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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.
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rable 1. Data~base: Part 1
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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
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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"
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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




opportunity Loss Table (Time Span = 50 Years)
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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
| Swe -1 No. 1
Needs Analysis
Dete-ese B {Annual)

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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