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Thi• paper presents a sy1tema approach to the 
difficult bridge structure rehabilitation or 
replacement decision-making. E1sential ele
ment• of the data base, or structure informa
tion system, supporting this decision-making 
proce11 are indicated. Adequacy for future 
u1e and economic criteria for a rational appraia• 
al of alternate• are developed and their appli· 
cation is indicated. Constraints; like available 
and projected flow of funde and of local or 
legal nature are identified and their impact 
on the decisions is analyzed. Analytical 
decision methods, such as pay•off matrix and 
decision tree, for evaluation of alternate 
proposals are presented and illustrated in a 
systematic, atep•by•step procedure. Guidelines 
are al10 presented to assist the decision-maker 
in the selection of a method suitable for 
individual situations. 

For a 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 advantage• of one alter
nate and undere1timating its disadvantages. Need 
exiats, therefore, to accomplish the decision
making proce11 throuah a complete, integrated and 
logical analy1i1. 'l'be 1y1tem1 approach provides 
such a coordinated 1tap-by•1tep analysis which, 
when applied to bridge 1tructure rehabilitation or 
replacement decision-making, offers several advan• 
tage1. It integrate• essential elements of reliable 
information, well defined criteria, clearly per
ceived constraints and uniform evaluation of all 
available alternatives. Further, it allow• for and 
encourages the use of experience, judgment, and 
analysis of the impact of uncertainty and of possible 
future decisions. niu1, 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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Sy1tmn1 Approach 

"nle system for decision-making can be deacribed 
a1 a logical, clearly defined and step-by•1tep 
procedure operating to accomplish the decision• 
making process. A comprehensive formulation of the 
decision process; characterizing various technical, 
economic and other a1pect1; which is needed before 
a realistic operating 1y1t9111 can be developed i• 
described by the following: objective•, data•baae, 
criteria, constraints, and methodology for evalu• 
at ion. 

Objectivea 

Objectives of the sy1tem1 approach are to bring 
out all poesible alternatives, evaluate them on the 
ba1i1 of clearly defined criteria and constraints, 
and arrive at an optimal or near optimal decision. 
nie ultimate aim of systems logic is to discover and 
take into account those aspects that truly influence 
the outcome of an optimal or near optimal (i.e., the 
beet and the second best) decision. 

Data-base 

A user oriented, up to date, complete and order• 
ly structured data-base is presented in Tables l, 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• 
ments, piers, footings, etc.). It also reveals 
uneafe condition•, serviceability considerations, 
eetimated remaining life and the extent of 
repairs needed. 

r 
' • 
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Tabl• 1. Data-base: Part I 

:;TRUC'l'URE INVENTORY AND TRAFFIC (SECTION A): (Dated • , • , ••. .•.• ; Updated . . ..... . . ) 

structure Number , • • • . , Built in • • , • ·; Remodeled in • 
1• Inventory Route. , • • • • ; Over/Under • • • •; Location •• , 
2• Alternate Length • • • • . , Impact on Travel Time ••••• min.; l<mh (mph) . 

.; Owner . ... . . 

3 • LanesfR.R. Tracks (over) .; (under) ••••.• •I One/Two Way ••••• • 
4' AV· Daily Traffic (ADT) on Structure • • •••• • ; Peak Hour Traffic • • • ••••• • ; Year. 
~: Projected AIJr • • • • • • • •• ; For Year ••••• ; Heavy Coumercial AIJr • •• •• • • •• • , • •• 

7. Design Load •.•• .••• •• ; Present Structural Capacity • • • • .; Posted Load Limit • . .••• 
Approach Width: Roadway. • • • • • • • • • • • • ; With Shoulder • • • , s. 

9, 
lO· 

11. 
12. 
13· 
14. 
15· 

16. 
17. 
18. 
19. 
20. 
21. 
22. 
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Angle Skew , •• ••• . ; Is Structure Flared?. .; Width: Max 
MinimUlll Clearances: Vertical: Over. . • • . • .; Under 
Horizontal: Over , • .••. .• (North/West); • • ••• (South/Ea at) 

.; Min. 

Under. • . • • . . • (North/West); • • • • (South/East) 
Navigation Control: Yes/No; Vertical • • . • • .; Horizontal , •••••. • . • •.. ••• 
Structure Type: Main Span • • • • . • •l Approach Spans , • ••••• 
Number of Spans: Main • • • . • • .•••••• ; Approach •••••• • •• • • 
structure Length: Total • • • . .; Max. Span •••••••• ; Approach Spans •• 
Widths: Roadway (curb to curb). • •••••• ; Deck (out to out) •••••• , • 

Sidewalks: • , ••• , , , •••• (North/West) • • •• , (South/East), •••••• 
wearing Course and Overburden: Type( s). • • • • • • • • • • ; Thickness ( es) • • • • • • • • • • • 
Guardrail: Type ••••••••• Length; Other Railings: Type • .; Length ••••• , • ·• 
Utilities Ca=ied, Location. , • , • , • • , • • • , • • • , , • , • • • • • , • • • • • • , • • 
Joints on the Bridge: Type • , • .; Length ••••••••••• , •. 
Lighting System • • • • • • • • • • • . • • • • • , • • • • • • • • • • • , • • • , • . • • 
Painted in • • • • • • • • • • • ; Type of Paint • . • • • • • • • • • • • • • • • • • • • • , • • , • • . 
Material Inventory: Roadway •••• , , • ; Sidewalk , ; Superstructure • ••• • • •• 

Substructure .••. 
Other Features (such as safety lights):. 

STRUCTURE INSPECTION AND APPRAISAL (SECTION B): (Dated . ) 

l. Deck: Overall Condition ••••.... 

2. 

3. 

4. 

5. 

6. 
7. 
a. 

Type and Extent of Deterioration. 
Repairs Needed and When . • • • . 

Superstructure: Overall Condition ••• 
(Other than Type and Extent of Deterioration. 

Deck) Repairs Needed and When •••• 
Substructure: Overall Condition • • . . • . • • 

Type and Extent of Deterioration. 
Repairs Needed and When . • . • • 

Safety Considerations: Unsafe or Hazardous Conditions • • • • • • 
(Width, alignment, load-limits, steep grades, railings, clearances, etc .) 

Serviceability: Drainage. • . • . • • • . • • • • • 
Rideability (Roughness Coefficient) 
Lighting. • • .•••••• 

Condition of Paint • • . • • • . • • • • • • • • • • 
Estimate of Remaining Life: Without (with) major repairs. 
Description and Estimated Cost of Major Repairs Needed and When. 

• ) Years 

STRUCTURAL CAPACITY AND FUNCTIONAL ADEXlUACY (SECTION C): (Dated , •.• •••••. ) 

l. 

2. 
3. 
4. 
5. 

., Estimate of Deterioration. 
• ; Horizontal 

Load Carrying Capacity • • • • • • • • 
(Based on: Cu=ent Legal Loads. • • • 
Minimum Clearances: Vertical •• , .• 
Adequacy for Preaent and Projected Traffic 
Waterway Adequacy and Protection (e.g., Pier 
Limits for Special Permit Loads. • • • . • • 

or Scour Protection) ••••••••• 
• •.. ; Wheel-Load Configuration Used. 

Structur al C.apacity and Funct ion.a l Adesuacy . 
Load carrying capacity of the structure and 
functional adequacy are indicated in this sec
tion. This information is helpful in appraising 
rehabilitation alternates. 

Maintenance History and Pro !ected Future Needs . 
This section provides information on the major, 
or recu=ent minor, maintenance and repair work 
done in the paat and projected future mainten
ance. This information is valuable in appraising 
the rehabilitation alternates. 

Environmental and Other Factors. Information 
on aesthetic considerations, developmental 
plans and projected needs of the area served, 
and major items of information for environment. 
al impact statements are provided in this sec
tion. 

Relevant Details for Rehabi U.tation and Replace• 
!2!!l!• Details relevant t o al l available r elulb• 
ilitation and replacement alternatives such as 
cost estimates, are presented in this section. 
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Table 2. Data-ba1e1 Part II 

MAINTmANCE HISTORY AND PROJECTED FUTURE NEEDS (SECTION D): (Dated , •••.•..••.. ) 

1. Chronology aud a Brief Description of Major Repairs Done: •••••••••• 
(When, what, at what coat and who made th-, improvement in life expectancy), 

2. Brief Description of Minor Repairs in the Past Five Year1 • 

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

mvlRONMENTAL AND OTHER FACTORS (SECTION E): (Dated 

1. Aesthetical Considerations (e.g., Paint, etc.). 
2. Developmental Plans and Projected Needs of the Area Served, 

Table 3. Relevant Details for Rehabilitation and Replacement. 

RELEVANT DETAILS FOR RmlABILrrATI.ON (SECTION F) 

1. Data-base Sections "A" through 1'0 11 

2. Alternate Propo1als for Rehabilitation: Details, Cost Estimates, and Improvement in Life Expectancy 

RELEVANT DETAILS FOR REPLACEMmT (SECTION G) 

1. Data-base Sections "A", "C" and "E" 
2. Physical Requirements of Proposed Structure: 

Roadway width (curb to curb): , • • • .; Sidewalk widths: 
Minimum Clearances: Over: Vertical, •• ; Horizontal • 

Under: Vertical , ••• ; Horizontal , 
Traffic Capacity (Peak Hour): • • • • • •.• ; Design Loads • 
Alignment: • .; Related Structures, needed. 
Approaches:. • • • •.•••••.•• ; Utilities, to be carried ••• 
Other: . . . . . · .. • . • .. • . • .. · · · ... • · . · ... · • · · · • • • 

3. Special Features of the Site (e.g., subsurface data) ••••• , .•••••••••••••••• , • 
4. When is New Bridge Needed? •••.••••••••••• • • , , .••••.•••••• , • , • , , ••• 
5. Alternate Replacement Proposals: Details, Life Expectancy and Estimates of Initial, Maintenance and 

Other Costs. • • • • • • • • • • . • • • • • • • • . • • • • • . • • . • • , • • • • • , • • • • • • • • 

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. Fur
ther, the information from this data-base can be 
utiliz~d to reinforce an agency's deciston-making 
process. 

Criteria for Decision-Making 

One of the major reasons for difficulties ex
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 re
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 basi1 
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 road. 
making, published in 1853 CZ., ,2), who recommended 
use of estimated total costs and benefits in the 
selection of highway improvements. Thia principle 
of estimated total costs as a decision criterion 
still underlies all rational economic analyse• in 
highway engineering. Three most commonly used 
criteria for comparing total costs of alternate in
vestment proposals are: present value, annualized 
costs, and prospective rate of return. In economic 
evaluations, comparative estimated values of future 
series of benef ita and costs, such as maintenance 
costs, are arrived at through present value conver• 
sion. Where compari1ons are for a limited number 
of year1, present value of the coat•of the same 
number of years of service ia calculated for each 
alternative. The second method of economic evalu-



tion iS to compare alternates on the basis of 
:quivalent uniform cost using a suitable interest 
or discount rate. Annualized cost comparisons are 
convenient to uae when many of the estimated costs 
are essentially the 111111• year after year. The 
basic data for such coapari1on1 consists of esti• 
1DJ1ted costs associated with the alternatives being 
cOlllPared. Conversion• into equivalent annual coat 
require the use of appropriate factors, obtained 
frOlll couq>ound interest tablaa or computed using 
cOlllPound interest formula1. The third criterion, 
prospective rate of return, provides another way of 
considering the time value of investments. A com-
a.rison between alternatives involving coats and 

:uantified benefits of d.ifferent amounts at differ• 
ent dates may be expressed by an interest rate that 
1DJ1kes 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 
theae three criteria to engineering economic analy
sis of alternate bridge rehabilitation and replace
ment proposals. Although initial costs can be 
arrivedrat with reasonable accuracy, problems emerge 
while estimating future series of maintenance costs. 
one way of estimating these costs is 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 long-lived 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, althouBh 
past experience with similar improvements is help
ful. Levels of future use and sound engineering 
judginents 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. Quanti
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 decision-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 decision-maker 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 un
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 inf luence the decision
making process. In recent years, local groups have 
increasingly managed to change what a decision
maker had determined to be the best decision. The 
decisions to rehabilitate or replace bridge struc
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 pro
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 struc
turally deficient or functionally inadequate bridge 
generally involve outlay of large amounts of money, 
have long-lasting effects and often require .Judg
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 baaed only on a single 
eetimate--the "best gues1"--of the coat 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 invest
ment decisions, such as stage construction, that 
must be made at different points in time. The 
decision theory approach indicated in the payoff 
matrix and opportunity loss tables (Tables 4 and 5) 
provides a basis for reaching objective decisions 
under uncertainty. Another method, called"decision 
tree" method (1,,§.•l•!) • is particularly applicable 
to investments under uncertainty and require a 
sequence of related decisions to be made over a 
period of time. 

Payoff and Opportunity Losa 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 (+ signl benefits, 
- sign1 costs) that result from each alternate/ 
event combination. The formulation of a payoff 
table ii probably the most difficult step in analy• 
sis of decision problems under uncertainty. It can 
also be the mDlt beneficial, because in some deci
sion problems t.he creation of new alternativea can 
have a great benefit. Some of the consequences 
that reault 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 eaay, it is neces
sary to convert non-economic consequences into their 
monetary equivalent before the decision analysis 
process can conti!llle. A very useful decision cri
terion for many deci1ion problem1 under uncertainty 
is expected monetary value (EMV). In 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 
chanca event or random variable X, which can take 
on any one of n value1, is defined to be: 

n 
Expected Value of X • E(X) = ~ XiP(Xi) 

i "" l 
Where X i1 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 DIV. 

Another way of analyzing decision problems under 
uncertainty is to con1truct 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 11 Table 5), The bottom row 
shows the Expected Opportunity Loss, EOL1 for each 
of the alternates. The EOL is calculated from the 
opportunity loss table (see step 21 Table 5) 1 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 decision-maker understand 
the cost-structure of difficult investment problems. 

Decision Trees. The decision tree approach, a 
techni~ue very similar to dynamic programning 1 is a 
convenient method for representing and analyzing a 
sequence of related decisions to be made over a 
period of time (1. .§., ]., !>· 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
nat ivea that can be chosen at this decision point. 
In addition to representing decision points, deci
sion trees represent chance events. The forks in 
the tree where chance events influence the outcome 
are indicated by circle1. 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 ares 

Identification of the problem and alternatives, 
It is important to identify all alternatives, 
freedom of action, and present and future un
certainties; and al10 to estimate costs and 
probabilities of uncertain events. All future 

possibilities cannot be identified, but a reason
able job can be done. Tho1e engaged in this 
analysis should be encouraged to express doubts 
and uncertainties and to bring out facts about 
cost estimates, engineering fea1ibility and 
forecasts of future conditions in terms of 
ranges or probabilities. 

Layout of the Decision Tree. This formulates 
the structure of alternatives underly'ing the 
decision. The time span over which the analysis 
must extend will vary tor particular decisions. 
Roughly, the practical time span to consider 
should extend at least to the point where the 
distinguishing effect of the initial alternative 
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 analy1is considerably over a con
ventional single-stage con1ideration (1ee ''Dis
cussion of Illustrative Ex~le), 

Obtaining the Data Needed. The data needed are: 
!.· probabilities of each uncertain outcome, 
b. coat estimates associated with each combina
tion of decision alternative and chance outcome, 
and c. an estimate of discount rate to be applied 
to future coats and benefits. The e1timation 
of elemental probabilities permits review of 
the basis for conclu1ion1. It also pe:rmitl 
the decision-maker to make u1e of the intuitions 
and skills ot hi• staff without abdicating hi• 
position a1 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, NPV1 i1 calculated. 
If the node is a chance event node, the expected 
NPV is calculated for all of the branches eman
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 proba
bilities associated with branches that it trav
els over. The preferred alternative shall be 
one with greatest net present value (see Typical 
Calculation, Figure 1), 

One modification of a decision tree ii 1tochaa• 
tic decision tree which is similar to the conven
tional decision tree approach, except that it uses 
continuous, instead of discrete, empirical probabil
ities, and provides results in a probabilistic form. 

U1e of the decision tree concept, as a basis 
for capital improvement analysis, evaluation and 
decision, is a means for making explicit the proces1 
which must be at least intuitively present in good 



king It brings out the impact of both 
decision-ma and.of possible future decisions, con-
11neertdnt~ future developments. It allows for and 
ditionede~ use of analysts, experience and judg111ent. 
encourag force out into the open those differences 
lt helps tions or standards of value that underlie 
in 851~ in judpent or ch.oice. A decision tree 
differen~~~y as cooq>l•x al the decision itself. If 
need =~tsion is a simple choice among alternatives, 
the dche decision tree reduces to a single stage 
then is 1.e., the use of present value technique 
analY 9d ~o alternative benefits and coats. Where 
applie tion is more complicated, more stages and 
cha sttua l i f h · 

tives are necessary. Exp ic t use o t e 
1terna a sion tree concept helps force a consideration 

deci 
11 

alternatives, definition of problems for in• 
of : 1 acion, and clarification for the :iecision-m.aker 
vu th: nature of the 1mcertainties present and the 
of iJDates that m~t be made. Thus, the decision 
e.st c·oncept contributes to the <!uality of the 
tree k k decision a decision-ma er must ma e. 

9Rerational System for Decision-Makins 

An operational system for bridge structure re
habilitation or replacement decision-411aking is 
indicated by the flow chart, i .n Figure 2. The 
development of this working system can be described 
by the following: System Inputs, Constraints and 
Alternatives, Decision Criteria, Evaluation of 
Alternative-s, and System Output. 

System Inputs 

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

Information frotn the Data Base. Information 
frOlll 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 pos~ible 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 frotn actual data. Subjective probabili
ties are derived by judginent, and reflect the engi
neer1 s estimation of the relative likelihood that 
a particular state would occur. For a decision• 
maker, expressing professional judginents over a 
range of values as probabilities is more accurate 
than simply using a single best estimate value. 

Cost Input11. The C'riterion of total overall 
cost ln tet"llls of present value is used in this work
ing system to indicate the preference for one option 
over others. The total overall coat ia the sum of 
the present values of design, construction, future 
expected maintenance and indirect coats. A number 
of coat inputs are, therefore, used by the working 
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system for evaluation of different available alter
natives. In s0tne cases, these inputs may include 
quantified estimates of economic, social or envir
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 feasible 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. In 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-maker in the evaluation of alter
natives. In s0tne 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 o·f 
action will become obvious without further analysis. 
In general, the payoff matrix or opportunity loss 
table methods can be used in nearly all situations. 
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 decision, 
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 foI'tll of a sU11111ary table. This 
is based on increasing order of the expected present 
value of total costs (see "Discussion of Illustra
tive Example). 
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I llus trative Exa!!!ple 

A 4-lane, 456 m. (1500 f ee t) long, steel girder 
type river bridge i• structurally deficient and in 
need of rehabilitation or replace111ent. Future pro
jections indicate the need of 2 additional lanes 
for ma•• traneit, 25 year• 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 •• 
(New deck; replace other stringers, 
floor beams, joints; sidewalks; repair 
pier capa, beam seats, etc.) 

Widen the Bridge, 25 years later 
(Add 2 more lanes, recon•truct portiona 
of piers and abutments, etc.) 

Maintenance and Other Costs: 0-5 years@ 
$30,000/year ••••••.• 

6-25 years 
26-50 years 

Present Value of Total Costs for 
Alternative I . . . • • • • • • • • • • 

Alternative II . Illl!lediate Major 

3,500,000 

2,500 , 000 

150 , 000 
150 , 000 
450 , 000 

$ 7 I 000, 000 

Repair. • . • . . • . . . . . • $3, 750, 000 
(New deck, sidewalk• , railinga, 
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.) 

Maintenance and Other Costs: 0-25 years 225 , 000 
26·50 years 450 , 000 

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

Events 

Actual Costs 10% Below 
Estimated 

Actual Costs • Estimated 
Actual Coats 10% Above 

Estimated 
Actual Costs 20% Above 

Estimated 
Expected ~onetary Value 

(EMV) 

Rehab. Alternatives 
{in Dollars } 

~ A.lt . II 
-$6 ,300,000 -$6 ,232,500 

- 7,000,000 - 6,925,000 
- 7,700,000 - 7 ,617' 500 

- 8,400,000 - 8,310,000 

- 7,434,000 - 7, 354 , 350 

Present Value of Total Costs for 
Alternative II • $6 ,92 5, 000 

Alternative III. Immediate Removal 
of Existing Bridge and Replacement with 
Steel Plate Girder (CORTEN•Weathering 
Steel) Type Bridge and Substructure 
Provision for Future Widening. . . S,150,000 

Widen the Bridge for 2 additional 
Lanes at the end of 25 years 

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

Present Value of Total Costs of 

1,100,000 

150,000 
250,000 

Alternative III . • . • • • . • • • . . $ 7, 250 , 000 

Alternative IV. Illlnediate 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 additional 
Lanes at the end of 25 years 1,100,000 

100,000 
200,000 

Maintenance and Other Costs: 0•25 years 
26•50 years 

Present Value of Total Costs of 
Alternative IV , $6, 900 , 000 

Additional Information 

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

Cost overruns in rehabilitation projects are 
very c OU111on . 

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 multiplying 
future costs with discount factors , for inflation 
and interest rates. 

Replace. Alternatives 
{in Dollars} 

Probability Probability 
of of 

Occurrence Alt. III Alt. IV Occurrence 
0.05 -$ 6, 525 , 000 -$6 ,210,000 o.os 

0 ,50 - 7,250,000 - 6,900,000 0.80 
0.23 - 7,975,000 - 7,590,000 0.10 

0.22 - B, 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: Beat expected monetary value (EMV) • towest expected total cost, i.e., $7,003,500 or Alternative IV. 

r 



fable 5 • 
opportunity Loss Table (Time Span • 50 Years) 

Events 

Actual costs 10'7. Below 
estimated 

Actual costs • Estimated 
Actual costs 10'7. Above 

Estimated 
Actual Costs 20% Above 

Estimated 
Expected Opportunity Loss 

(EOL) 

Rehab. Alternatives 
(in Dollars) 

Alt. I Alt. II 
$ 90,000 $ 22,500 

100,000 25,000 
110,000 27,000 

120,000 30,000 

$106, 000 $ 26,435 

Step l: consider in the event that actual costs 
are 10% below estimate: The best alter
native is Alt. rv. 

Opportunity loss in selecting: 

Probability 
of 

Occurrence 
0.05 

0.50 
0.23 

0.22 

Step 2: 
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Replace. Alternatives 
(in Dollars) 

Alt. III Alt. 
$315,000 -o-

350,000 -o-
385,000 -o-
420,000 -o-

$355,250 -o-

rJ 

Probability 
of 

Occurrence o.os 
0.80 
0.10 

0.05 

Alt. I - EOL • ($90,000) (0.05) + 
($100,000) (0.5) + ($110,000) (0.23) 
+ ($120,000) (0.22) • $106,200. 

Alt. I• (-$6,210,000) - (-$6,300,000) • $ 90,000. 
Alt. II• (-$6,210,000) (-$6.232,500) • $ 22,500. 
Alt. III. (-$6.210,000) - (-$6,525,000) - $315,000. 
Ale; IV• (-$6,210,000) - (·$6,210,000) • 0. 

Step 3: Best Expected Opportunity Loss (EOL) 
• lowest expected opportunity loss, 
i.e., $0 or Alt. rJ. 

Negative signs indicate costs. 

Figure 1. Decision Tree 

NPV 
-$ 7 .23045M 

Alt ; 
III 

Alt. 
rJ 

- 3.6450M P-0.05 

- 4.7700M P.0 .22 

- S.3100M P-0 .05 

- 5.9000M P..0.80 

- 6.4900M ?-0.10 

- 7.0800M P-0.05 

- 5.0400M P-0.05 

- S.6000M P.0.80 

·$6 .1600M P-o.10 

• 6.7200M P-o.05 

ROLLBACK 

0.2 
0.5 
0.3 

$-3 • 009M . .------2=-•:.;:3.;:..6 _____ '""""'.2::.. 
-2.95 0.5 
-3. 54 0.3 

(NPV)l ROLLBACK 

I 
I ___ --- --- --·--, 

$-3.009M -2.36M 0.21 
~---=-.,,,;i.L..--.lLwl 

0.3 I 

0.31 ...._ __ _,;:~~--~;=., 

r-- - - - --- ----
1 
L -----------., 

$ •3. 009M ·2.36 0 .2 I 
- .9 I 
- .54 I 

$-3 • 009M .---·.=.2.:.:.3~6;...... _ _,._0 =·2 I 
-2 .95 o.s' 
-3.54 0.3, 

r---- - - - -- - - _ _J 
1 
'------------

$-l.377M ·1.08 0.11 
- • 5 I 

$ • 1.377M . .,. __ ·1;.:•:.;:0o::,8 __ ...;0,...:.:.l I 
-1. s o I 
-1.62 o .2 I 

,- - - - - - - - - - - --1 
I 

L. T-~3UM- - -:. - - - --, 

0-25 years ___ .,.,._ ___________ 26-50 years ------------t~ 

Key: 0 Decision Point Q Chance Event: NOTE: Alt. r.J: Highest (NPV) 

Typical calculation: Alt. II: (NPV) • • ((2 .36 x 0.2) + (2.95 x 0.5) + (3 .54 x 0.3)) Ma $3.009M 
(NPV) ••((3.5775 + 3.009)(0.05) + (3.~75 + 3.009)(0.50) + (4.3725 + 3.009)(0.23) + (4.77 + 3.009)(0.22),M 
• $7.23045 million. J 
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Figurw 2: FLOW CHART OF DECISION-MAKING SYSTEM 

Discussion of Illustrative Example 

Tables 4 and 5, as well as Figure 2, indicate 
Alt. rv 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 preaent and future 
sources of funda. For example, an agency with ex
tremely limited pre1ent funds may wish to select 
Alternative I and defer major capital outlay to a 
future date. When financing coats are expected to 
remain high for more than five years, an agency may 
wish to 1elect Alternative II. When funds are 
available and preaent financing costs are reasonable 
but expected to rise sharply, an agency may wish to 
select Alternative rv. 

Events: Experience indicates the general range 
of actual coats of bridge projects to be 107. below 
to 207. above the estimated costs. For simplicity 
of illustration, indicated events were selected. 

Probabilitiee: 107. or 207. cost-overruns for 
rehabilitation projects are considered equally 
likely, but about half as likely as event of no 
overruna. Accuracy of replacement estimate• is 
conaidered high. Probabilitiea of occurrence have 
been set accordingly. For deciaion-tree, probabili
ties of events a1sociated with the second decision 
are adju1ted for increased uncertainties of the 

future. In 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 example, a decision-maker could detel'llline 
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 11lect a 1uitable method for evaluation of 
different alternates based upon special requir11111ents 
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 investment decisions. It can be 
easily adapted to the needs and desire1 of the 
decision-maker, and can be no more difficult 'or 
involved than the decision it1alf. 
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