late 1940's,

There are several claims for the position of
"first" in prestressed concrete bridges. Accord-
ing to the Engineering News Record, (3) the first
prestressed bridge was completed in October 1950
in Madison County, Tennessee. On the other hand,
PennDOT records reserve this distinction for a
bridge near Hershey in Pennsylvania, and also for
the Walnut Lane Bridge in Philadelphia, Pennsyl-
vania,

However, these claims to fame can be divided
into different phases, i.e.: being first in pre-
stressed concrete bridge design, start of con-
struction, completion of construction, and opening

to traffic. When examing the facts closer, each
of these claims is bona fide and can be supported
for the following technical reasons:

Walnut Lane Bridge

Located in Philadelphia, Pennsylvania. This
is the first prestressed (post tensioned) bridge
in the USA using site cast I girders (bulb T type,
with wide top-flange).

Main span girders 48.8 m (160 ft.) long, 2 m
(6 fto = 7 in.% deep and weighing 122 mg (135 tong
each were cast on top of 15.2 m (50 ft. high) false
work and piers. The center span girders are pre-
stressed by 4 parallel wire cables, each cable
consisting of AL wires, each wire .7 amm (.276 inch)
in diameter and stressed to 862 kPa (125,000 psi),

Two cables were parabolic and two straight,
The girders have 8 web stiffeners (7) and are
assembled to form a superstructure which would now
resemble an adjacent AASHTO, Type VI Beam Super-
structure,

An interesting sound movie had been prepared
by the Portland Cement Association, a copy of
which was still available from the PCA a few years
ago.

Construction of the first main span girder,
which was test loaded under the supervision of
Professor Gustave Magnel (7) to destruction
under a force of ten times the design live load,
began in the fall of 1949, After the successful
load test of this girder, construction of other
girders started and continued through the winter.
The deck was completed in the fall of 1950, The
bridge was opened to traffic in February 1951, (5)
Fig. 1.

Madison County Bridge

Located in Tennessee, this structure used
beams assembled from precast concrete blocks come
pressed to form a monolithic unit by tensioning 7
wire galvanized strands.

'fhis pioneering structure consists of a cast-
in-place concrete deck carried on 6.1 m (20 ft,)
and 9.1 m (30 ft.) beams placed side by side. (4)
The beams were built up of 20.3 x 40.6 x 30.5 cm
(8 x 16 by 12 inches) deep, machine made hollow
concrete blocks, which were battered on opposite
sides with mortar and threaded on tensioning cable!
(This tensioning work for the multiple span bridge
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was done by the county highway maintenance crews,)

"Cable are 7 wire bridge strands with anchor
fittings made by John Roebling's Sons Co. at both
ends. Tensioning was done with hydraulic jacks.
The first day, an initial tension of 4536 kg

(10,000 1b,) per strand was applied and the mortar
allowed to set overnight. The next day, a final
prestress of 11793 kg (26,000 1b.) was applied,
giving the strands a prestress of about 862 kPa
(125,000 psi).

Fabricated in the field by the county mainten~
ance crew in three days, the beams were erected
and the bridge opened to traffic in less then two
weeks after construction began." (%)

Designed by Ross H. Bryan and Culver B. Dozier
and built in October 1950, this brid§e was heralded
as opening up a new market. (Fig. 2

Flgure 1., Walnut Lane Bridge, Philadelphia,
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Figure 2, Madison County Bridge, Tennessee,
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Madison Co. Bridge

Hershey Bridge

Located in Pennsylvania, "In December, 1951,
pretensioning took a bow in the United States, when
a 7.3 m (24 ft.) span-consisting of rectangular
beams laid side by side to form a.6.7 m (22 ft.)
roadway-was erected near Hershey, Pennsylvania."(8)

(&)
2 One of the pretensioned prestressed concrete
bridge members was test-loaded to destruction
May 20, 1950 at the Pottstown Plant of Concrete
Products of America (which was the longest con-
tinuously operating prestressing plant in the USA
until it changed ownerships; first to American-
Marietta Co, (Martin Marietta Co. then to Pottstown
Newcrete)., Another beam was fatigue-loaded at
Lehigh University, July 1951. (10

It is interesting that, since May 1947, this
plant had fabricated Precast Reinforced Concrete

Channel beams for Pennsylvania, and then switched

over to prestressed concrete bridge beams in 1950,
According to PennDOT records this first bridge

had a clear span of 7.9 m (26 ft.) and is 7.3 m

(24 ft.) wide. (Fig. 3)
Figure 3. Hershey Bridge, Pennsylwania.
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What does a short selective history of USA
prestressing tell us? It says that when a good
idea such as prestressing comes along and the time
is right, many will have similar ideas.

In summary, the Walnut Lane Bridge was the
first cast-in-place post tensioned concrete bridge,
completed in the Fall of 1950 and opened to traffic
February 1951. First beam was load tested, Fall of
1949,

The Madison County Bridge was the first seg-
mental precast post tensioned concrete block
bridge, completed Fall of 1950, and opened to
traffic, October 28, 1950,

The Hershey Bridge was the first precast pre-
tensioned concrete box beam bridge, and was com-
pleted December 1951, and a test beam was load
tested May 20, 1950.

I think that it really does not matter who was
first in designing a prestressed bridge, or who
was first in building a prestressed bridge beam,
or who was first in test loading such a bridge
beam, or first in completing a prestressed bridge
or who first had traffic on it; what matters is
that each bridge of the three precedent-setting
bridge types represent a pioneering effort in
bridge construction. Such effort was only possible
by the pooling of the efforts of many talented eng-
ineers, contractors, material suppliers, and govern
ment officials, who added to and converted European

Similar Ideas

Such bridges remain a monument to progress. We
now know in which direction the technology esta-
blished by these pioneers developed, and what use
is still being made today of the bridge systems de-
veloped by them, as well as new direction the
prestressed bridge technology has taken,

Design-Construction~Fabrication

It should be understood that only two of the
3 bridge types which received early prominence
withstood the test of time. Repeated use of
those systems was made after their initial intro-
duction.

Early standards began developing in the early




50's, soon after engineers thought they had a vi-
able product.

It is interesting to note, that of the two
surviving bridge types, the I-beam Walnut Lane
pridge consisted of large heavy field-cast bridge
members, which were fleld post tensioned, while
the box beam Hershey Bridge was plant-fabricated,
and pretensioned, and was, in eompariscn much
lighter in weight.

Design

The first standards were developed by the box
peam fabricator, the Concrete Products Company of
America. Standards dated November 16, 1951 and
August 19, 1952 were distributed showing adjacent
box beams with circular voids for clear spans from
5,5 m (18 ft.) to 1l m (36 ft.) in b6 m (2 ft.)
increments; and Standards dated December 17, 1951
and subsequent revision showed 83.8 cm (33 in.)
deep beams with spars from 11.6 m 38 ft.) to 15.2 m
(50 ft.), also with circular voids.

This plant was purchased by the American-
Marietta Company, which expanded upon those Stand-
ards and issued their famous Amdek Standards, dated
December 30, 1955, which had wide distribution at
the time. Standards showed all necessary details
to build the beams including the number of .95 cm
(3/8 in,) strands. These Amdek Standards were
further expanded in 1957 and 1959 by American-
Marietta Company.

I-beam standards were proposed by the Prestress-

ed Concrete Institute for acceptance under the
auspices of the "Joint Committee, American Assoc-
iation of State Highway Officials Committee on
Bridges and Structures, and Prestressed Concrete
Institute". (printed in 1963, with standards
enclosed which were dated 1961)

During the period from 1958 thru 1962, efforts
to establish Industry, Statewide or Regional
standards proliferated.

As a typical example, I show the national de-
velopment of Standards by the U.S. Bureau of Public
Roads.

Issues were 1956 (11), June 1962 (12), August
1968 (13), and January 1976 (14).

The Federal Standards are in some aspects
different from the various State Standards. The
difference is generally in the section/wall thick-
ness in box beams, webs or flange configuration
in I-beams, or different minimum reinforcement.,
This difference is readily explained because some
Regional State Standards were developed earlier
then Federal Standards and took precedence in their
respective regions since fabricators had already
invested in forms and turned out successful pro-
ducts,

Construction

The most frequently used prestressed bridge
stringer systems for prestressed concrete bridges
are the I-gsystems (Walnut Lane Bridge) and the box
beam system (Hershey Bridge). :

It must be remembered that both systems were
properly designed with a more than adequate factor
of safety when they were initially conceived and -
that, as an additional safe guard they were sub-
Jjected to test loadings. They were only used on
an actual structure after they successfully passed
the tests.

In the early stages of prestressed concrete de-
velopment in the United States, the prevailing de-
sign philosophy was that "because the concrete was
prestressed" it will remain crack free. This phil-
ogophy was also expressed in some literature cir-
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culating at that time. Because or this, the effects,
of temperature (temperature reinforcing) and shrink-
age were often neglecteds Furthermore, there may
have been less attention given to prestressed losses
than would be given today and in addition, the
assumption that net compression could be main-
tained throughout the section was overly optimistic
since the determination of the effect of force re-
duction caused by losses was not as sophisticated
as today's methods, therefore resulting in an over
estimation of the remaining prestressed forces.
Also, we must recall that at the time of con-
struction (1950) as well as through the following
decade, concrete placement was a problem. This
was obviously the case with the Walnut Lane Bridge.
If you look at the various construction slides,
you receive an overall view of the conditions pre-
vailing at that time.

Slide 1. Shows general view of midgmn of Walnut
Lane Bridge.

Slide 2., Depécts bottom view of Walnut Lane Bridge

showing close intermediate dlaphragm
spacing,

Slide 3. Illustrating closeup of intermedlate dia-
phragms showing weight reducing holes in
endspans of Walnut Lane Bridge.
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It should be noted that the bridge was being
constructed for the City of Philadelphia and now
is owned by the Pennsylvania Department. of Trans-
portation.

Slide 4. Shows portions of the original falsework
of the Walnut Lane Bridge including main-
tenance of traffic.

Slide 5. Shows a different view of the same false-
work.
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Slide 6. General view of Walnut Lane Bridge,
girder on falsework.

Slide 7. End view of girder with tendons and ten-
don volds.

Slide 8. Closeup of tendons and end anchorages.

Please keep in mind that all the photographs
except for slides 1, 2, and 3 were taken in Feb-
ruary, 1948 prior to the load test which I pre-
Jiously mentioned.

After the first field cast beam was cured and
test loaded, the regular production casting started
But something went wrong in the fabrication of the
first production girder - the south fascia girder.

Slide 9 documents this and shows what was
wrong with some of the old construction. It is
obvious that with thin webs and the large per-
centage of duct space and the use of wooden forms,
low slump concrete could not satisfactorily be
placed everywhere,

Fig. 4 shows the Walnut Lane Bridge fascia
beam cross section., This should be compared with
glide 9.

This bridge had been closely observed by its
owner, the City, which found problems. The City
retained Zollman Associates early in 1968 as a
consultant., The consultant inspected the bridge
and reported his findings and recommendations to
the City on June 24, 1968,

The report makes interesting reading. Some ex-
cerpts follow:

In November, 1957, a routine inspection made
by members of the Maintenance Division of the City's
Department of Streets, revealed the existence of
longitudinal cracks in the fascia girders of the
main span. In addition, there were a number of
very localized, fine cracks, hardly visible when
observed through binoculars from the floor of the
valley some 60 feet below the bridge. There was
no pattern to these localized cracks since they
occurred erratically throughout the bridge.

The strong discoloration of the concrete in the
vicinity of the cracks indicated that they had been
present for some time. It also appeared that the
cracks had been pointed with grout at some previous
time, even though there is apparently no record
of this procedure having been carried out. In
any event, it was determined that none of the
cracks would endanger the structural integrity of
the bridge. After the size, type and location of
the cracks had been recorded, the City then
decided to apply a cement coating to the exposed
areas of the girders for the sake of appearances,

Over the next ten years, the cement coating
weathered to a point where the cracks again became
visible. During a routine inspection made in Nov-
ember of 1967, it was observed that the longitudinal
cracks in the South Fascia Girder of the main span
seemed to have lengthened and widened. In view of
this situation, representatives of the Department
decided to inspect all of the girders at close
range, and to make and record their observations as
accurately as possible,"
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Construction problem in 1lst cast girder.

siide 9

4 " ical reinforcing in Walnut Lane
Figure 4 EZEEZe girder - also typical cracks
shown in large scale detail.
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£ Typical Cracks

This report also casually mentions the design
and construction philosophy prevailing at the
early stage of U.S. Prestressed development.,

Looking at slide 9, it is obvious what we would
do today with such a girder, but at that time,
such thoughts were different, I am quoting from the
report which indicates that in spite of poor concrete
surfaces, honeycombs, exposed reinforcing steel bars
cold joints in bay 4, displacement of vertical web
reinforcing steel and displacement of tendon cav-
ities, it was decided that they should proceed with
prestressing, The thought at that time was, "if
the girder was structurally deficient, the high
prestressing forces later to be applied to it would
cause the girder to fail." The prestressing was
carried out without difficulty, leading to the con-
clusion that the observed imperfections were of less

%
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significance than originally thought. Therefore,
the girder was repaired for appearances sake and
incorporated into the bridge.

The report gives the following additional ob-
servations which are of interest: rectangular
duct spaces created an area reduction of 18% of
bottom flange and a plane of weakness which was
aggravated by possible misalignment of ducts during

construction.
Early in load testing, the first cast girder,

horizontal cracks unexpectedly appeared near the
junction of web and bottom flange on one face.

The cracking was not considered to be of any part-
icular consequence, but nevertheless was reported
by Gustave Magnel. (7)

In accordance with what was then common practice
in prestressed concrete construction, no stirrups
were placed in either the top or bottom flange.

Shortly after this report was given to the City
the Pennsylvania Department of Hlighways became the
owner of the bridge.

My office, in cooperation with the office of
the Philadelphia District Bridge Engineer, made its
own inspection of the bridge, and prepared new re-
pair plans for letting, which relied heavily on
the epoxy pressure injection process to seal cracks
The repair/seal work was done by contract during
68/69 and cost about $140,000. (16)

Now it is prudent to look again at a series of
slides which depict defects.

Slide 10. Typical cracks Slide 11. Same crack
found at bottom with some
of fascia beam. concrete

pried out,

Some of the effects of the built-in latent de-
fects previously discussed in connection with Slide
9 are shown in Pig, 5. This figure shows a com-
posite of the cracks and defects selectively copied
from construction plans dated October 4, 1968, and
shows cracks observed by the Department, and supple-
mented by cracks recorded on plans prepared by the
repair contractor, and dated January and February
1969. The contractor's plans showed cracks found
through close visual inspection and listed ob-
servations made during the injection process.

Fabrication
Now to the other old structures which, instead

of being field cast like the Walnut Lane Bridge,
were plant fabricated.
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Slide 12. Space between
cracks exposing
duct space,

Slide 13, Crack in the
top of bottom

flange.
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Flgure 5. Composite of cracks in a selected area
found on Walnut Lane Bridge.
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Slide 14 shows the predecessor of Prestressed
Box Beam Bridges used in Pennsylvania between 1947
and 1951, namely the Precast Channel Section. Any-
thing which is now a problem with this bridge will
show up in the future on older Prestressed Concrete
Boxes; it is just a matter of time.

Slide 14, Precast channel bridge built in 1947-51
predecessor of prestressed box beam
bridges.

The bridge spans a creek and the deterioration
is caused by the moisture—condensation effect on
inadequate concrete cover for this exposure con-
dition. The worst damages are visible on the insia
leg of the fascia beam/outside leg of interior beam
since condensation of moisture from the stream and
the environment generates more wetting cycles at
those locations than elsewhere,

Slide 15 shows the bottom of the Hershey Bridge
Beam and clearly shows the imprint left by the
vacuum curing process used for this beam and for
all beams produced in Pennsylvania from 1951 thru
1955, and for some bridge beams produced by a cer-
tain plant to 1959.

While the placing of concrete for some girders
on the Walnut Lane Bridge was a problem, the pre-
caster at that time bypassed this problem by using
high slump concrete for placement, and the vacuum
process for removal of excess water, in order to
gain high early strength for speedy release of pre-
stressed force, therefore avoiding the problems
og frequent honey combing.

Slide 15, Hershey Bridge w#ith vacuum cured sur-
faces, .

Slide 16. Outside surface of Hershey Bridge fase
c¢ia beam in distress.

Figure 6. Typical cross section, Hershey bridge

beam,
/— Typicol AMDEX reinforcemant, i
perhaps none in this bridge.
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siide 17 Fascla beam in dlstress. by free water freezing in the beam void and rup-
. turing it.
. This type of damage, even though noted on about
B ogdorm N B 10 more bridges, was only observed on fasica beams.
e, el This damage was avoided since 1959/60 with the in-
..‘:‘:‘"'!“an- - troduction of bottom drains in all voided Pre-
T A stressed Box Beam Girders.

1 T ; e T Slide 18 taken in 1962 shows an early adjscent

: ' = box beam bridge, approximately 1956 vintage, which
shows progressive corrosion due to insufficient
concrete cover over the bottom strands of a bridge
over a stream, I recall a .63 cm (% in.) clearance
in some locations while plans specified 3,18 cm
(1% in.) clear,

Repair/Maintenance of Prestressed Bridges

slide 18, A 1956 adjacent box beam bridge but There are some governing but apparently con-

photographed in 1962 flicting observations and suggestions:
As is demonstrated by these slides, which show

defects in the oldest (Historical) prestressed

bridges, these bridges appear to have a great deal
. of excess strength. They are not going to collapse-
\ soon; they are in no immediate danger,
\ Since the strength of prestressed bridges de-
pends on prestressing forces, it appears to be of
overriding importance to protect the tendons,
through which prestressed forces are applied, from
any progressive corrosion. If corrosion is sus-
pected, it would require immediate action to pro-
tect the tendons.

Since tendons are generally inaccessible, excep
where exposed by defects, it is very difficult to
detect corrosion or damage to the tendons in ereas
not exposed. Such damage in all probability is
present but covered up by concrete., Often it is
assumed that sound concrete will hide corrosion
defects which however are probably less severe
than the corrosion defects visible in an exposed
area,

This removes the urgency of immediate action
to arrest further corrosion and allows time for
study to find the most cost effective way of
arresting the condition since repair/restoration
in most instances becomes impractical,

What should be done?

My recommendation is that distressed structures
be reanalyzed using various assumptions of de-
ficiences of tendons including an assumed rate of
deterioration. In order to compensate for the
occasionally obsolete practices used, allowances
must then be made for construction practices, de-
sign philosophies, acceptance practices, and mat-
erials fabrication techniques used at the time the
bridge was designed and fabricated.

This forces the engineer into the unaccustomed
position of being a bridge historian and also to
be a detective sikdilled in ferreting out old reports,
standards, practices and documents, and into dis—
covering the unpleasant ommissions or to define the
reasons which led to distress, Such ommissions if
in existance at the time of design, fabrication or
construction, would rather be forgotten by the
principals especially if they did not clearly re-
port those ommissions at the time when they occured

All of this has to be considered when maiding
a final decision as to what should be done to pro-
vide an answer to some of the basic questions:

Slide 19, View of further deterioration in 1977.

Slide 17 shows the outside surface of one fas- Is the bridge adequate far the current design
cla beam showing some surface distress. loagd?

Fig. 7 shows the beam cross section as re- If not adequate, should the bridge be posted?
structured from existing documents. Slide 17 shows If in need of posting for how much?
the cause for the surface distress in the fascia If inadequate, shall the bridge be closed or
beam shown in slide 16, namely the damage caused dismantled and how soon?
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For the Walnut Lane Bridge, this question was
answered at that time by Stress Analysis, In-
stallation of deflection/camber "tattle tales"
(deflection indicators), Simple Load Test, and the
application of repair methods which extended the
1ife of the structure.

Such a method is shown in the following slides:

A follow-up inspection in 1970 (18) showed no
new cracks. Subsequent inspections and two add-
itional inspections made by myself in cooperation
with the District Bridge Engineer's Office as
late as 1977 showed some small new cracks and

Slide 20. Enclosure for epoxy sealing - Walnut
Lane Bridge.

Slide 21, Inside enclosure - view of outside
face of fascla beam

v

Slide 2., Pressure injection of epoxy.

opening of some old cracks.

For the Walnut Lane Bridge, the injection
was generally successful, The loose unrein-
forced concrete shown in Fig. 4 stayed glued
together. The tendon ducts were sealed from
further corrosion. However, some cracks had
to be reinjected and some of the epoxy did not
harden completely. The progressively in-
creasing girder cracking was slowed down con=-
siderably. I witnessed some of the rein-
Jection of those cracks by the original epoxy
injection contractor, which was done free of
charge.

When inspecting the bridge, the writer re-
calls that it was virtually impossible to pro-
perly inspect the strands even at some areas
where the bottom of a wire tendon was exposed.
Some corrosion was apparent, Rust was dark with
some scaling evident. Also the epoxy injectors,
and the repair contractor's engineer observed
and reported some water seepage present in cracls
apparently leading to the ducts. It appeared
that water seeped through the superstructure
Jjoints and was then running along the end face
of the beam. It is this writer's hypothesis
that some of the deck expansion joints leaked
water onto the end face of the beam. This water
then penetrated through the end anchorage grout
patches and leaked into the duct. This is an
assumption, since close visual inspection of
the end face, including probing beyond the
sound concrete surfaces, was impossible.

The Hershey Bridge Beam (slides 15 %o 17)
has not been repaired at all and thls writer
did note progressive corrosion in the strands
exposed by the wide cracks but feels that mor-
tar or epoxy sealing in this instance would
be a cosmetic procedure and would not protect
the tendons properly unless the beam is pressure-
injected with epoxy through-out and the voids
are packed with epoxy mortar,

For other box beams showing damages similar
to slides 18 through 20, a surface coating of
sealer for all exposed surfaces of undamaged
beams plus epoxy coating for the exposed
strands (a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>