
University of Kentucky
UKnowledge

KWRRI Research Reports Kentucky Water Resources Research Institute

1966

Economic Analysis of Alternative Flood Control
Measures by Digital Computer
Digital Object Identifier: https://doi.org/10.13023/kwrri.rr.01

Thomas M. Rachford
University of Kentucky

Right click to open a feedback form in a new tab to let us know how this document benefits you.

Follow this and additional works at: https://uknowledge.uky.edu/kwrri_reports

Part of the Computer Sciences Commons, Emergency and Disaster Management Commons,
Environmental Indicators and Impact Assessment Commons, and the Water Resource Management
Commons

This Report is brought to you for free and open access by the Kentucky Water Resources Research Institute at UKnowledge. It has been accepted for
inclusion in KWRRI Research Reports by an authorized administrator of UKnowledge. For more information, please contact
UKnowledge@lsv.uky.edu.

Repository Citation
Rachford, Thomas M., "Economic Analysis of Alternative Flood Control Measures by Digital Computer" (1966). KWRRI Research
Reports. 192.
https://uknowledge.uky.edu/kwrri_reports/192

http://uknowledge.uky.edu/?utm_source=uknowledge.uky.edu%2Fkwrri_reports%2F192&utm_medium=PDF&utm_campaign=PDFCoverPages
http://uknowledge.uky.edu/?utm_source=uknowledge.uky.edu%2Fkwrri_reports%2F192&utm_medium=PDF&utm_campaign=PDFCoverPages
https://uknowledge.uky.edu?utm_source=uknowledge.uky.edu%2Fkwrri_reports%2F192&utm_medium=PDF&utm_campaign=PDFCoverPages
https://uknowledge.uky.edu/kwrri_reports?utm_source=uknowledge.uky.edu%2Fkwrri_reports%2F192&utm_medium=PDF&utm_campaign=PDFCoverPages
https://uknowledge.uky.edu/kwrri?utm_source=uknowledge.uky.edu%2Fkwrri_reports%2F192&utm_medium=PDF&utm_campaign=PDFCoverPages
https://uky.az1.qualtrics.com/jfe/form/SV_9mq8fx2GnONRfz7
https://uknowledge.uky.edu/kwrri_reports?utm_source=uknowledge.uky.edu%2Fkwrri_reports%2F192&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/142?utm_source=uknowledge.uky.edu%2Fkwrri_reports%2F192&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1321?utm_source=uknowledge.uky.edu%2Fkwrri_reports%2F192&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1015?utm_source=uknowledge.uky.edu%2Fkwrri_reports%2F192&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1057?utm_source=uknowledge.uky.edu%2Fkwrri_reports%2F192&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1057?utm_source=uknowledge.uky.edu%2Fkwrri_reports%2F192&utm_medium=PDF&utm_campaign=PDFCoverPages
https://uknowledge.uky.edu/kwrri_reports/192?utm_source=uknowledge.uky.edu%2Fkwrri_reports%2F192&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:UKnowledge@lsv.uky.edu


RESEARCH REPORT NO. l 

ECONOMIC ANALYSIS 

OF 

UNIVERSITY OF' KENTUCKY 
Vv ~ TER F::SOU';l_,:L.S IKSTITUTE 
lEXINGTO~, 1'.:NTUCKY 

ALTERNATIVE FLOOD CONTROL MEASURES 

BY 

DIGITAL COMPUTER 

Thomas M. Rachford 

1966 

UNIVERSITY OF KENTUCKY 
WATER RESOURCES INSTITUTE 

LEXINGTON, KENTUCKY 

United States Department of Interior 
Contract No. 14-01-0001-787 
P.L. 88-879 

IT- .. -



ECONOMIC ANALYSIS 

OF 

ALTERNATIVE FLOOD CONTROL MEASURES 

BY 

DIGITAL COMPUTER 

Thomas M . Rachford 

University of Kentucky Water Resources Institute 
Lexington, Kentucky 

Project Number A-001-KY 
Dr . L . Doug.las James, Principal Investigator 

1966 

Resea rch Report No. 1 



ACKNOWLEDGEMENTS 

The work done on this project was direc ted by Dr . L . Douglas James, 

principal inve stiga tor of Project Number A-001-KY, sponsored by the 

University of Kentuc ky Water Resources Institute. 

The work upon which this publication is based was supported in 

part by funds provided by the United States Department of the Interior 

as authorized under the Water Resources Research Act of 1964, Public 

Law 88-379 . 

The author wishes to acknowledge the use of the University of Ken

tucky Computing Center facilities and the ass i stance provided by its 

personnel. 

Special thanks go to the author ' s wife, Kay, for her encouragement 

and for the ass istance which she provided in preparing the manuscript. 

ii 



ABSTRACT 

The purpose of this project was to develop a digital computer program 

for selecting the optimum combination of flood proofing, flood-plain land 

use, channel improvement, and residual flood damage for a given flood

plain. Based on economic efficiency, the optimum policy is selected for 

each planning unit of the total flood-plain for each period of time called 

a planning stage. The program was written in Fortran IV for the IBM 7040 

and the University of Kentucky Computing Center compiler. The program 

requires about 23 ,000 words of core storage and about 30 seconds of 

execution time per planning-unit-stage for typical conditions. The pro

gram is not intended to furnish a finished design but is intended to select 

the optimum combination of flood control measures and residual flooding 

with regard to both time and space. 

The program was used to test the sensitivity of the optimum combina

tion of measures to variation in discount rate, right-of-way value, 

population projections, value of open space amenities, adversion to 

large annual variation in flood damage, costs of restricting flood-plain 

land use, costs of flood proofing, and costs of channel improvements. 

It was also used to analyze the effectiveness of land use, flood proofing, 

and channel improvement used individually and in various combinations. 

Program development and sensitivity studies were based on data previously 

collected for the Morrison Creek Watershed near Sacramento, California. 
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Chapter I 

INTRODUCTION 

Since the passage of the Flood Control Act of 1936, con-

siderable time and effort has· been expended by numerous research-

ers in a continuing attempt to define, quantify, and suggest the 

best possible means of alleviating damages caused by floods. 

Available figures indicate that since 1936, the Corps of Engineers 

alone has spent over $3,500,000,000 for flood control (1, p,l) and 

that total expenditures during this period by federal, state, and 

local agencies has been in excess of $6,000,000,000 (2, p, 184). 

I 
Despite this enormous expenditure, average annual flood damage in 

the United States exceeds $200,000,000. (3, p.9). 

The magnitude of these figures, together with the fact that 

annual flood damages are increasing, should suggest that something 

better can be done to combat flood losses. In actuality it is 

impossible, at least for all practical purposes, to eliminate the 

damages caused by floods. In recognition of this fact, it would perhaps 

be more accurate to substitute the term "flood mitigation" (4, p, 577) 

for the currently popular term "flood control" as the latter term 

represents a misnomer. The goal of those responsible for planning 



flood mitigation projects should be to minimize the total cost of 

flooding; in effect, the cost of mitigating flood damage plus the 

cost of damages due to residual flooding should be minimized. This 

can be illustrated graphically by'Figure 1 (5). Curve A shows the 
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Figure 1 

cost of flood control measures to be an increasing function of the 

level of protection while curve B shows the cost of residual flooding 

to be a decreasing function of the level of protection. If these curves 

are added vertically to get curve C, there will be a minimum point 

D on the curve representing the least cost combination of flood 

control measures and residual flooding. 

Despite the simplicity and the appeal of the approach illustrated 

by Figure 1, the practical application of the theory is another matter. 

It is quite difficult to quantify for project evaluation the actual 

damage caused by flooding. The reasons for this are many; past 

damages may not be indicative of expected future damages; estimates 

-2-



of past damages may be inaccurate; expected damages depend on 

future flood-plain use, which may not be accurately predicted, and 

much of the damage is intangible, and as such, is not easily reduced 

to money terms. However, it is anticipated that research into 

improved methodology (6) for estimating flood damages will lessen 

this problem. 

Disagreement exists today among the agencies responsible 

for evaluating flood control projects concerning the classifica,tion 

of flood damages. However, for the purpose of evaluating 

alternative flood control measures, it is more important that a 

consistent method of evaluating damages be established and followed 

than it is to worry about always arbitrary classification, If a 

consistent method of evaluating damages could be adopted, regard

less of the classification, relative advantages and disadvantages 

of alternative flood control measures could be viewed with increased 

confidence. Damages caused by flooding may be classed into four 

major groups: (A) direct damages accruing to inundated property, 

(B) indirect damages accruing to property not itself inundated, 

(C) secondary damages stemming from economic linkages, and 

(D) intangible damages for which a monetary value cannot be 

readily assigned. For a more detailed discussion of flood damages 

and flood control benefits, the reader is referred to the literature 

(7) · The damage classification mentioned above is adhered to by 
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h U S Department of Agriculture and is discussed more fully by 
t e . · 

James (8, p. 16). 

Flood control measures may be classified, more distinctly 

than flood damages, into two principal groupings: (A) structural 

measures, and (B) nonstructural measures. Structural measures 

may be defined as improvements designated to decrease the 

frequency with which flows leave the channels within the flood-

plain. Nonstructural measures may be defined as improvements 

designated to decrease the damage caused by water leaving the 

channels. Increasing channel capacity is the only structural 

measure considered in this study while nonstructural measures 

include flood proofing and land use measures. Flood proofing 

consists of measures taken to reduce the amount of damage 

individual structures suffer as a result of flooding. Examples of 

flood proofing include using building materials that are not highly 

susceptible to damage by water, constructing removable water-

tight bulkheads at entrances to buildings, elevating floor levels 

within buildings, and storage of damageable contents at higher levels. 

Land use measures include restricting the location of damageable 

Property from the flood-plain through the use of zoning laws or other 

regulatory action. 

Well established procedures may be used to estimate the cost of 
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structural measures. In general this cost is the sum of design, 

construction, maintenance, and right-of-way cost. Some difference 

of opinion does exist concerning the cost of right-of-way. This 

is discussed in James (8,p,26). The other items may be estimated 

by reference to Civil Engineering handbooks and design standards. 

Flood proofing costs may be estimated in much the same manner 

as structural costs, Although not as much information is available 

for designing flood proofing measures, recent efforts have done 

much to improve the situation (9). The problems associated with 

estimating land use cost are certainly more difficult than those 

associated with either structural cost or flood proofing costs. The 

cost of land use is the extra cost that is borne by those who may 

have to locate businesses or residences in an area that is to them 

less desirable than the area within the restricted zone of develop-

menL To reduce this cost to a dollar value is extremely difficult 

although efforts have been made to do so (8, pp, 44-51). 

Large scale flood control projects in the United State.s are 

planned and designed for the most part by one of several 

U. S, Government agencies I. Each of these agencies has its 

own manuals specifying guidelines for project formulation and 

1
In general, the Corps of Engineers, the Soil Conservation 

Service, the Bureau of Reclamation, and the Tennessee Valley 
Authority. 
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design. While these manuals vary on specific details, a more or less 

conventional method of project analysis is followed by all of these 

agencies. According to Reedy (10,pp.299-306) this analysis 

includes (A) collecting information, (B) preparing a tentative 

plan, and (C) modification of the tentative plan through incremental 

analysis, 

Until very recently, the flood damage reduction program of 

these agencies has almost totally been based on structural measures 

while nonstructural measures have been nearly excluded from 

their projects. The Soil Conservation Service was the only 

federal agency that placed significant emphasis on nonstructural 

measures, in their case land treatment. There are several 

reasons responsible for the emphasis on structural measures, 

First of all, it is much easier to evaluate the benefits and costs 

of structural than of nonstructural measures, Further, non

structural measures are much more difficult to implement than 

structural measures. Flood proofing must be undertaken by 

individual property owners, and land use measures depend on 

local zoning comissions which are sometimes subjected to 

influences not in the inter es ts of economic efficiency. Never

theless, in many flood-plains, nonstructural measures, either 

alone or in combination with structural measures, may reduce 

-6-
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the economic cost of flooding to a lower point than would structural 

measures alone. 

Additionally, the conventional practice of selecting a tentative 

plan and improving it by trial and adjustment may not yield an 

optimum design from the standpoint of minimizing the economic 

cost of flooding. There is not sufficient time when using this 

method of analysis for alternative designs to be examined 

sufficiently to insure that the optimum project has been selected. 

It is somewhat doubtful that even the best technical judgment could 

consistently overcome this deficiency. Further, it may be noted 

that the optimum project may not be found if the level of protection 

is specified in the initial stages of design, and all further effort 

is devoted to optimizing the means of achieving this level of protection. 

Theoretically, the level of protection provided should minimize 

the economic cost of flooding, and it is quite possible that a level 

of protection arbitrarily selected for a given project could render 

this goal unattainable. 

The dynamic aspects of project planning are also often over

looked by the methods of project formulation used in conventional 

analysis. Flood control structural measures are evaluated on 

the basis of a rather long design life, usually fifty years or 

lnore, and are generally built initially with full design capacity. 

Considering that flood control benefits depend to a considerable 
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. ::extent on such hard to predict factors as population projections, 

land value estimates, and changing costs of construction causes 

to wonder that it might not be better to build a project in 

:s.tages, providing only the level of protection economically optimum 

during each stage. In addition to reducing initial investment, stage 

;construction increases project flexibility by making it possible 

to adjust the plan if planning factors don't materialize as projected. 

A final point that is not dealt with adequately by conventional 

analysis is the influence of deficiencies in hydrologic data on optimum 

project selection. In essence, a short period of streamflow record 

leaves one with great uncertainty about the frequency of occurrence 

of extreme flow events. An agency responsible for formulating 

a flood control project is, of course, concerned with the magnitude 

of the more rare events which do not occur often enough in a 

short-term record for a reliable frequency prediction, The use of 

the digital computer to synthesize long-term streamflow records 

from short-term streamflow and long-term rainfall records has 

met with success (11) and is certain of becoming a valuable tool in 

the near future . 

One can readily see that aside from the difficulties of 

measuring such variables as the cost of restricted land use and 

the magnitude of indirect damages, the major drawback to more 

comprehensive planning by flood control agencies is the tremendous 
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number of calculations that must be performed on large amounts 

of data. Even if necessary data were readily available, a proper 

of a flood control project by desk calculator and slide 

rule is extremely time consuming. 

The obvious solution to this problem is the use of the high 

speed digital computer as a major planning tool. Therefore, it 

has been the purpose of this study, based on the theoretical and 

computational framework developed by James (8), to program a 

dynamic flood control planning process for analysis by a digital 

computer and to make the program applicable to a wide variety 

of small watersheds. Based on the economic efficiency criterion 

of choosing the least cost combination of flood proofing, flood

plain land use, channel improvement, and residual flooding; 

a computer program has been written which optimizes flood-

plain development with respect to both time and space. It is hoped 

that this flood control planning program which makes u1;,e of the 

speed and capacity of the digital computer will serve to overcome, 

or at least, to minimize some of the shortcomings of the con

ventional project analysis . 

This computer program was developed, using the Fortran IV 

symbolic coding language, for use with the IBM 7040 computer. 

The Program, at its current stage of development, is intended 
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for use as a planning tool in the early stages of project optimi

zation and in no way attempts to furnish a fully designed project. 

In an effort to circumvent one of the failings of conventional 

analysis, the program has been developed to consider a wide range 

of alternative levels of protection from combinations of structural 

and nonstructural measures o The program analyzes channel 

improvements, flood proofing, and land use measures in combination 

or individually for a maximum of ten design frequencies. Levels 

of protection corresponding to none and the 43, 20, 15, 10, 6, 4, 

3, 2, 1, and 1/2% floods were considered for each possible com

bination of structural and nonstructural measures. This amounts 

to consideration of 1331 alternative schemes of development covering 

a wide range in possible levels of protection; far more alternatives 

than can be investigated by conventional analytic procedures. 

Further, the program includes a provision for incorporating 

adversion to a flood damage pattern which may be practically zero 

in most years but occasionally rises to very high values. Because 

of financial difficulty in coping with occasional high damages, most 

People would prefer to pay an equal annual flood damage bill than 

Pay large amounts at irregular intervals. The excess of the annual 

amount that people would be willing to pay over the average annual 
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is called the uncertainty cost, H. A. Thomas (12 ,pp.150-152) 

:'has advanced a procedure for quantifying this adversion and Bhavnagri 

,and Bugliarello (13, pp, 149-173) have demonstrated how it can be used 

flood control project formulation, The crux of this procedure is 

t 9 include as a cost of flooding an additional cost (i.e. an uncertainty 

expressed as a function of the standard deviation of the annual 

;;,,u~·u damage time series. Conceptually the uncertainty cost is the 

amount in excess of the average annual damages which would have to 

be paid into a fund used to reimburse those suffering damages and 

having a specified probabUity of being exhausted by a series of large 

floods. Mathematically the cost is described by the equation: 

CU=(V"") (CT)/~ (1) 

.where CU is the present value of the cost of uncertainty, Vo< is the 

normal deviate with a probability o< of being exceeded, o< is the 

.Probability that the fund will be exhausted, O" is the standard 

deviation of the flood damage time series, and r is the project discount 

rate. The goal of project formulation thus is to minimize the total 

{Jost of channel improvements, flood proofing, land use measures, 

.residual flood damage, and "uncertainty". The flood control planning 

allows one to optimize a given situation with or without the in

of uncertainty costs so that the effect on project optimization 

various levels of uncertainty may be properly evaluated. 

The flood control planning program also allows for consideration 

-11-



given to the dynamic aspects of flood control planning. 

isions have been made to optimize flood control planning 

a series of five consecutive time periods. The length of the 

ads is also variable, so that one may examine five 10 year 

ods or five 5 year periods, etc. It is also possible to examine 

50 year period. Thus, one may systematically investigate the 

cts of longer or shorter planning stages to determine the relative 

nomic advantages of stage construction as compared to building 

tially for full design life of the structures. 

This brief introduction has been intended to review the current 

t:iblems associated with the subject of planning for flood control. 

remaining chapters of this paper are devoted to a detailed 

cussion of the development of the flood control planning program 

presentation of the results of preliminary sensitivity studies 

armed with the computer program. The computerized flood 

trol planning program has been based on the methodology and 

previously used in the economic analysis of the Morrison Creek 

'f!lftte'!·shed near Sacramento, California. Since this study uses data 

.lected for this watershed by James (8) and because this thesis 

sioncerned with mechanical details of the computer program rather 

the theoretical aspects of the analysis, it is suggested that the 

r secure a copy of his work for reference purposes while 

ing the remainder of this thesis. 
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Chapter II 

DISCUSSION OF INPUT AND OUTPUT 

The purpose of this chapter is to present the data that must be 

ssembled for use with the flood control planning program, the 
";', 

;"'.;!ocedure for reading it into the computer, and the meaning of the 

}<?'--''/ :.output produced by the computer. It is assumed that the reader 

a basic knowledge of Fortran IV coding procedures. 

INPUT 

The required input data for the flood control planning program 

:j:;onsists of values which describe the physical, economic, and hydro-

characteristics of the watershed to be analyzed. The input is 

· read from standard data processing cards and is listed on Table 1 

the order that it is read into the program. The numerical 

'.)italues shown on this table are those collected for the Morrison Creek 

Watershed and correspond to "Standard Project Conditions" as 

described in the chapter entitled Sensitivity Studies. Each single 

· )il'alued variable or array is punched onto cards according to the 

presented on Table 1 and as a matter of consistency 

as necessity all floating point (non integer) values must 

punched with d~cimals while all fixed point (integer) values 

be punched without decimals. Logical variables must be 



unched with the single letter T to represent TRUE or the single 

ie;tter F to represent FALSE, 

The program has been developed to optimize flood control 

arming by individually optimizing watershed segments" A water-

ed to be analyzed by this program should be divided into a number 
,-, ' 

0 :c,f small, more or less homogeneous units, each preferably con-

taining one main channel. The Morrison Creek Flood-Plain has been 

divided into twenty units ranging in size from 0, 7 sq" mi, to 

Because of a limitation in available internal magnetic 

storage within the IBM 7040, the program has been set to 

ii!llb-optimize a maximum of 25 subwatershed units. 

Certain conventions have been e:stablished for arranging and 

aiisembling the necessary input data for the program; and as these 

must be followed, it will do well to discuss them now" First of all, 

each subwatershed is identified by a number; the most upstream 

/;subwatershed being designated 1, and downstream subwatersheds 

being numbered consecutively up to a maximum of 25" At the 

t,;ltmctions of tributary watersheds, one must be careful to number 

downstream subwatershed so that all subwatersheds upstream 

fi:o:rn it have smaller numbers" A single symbol, "NW", is used 

refer to the subwatershed under consideration by the program; 

numbering convention is also followed when reading values for 

h subwatershed into an array" For example, the subwatershed 
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area for the fourth subwatershed must be the fourth element of 

the appropriate array; similarly, the channel length for the 

thirteenth subwatershed must be the thirteenth element of its 

corresponding array; and so on for each array- o 

Further, it may be seen that the FORMAT statements on Table 1 

limit the maxim1.1m nu.mber of values that may be p•JLnched into a 

single card, In the event that the required number of elements to 

an array exceeds this maximum number of values for 

the particular FORMAT pertaining to the array, then each card 

punched for this array except the last must co,:itain the maximum 

number of values permissible. For example, if one wishes to read 

the cha.'lnel lengths for 23 subwatersheds into array LC, one must 

punch 10 numbers into a first card, 10 numbers into a second card, 

and 3 numbers into a third card, as 10 nu.mbers are the maximum 

all9wed per card by the FORMAT pertaining to array LC, 

The following discussion is devoted to a more detailed pre

sentation of the input data as it appears on Table 1, 

. ti.ASIC DESIGN PARAMETERS 

The basic design parameters for the program consist of a 

.Cli!l"Oun of single valued variables, each listed by name on Table I 

shown with its corresponding numerical value. A definition 

r each of the basi.c design parameters is given on Table 2, The 

each of these variables should, for the most part, 
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TABU!ATTON OF INPUT DATA FOR FLOOD 

BASIC DESIGN PARAMETERS (FORMAT 10F7 .0) 
AQR BDMAX BDMIN B\/v COEFDM CCY CSM ex CIN CBR 
1.15 10.0 4.0 64.0 0.052 60.0 1. 15 0.45 900.0 15.0 

CRR CLSF CL MIN DD ESM FM FP HMAX IPP MFP 
300.0 0.70 0.01 1.30 1. 25 1. IO 0. 035 12.0 0.0 0.05 

MAN NU MAN NT MANNR MIN MCH MTLCH NIN RPI R RWF 
0.030 0.016 0.012 0,005 0.015 0.01 6.0 0.08 0.03 1. 0 

TIMST TIME TAW VF VLURST VLAGST VA zu ZT PF 

I 50.0 10.0 43.8 1.50 30000. 180. 1. 645 1. 5 1. 0 1. 0 -0--
I LF SF 

1. 0 1. 0 

NID NSTEMX NDF MW (These four values are to be punched on a separate 
63 5 10 20 card without decimals according to FORMAT 415) 

LOGICAL CONTROL OPTIONS (FORMAT LS) 

UNC PTF LTF STF TRACE CHECK 
F F F F F F 



l.O 3.0 5.0 7.0 27.0 30.0 35.0 40.0 50.0 60.0 75 .0 (Area-sq. mi.) 
L 795 1.385 I.265 1.230 1.165 1.130 1.065 1.020 0.985 0.975 0.970 (43% flood ratio) 
2.060 1.640 1.485 1.415 1.170 1.130 1.065 1.020 0.985 0.975 0.970 (0.05% flood ratio) 

ARRAY D 1 (FORMAT 7F8. 0) 

0.00 0.01 0.05 0.10 0.25 0.50 0. 75 (Lower urban limit) 
0.01 0.05 0.10 0.25 0.50 0.75 1. 00 (Upper urban limit) 

45.40 45.20 45.00 42.50 33.20 18.80 12. 00 (Annual farm income-best soil) 
21. 20 21. 10 21. 00 19.80 15.50 8.80 5. 60 (Annual farm income-medium soil) 
13. 80 13. 80 13. 70 12.90 10. 10 5.70 3 . 7 0 (Annual farm income-worst soil) 
9.30 9.30 9.30 8.50 8.00 5.00 2. 60 (Damage by annual flood-best soil) 

10. 70 10.70 10. 70 9.90 9.30 4.80 2. 90 (Damage by annual flood-medium soil) 
' 8.80 8.80 8.80 8.20 7. 10 3.80 2. 40 (Damage by annual flood-worst soil) >--' 
-J 

' 
ARRAY DF (FORMAT 10F7 .0) 

0.43 0.20 0.15 0.10 0.06 0.04 0.03 0.02 0.01 0.005 

ARRAY~ (FORMAT 10F7. 0) 

605. 675. 760. 825. 900. 975. 1055. 1130. 1200. 1290. 1390. 

630. 710. 790. 870. 945. 1020. 1105. 1180. 1260. 1345. 1440. 
675. 750. 83 0. 910. 990. 1070. 1150. 1230. 1315. 1400. 1510. 

710. 785. 870. 950 .. 1040. 1115. 1200. 1290. 137 5. 1475. 1575. 

735. 825. 910. 1000. 1085. 1165. 1265. 1355. 1450. 1555. 1650. 

760. 860. 955. 1050. 1140. 1225. 1330. 1435. 1535. 1640. 1730. 

810. 900. 1005. 1100. 1200. 1305. 1410. 1530. 1630. 1740. 1830. 

850. 950. 1060. 1160. 1280. 1385. 1515. 1625. 1740. 1850. 1960. 



1710. 1880, 2050. 

ARRAY QQ_§_ (FORMAT l 1F6. 0) 

2350. 2480. 2590, 2720. 2850. 2975. 3120. 3230. 33 80. 3540. 3740. 
2400, 2520. 2625. 2745. 2875. 2990. 3125. 3250. 3390. 3575. 3830. 
2740. 2560, 2660. 2785. 2900. 3025. 3160, 3280. 3425. 3660, 3925, 
2540. 2615. 2725. 2840. 2960, 3070. 3 190. 3325. 3500. 3775. 4120. 
2610, 2700. 2800. 2925. 3025. 3130, 3260. 3410. 3630, 3910. 4120. 
2720. 2810, 2900. 3025. 3120. 3 210, 3375. 3540. 3800. 4050, 4220, 
2840. 2925. 3030. 3130. 3225. 3350, 3500. 3710. 4010, 4220. 4375. 
2975. 3070. 3170. 3275. 3390. 3 510. 3690. 3975. 4250. 4440. 4550, 
3180. 3270. 3370. 3490. 3600. 3 760. 4050. 4200. 4560, 4690. 4980. 

' 3450, 3575. 3725, 3950. 4200. 4440. 4640. 4840. 4980, 5150. 5390, >-"' 
co 4300. 4450. 4650. 4900. 5100. 53 00. 5500, 5700. 5900. 6220. 6500. I 

ARRAY AO (FORMAT 10F7 .O) 

0.0 0.0 20.0 280.0 80.0 20.0 27.0 300,0 0,0 0.0 
0.0 20.0 0.0 20.0 0.0 210.0 20.0 200.0 475.0 1000.0 

ARRAY AW (FORMAT 10F7 .0) 

33. 16 1. 76 37.23 38.91 39.82 1. 50 6.09 50.08 6.04 6.90 
13. 64 14.58 1. 77 2.53 1. 21 5.00 5.60 6,09 21. 65 72.70 

ARRAY CAP (FORMAT 8F8. 0) 

6500. 5000. 10. -1. -1. -1. -1. -1. (Subwa tershed 1) 



-1. -L 12200. -1. ($ubwatershed 3) 
-1. -1. -1. -1. 15000. 2000. (Subwatershed 4) 

5000. 5000. -1. -1. -1. -1. - 1. (Subwatershed 5) 
-1. -1. -1. -1. -1. -1. -1. (Subwatershed 6) 

0. 0. -1. -1. -1. -1. -1. -1. (Subwatershed 7) 
8600. 8500. 8400. 8000. 7100. -1. -1. - L (Subwa ters hed 8) 
1400. 1000. 700. 600, 500. 60. 2500. -1. (Subwatershed 9) 
2000. 1400. 750. 40, -1. -l. 6000. -1. (Subwa tershed 10) 
2600. 10. -1. -1. -1. -1. 7000. -1. (Subwatershed 11) 
5000. 2800. 2000. 1800. 30. -1. -1. -1. (Subwatershed 12) 

700. 100. -1. -1. -1. -1. -1. -1. (Subwatershed 13) 
1100. 500. 450. -1, -1. -1. 2500. -1. (Subwa tern hed 14) 

0. -L -1. -1, -1. -1. o. -1. (Subwatershed 15) 
400. -1. -L -1. -1. -1. -1. -1. (Subwatershed 16) 

' 2000. 
>--" 

1000. 600. 90. -1. -1. -1. -1. (Subwatershed 17) 

'° 3700. 2000. -1. -1. -1. -1. -1. -1. (Subwatershed 18) 
' 7000. -1. -1, -1. -1. -1. -1. -1, (Subwatershed 19) 

8500. -L -1. -1. -1. -1. 34000. -1. (Subwa tershed 20) 

ARRAY D (FORMAT 6F8. 0) 

0.00 0.20 0. 80 (Subwa tershed 1) 0.00 0.40 0 ,60 (Subwatershed 2) 
0.00 0. 15 0. 85 (Subwatershed 3) 0.00 1.00 0. 00 (Subwatershed 4) 
0.00 0.90 0 . 10 (Subwa tershed 5) 0.00 1. 00 0. 00 (Subwatershed 6) 
0.05 0.90 0. 05 (Subwatershed 7) 0.00 0.75 0. 2 5 (Subwa tershed 8) 
0.00 0.60 0. 40 (Subwatershed 9) 0.00 0.80 0. 20 (Subwatershed 10) 
0.00 1. 00 0. 00 (Subwa tershed 11) 0.00 0.90 0. 10 (Subwatershed 12) 
0.00 LOO 0. 00 (Subwatershed 13) 0.00 LOO 0.00 (Subwatershed 14) 
0.00 1. 00 0. 00 (Subwatershed 15) 0.00 1. 00 0.00 (Subwatershed 16) 
0.00 0.70 0. 3 0 (Subwa tershed 1 7) 0.00 0.20 0. 80 (Subwatershed 18) 
0.00 a.so 0. SO (Subwatershed 19) 0.00 0.50 0.00 (Subwatershed 20) 



ARRAY j,Q (FORMAT IOF7 .OJ 

1. 0 1. 0 l. 0 1. 0 1.0 1.0 0.687 0.955 0.7275 1.0 
1. 0 LO 1.0 1. 0 1,0 1. 0 1. 0 1. 0 0.8125 0.90 

ARRAY INDEX (FORMAT 2013) 

( 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20-Subwatershed No.) 
1 6 11 15 18 20 22 24 25 29 33 36 38 44 49 54 58 61 63 0 (First Subscript) 
5 10 14 17 19 21 23 24 28 32 35 37 43 48 53 57 60 62 63 0 (Last Subscript) 

ARRAY ID (FORMAT 2013) 

3 4 5 8 20 3 4 5 8 20 4 5 8 20 5 8 20 8 20 8 
20 8 20 20 11 12 19 20 11 12 19 20 12 19 20 19 20 14 16 17 
18 19 20 16 17 18 19 20 16 17 18 19 20 17 18 19 20 18 19 20 
19 20 20 

I 
N ARRAY Kl (FORMAT 10F7. O) 0 
I 

0.22 0.22 0.21 0. 13 0.17 0.23 0.14 0.20 0.15 0.22 
0 .11 0. 19 0.22 0.21 0.23 0. 19 0. 19 0.31 0.22 0.21 

ARRAY K2 (FORMAT 10F7. O) 

144. 54. 126. 242. 197. 15. 145. 177. 165. 128. 
112. 137. 37. 76. 25. 23. 26. 17. 104. 115. 

ARRAY LC (FORMAT 10F7 .0) 

2.5 1. 7 1. 6 1.3 2. 3 1. 3 3.0 1.7 3.9 4.4 
1. 5 2.0 1. 2 1.4 0.8 0.8 0.9 1. 0 2.0 2. 1 



1 l 1 1 1 1 l l I 1 1 1 1 l 1 l l 

ARRAY _Q_()___(FORMAT 10F7, 0) 

200. 25. 100. 920. 300. 100. 150. 1360. 40. 40. 
50. 100. 30. 100. 0. 940. 100. 940. 2280. 45. 

ARRAYS {FORMAT 10F7. 0) 

0.0012 0.0017 0.0009 0.0006 0.0009 0.0010 0.0008 0.0008 0.0012 0.0016 
0.0009 0.0015 0.0013 0.0014 0.0017 0.0006 0.0013 0.0005 0.0005 0.0004 

ARRAY SUBA (FORMAT 10F7. 0) 

' N 
>--" 3.38 1. 76 2. 31 1. 68 
' 

0.91 1. 50 6.09 2.67 3.87 3. 13 
0.70 0.94 1. 77 0.76 1. 21 1.26 0.60 0.49 0.98 0.97 

ARRAY SIC (FORMAT 10F7. 0) 

0.0 0.0 0.0 1, 3 0.9 0.7 0,0 1. 2 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.8 0.0 1. 0 2.0 2. 1 

ARRAY TCL .(FORMAT 10F7. 0) 

28.5 1. 7 31. 8 33.1 35,4 1. 3 3.0 41.4 3.9 6.3 
11. 7 13.7 1. 2 2.6 0,8 4.2 5. 1 6. 1 21. 8 65.3 

ARRAY TF {FORMAT 10F7. 0) 

1. 0 1. 0 1. 0 1. 0 1. 0 1. 0 1. 0 1. 0 1. 0 1. 0 



ARRAY TIC (FORMAT lOF7. 0) 

3.2 0.0 3.2 4.5 5.4 0.7 0.0 7.3 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.8 0.8 1. 8 3.9 13. 2 

ARRAY USUBW (FORMAT 6F8. 0) 

0.00 0.01 0.04 0.15 0.45 0.75 (Subwatershed 1) 
0.02 0. 04 0.15 0.55 0.80 0.90 (Subwatershed 2) 
0.08 0.20 0.55 0.80 0.90 1. 00 (Subwatershed 3) 
0.59 0.80 0.90 0.95 1. 00 l. 00 (Subwatershed 4) 
0.36 0.80 0.95 1.00 1. 00 l. 00 (Subwa tershed 5) 
0.24 0.65 0.90 1.00 1. 00 1. 00 (Subwatershed 6) 
0.78 0.91 l. 00 l. 00 l. 00 l. 00 (Subwatershed 7) 

I 
N 

0.56 0.70 0.90 1.00 l. 00 l. 00 (Subwatershed 8) 
(S ubwa ters hed 9) N 0.01 0.03 0.07 0. 12 0.30 0.45 

I 
0.01 0. 04 0.09 0.15 0.35 0.55 (Subwatershed 10) 
0.02 0.35 0.65 0.80 0.85 l. 00 (Subwa tershed 11) 
0.07 0.40 0.75 0.85 1.00 l. 00 (Subwatershed 12) 
0.04 0.20 0.50 0.75 0.85 0.95 (Subwatershed 13) 
0.27 0.55 0.80 0.95 1. 00 1. 00 (Subwa tershed 14) 
0.20 0.45 0.70 0.85 0.95 1. 00 (Subwa tershed 15) 
0.30 0.50 0.75 0.95 1. 00 1. 00 (Subwatershed 16) 
0.24 0.60 0.80 0.95 1. 00 1. 00 (Subwatershed 17), 
0.50 0.60 0.70 0.85 l. 00 l. 00 (Subwa tershed 18) 
0.00 0.30 0.60 0.80 1. 00 1. 00 (Subwatershed 19) 
0. 14 0.30 0.50 0.75 1. 00 1. 00 (Subwatershed 20) 



0,08' o.os 0.09 0 .15 0.27 0.43 (Subwatershed l} 
0.02 0.04 0. 15 o.ss 0.80 0.90 {Subwatershed 2) 
0.07 0.08 0. 12 0.21 0.33 0.49 (Subwatershed 3) 
0. 10 0. 12 0.16 0.24 0.36 0.52 (Subwatershed 4) 
0.10 0. 13 0.18 0.26 0. 38 0. 53 (Subwatershed 5) 
0.24 0.65 0.90 1. 00 LOO 1. 00 (Subwatershed 6) 
0.78 0.91 l. 00 1. 00 LOO 1. 00 (Subwatershed 7) 
0.21 0.27 0. 34 0.41 0.51 0.62 (Subwatershed 8) 
0.01 0.03 0.07 0.12 0.30 0.45 (S ubwa ters he d 9) 
0.00 0.02 0.05 0.08 0.18 l.35 (Subwatershed 10) 
0.01 0.04 0,09 0,13 0.27 0.42 (Subwatershed 11) 
0.01 0.06 0. 14 0.18 0. 30 0,46 (Subwatershed 12) 

I 0.04 0.20 0.50 0.75 0.85 0.95 (Subwatershed 13) 
N 0 .11 0. 3 l 0.59 0.81 0.90 0.97 (Subwatershed 14) \;) 

I 0.20 0.45 0.70 0.85 0.95 l. 00 (Subwatershed 15) 
0,18 0.39 0.66 0.86 0.94 0.98 (Subwatershed 16) 
0. 19 0.41 0.67 0.87 0.94 0.98 (Subwatershed 17) 
0.21 0.43 0.68 0.86 0.95 0.99 (Subwatershed 18) 
0.07 0.18 0.31 0,40 0.52 0,63 (Subwatershed 19) 
0.17 0.24 0.33 0 ,41 0.52 0.63 (Subwatershed 20) 

ARRAY VALUE (FORMAT 6F8. 0) 

840. 990. 1600. 3740. 6350. 10425. (Subwatershed 1) 
1040. 1790. 3670. 8490. 12080. 15200. (Subwatershed 2) 
2030. 5140. 7340. 11380. 14570. 17030. (Subwatershed 3) 
6000. 10850. 14100. 16800. 17700. 18500. (Subwatershed 4) 
7810. 12350. 15850. 173 50. 18200. 18500. (Subwatershed 5) 
6450. 10400. 15500. 17 2 00. 18300. 18500. (Subwatershed 6) 



itsi6. 14~00, i10sO'. · 17950, lS480. 18500. (Stibwa~'a~;heJ 7) 
6690. 9430. 12800, 14850. 17650, 18300. (Subwatershed 8) 
830. 950. ll80. 1980. 3560. 6670. (Subwatershed 9) 
810. 1020. 1650. 3 030. 5150. 8730. (Subwatershed 10) 

1800. 5120. 7950. ll600. 14400. 17000. (Subwatershed 11) 
2640. 6080. 10680. 13650. 16700. 17900. (Subwatershed 12) 
1680. 4360. 6810. 10890. 13930. 16130. (Subwatershed 13} 
2900. 7760. 12250. 15150. 17000. 18100. (Subwatershed 14) 
2310. 6190. 9780. 13100. 15700. 17550. (Subwatershed 15) 
4580. 7460. 12900. 15500. 17700. 183 0 0. (Subwatershed 16) 
4910. 7670. 12000. 14400. 17200. 18100. (Subwa tershed 1 7) 
5310. 7570. 11350. 13750. 17200. 18100. (Subwatershed 18) 
2420. 4910. 7850. 11400. 15300. 17200. (Subwatershed 19) 
4120. 5800. 8980. 11430. 1605. 17650. (Subwatershed 20) I 

N 
~ 

ARRAY WO (FORMAT 10F7. 0) I 

o.o o.o 0.0 o.o o.o 0.0 0.0 0.0 o.o o.o 
0.0 o.o 0.0 0.0 o.o 84.0 o.o 90.0 106.0 118. 0 

"'-••·•"•--·-~--- •'•'•'"0,S•,"• '"<?mUc)·M •<"'\•", '"'"'"'·•,'•--•w-,m"."•"• ,,._ .. 



TABLE 2 

DEFINITION OF BASIC DESIGN PARAMETERS 
USED IN FLOOD CONTROL PLANNING PROGRAM 

Description 

Factor mu.ltiplied by right-of-way cost to include 
cost of acquisition. 

Maximum ratio of bottom width to depth allowed 
in channel design. 

Minimum ratio of bottom width to depth allowed 
in channel design. 

Required highway bridge width in feet. 

Urban flood damage per foot of flood depth per 
dollar of building market value. 

Cost of in place structural concrete used for channel 
lining in dollars per cubic yard. 

Factor multiplied by channel construction cost 
to account for contingencies. 

Unit cost of chan.nel excavation in dollars per 
cubic yard. 

Cost per drainage inlet in dollars. 

Unit cost for highway bridges in dollars per 
square foot. 

Unit cost for railroad bridges in dollars per 
linear foot. 

Unit cost of trapezoidal lining in dollars per 
square foot. 
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TABLE 2--Continued 

Description 

Minimum annual cost per acre of location 
alternative in dollars, 

Factor multiplied by channel construction cost 
to account for design, administration, and 
supervision of construction .. 

Factor multiplied by channel excavation cost 
to account for riprap and seeding, 

Cost of flood proofing per foot of design flood 
depth per dollar of building market value, 

Maximum channel design depth in feet. 

Annual value received from the ammenities of 
open space expressed as a multiple of the 
fraction of adjacent land being urban, 

Annual maintenance cost of flood proofing 
measures as a function of first cost. 

Value of Manning's n for prismatic unlined 
channels, 

Value of Manning's n for trapeziodal lined 
channels. 

Value of Manning I s n for rectangular lined 
chann~ls,. 

Annual maintenance cost of concrete structures 
as a fraction of first cost. 

Annual maintenance cost of earth channels as 
a fraction of first cost. 

Annual maintenance cost of trapezoidal lined 
channels as a fraction of first cost. 
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TABLE 2--Continued 

Description 

Number of inlets required per mile of channel. 

Rate of return required by private investors 
in land. 

Discount rate used in project planning. 

Multiple of right-of-way cost to be used in 
planning. 

Design life of improved channels in years. 

Duration of planning stage in years. 

Area in square miles of watershed studied to 
relate urbanization, channelization, and flood 
peak. 

Ratio of area requiring flood proofing to that 
innundated by the design flood. 

Value of buildings in dollars per urbanized acre. 

Value of buildings in dollars per rural acre. 

The normal deviate to be used in calculating 
uncertainty costs. 

Slide slope of unlined prismatic channels. 

Slide slope of trapezoidal lined channels. 

Multiple of flood proofing cost to be used 
in planning. 

Multiple of land use cost to be used in planning. 

Multiple of channelization cost to be used in 
planning, 
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TABLE 2--Continued 

Description 

Number of items in array ID. 

Number of stages to be analyzed. 

Number of design flood frequencies to be 
considered in analysis. 

Number of subwatersheds to be analyzed. 
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'rve to explain their use in the programo In general, the basic 

sign parameters describe unit cost values, interest rates, 

''sign time periods, parameters associated with channel 

ensions, statistical parameters, and multipliers used to test 

sensitivity of the optimum "mix" of flood control measures 

changes in various factors of input. 

GICAL CONTROL OPTIONS 

The control options are logical type variables which may be 

ad into the program as being either TRUE or FALSE as desired. 

e function of each option is described on Table 3. 

TABLE 3 

LOGICAL CONTROL PARAMETERS 
USED IN FLOOD CONTROL PLANNING PROGRAM 

Description of Use 

Set TRUE to calculate flood damage as including 
damage based on Thomas uncertainty fund ( 12). 

Set TRUE to eliminate flood proofing from 
consideration in planning. 

Set TRUE to eliminate channel improvement from 
consideration in planning. 

Set TRUE to eliminate land use measures from 
consideration in planning. 

Set TRUE for printout tracing computation loops 
entered in comparing alternatives. 

Set TRUE to have intermediate output printed 
each time a new alternative is found to be less 
costl than an considered reviousl . 
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'I'he values in this array are multipliers used to relate to 

ainage area the magnitude of the 43% flood peak (mean annual flood) 

d the O. 05% flood peak (200-year flood). A multiplier of 1. 00 

lies to a drainage area of TAW sq. mi. Refering to Table 1, the 

st row of values for AFCTR is the area of the subwatershed in 

,. mi. corresponding to the multipliers in rows two and three of 

The program interpolates intermediate values. Values 

be used in the array may be estimated by use of the Stanford 

,at.ershed Model, (8, pp.176-198). Because agricultural income 

"es with soil productivity and because open land in urban areas 

ds to be less extensively farmed than equivelent land in the open 

try, it is necessary to include both factors in evaluating agri

ral flood damages. 

This array relates crop income and flood damage by up to 3 soil 

s and up to 7 intervals expressing the amount of urbanization 

a subwatershed •. The program locates the proper position in 

array from which values of income and damage are selected by 

rmining which urban interval matches that in the subwatershed 

The array is filled by analysis of soils maps, 

and farm income and farm flood damage statistics. 

- 30-



contains, in decimal form, the flood frequencies 

r,esponding to the levels of protection that one wishes to consider 

,hoth structural and nonstructural flood control measures. The 

gram will consider every comhination of channel improvements, 

d proofing, and land use measures for the frequencies listed. 

values begin with the smallest potential design flood with the 

wing floods being progressively larger, This array may con

selected design frequencies. 

'!'his array contains the magnitude of the mean annual flood 

.W sq. mi. as a function of tributary channelization and tri

y urbanization, The information contained in this array is 

bined by the computer with the information in array AFCTR to 

!;!lop the magnitude of the mean annual flood for each subwater

The program will interpolate arithmetically intermediate 

s of urbanization and channelization. For more specific 

rmation describing how these relationships were developed 

.r to the work by James (8, pp. 69-80). 

identical to array Q43 except that the values con

.ed in Q05 pertain to the 200-year flood rather than the mean 
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This array contains the average cross-sectional area in sq. ft. 

the channel in each subwatershed, taken perpendicularly to the 

This array contains the total area that is tributary to the down

subwatershed, in sq, mi, 

This array contains information relating the number and capacity 

highway and railroad bridges in each subwatershed, The data is 

anged on cards in such a manner that each card contains the 

rmation for one subwatershed, The array dimension and the input 

Pl.MAT for this array allows for a maximum of six highway bridges 

'two railroad bridges per subwatershed, The first six columns 

each card contain the capacity of each existing highway bridge in 

•• arranged in descending order with regard to capacity. The 

t two columns of each card contain the capacity of each existing 

l:road bridge in cfs., also arranged in descending order, All 

litsed columns must be punched to contain a minus one (-1,) as 

on Table 1, It should be noted that CAP is dimensioned to 

11 rows, however, only the first 8 rows are to be used for input; 

rows from 9 through 11 are used during program operation and 

not be used for input data storage, 
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This array contains information dividing the area within each 

watershed flood plain into three soil classifications, namely 

)best, (B) medium, and (C) worst soil, according to agri-

ral productivity as determined from soils maps. The data 

,p11llched with the information for two subwatersheds per card. 

r example, the first card in the array as shown on Table 1 in

ates that subwatershed one contains 0% of the best soil type, ZO% 

,the medium soil type, and 80% of the worst soil type, and that 

atershed two contains 0% of the best soil type, 40% of the medium 

p type, and 60% of the worst soil type. For a more complete 

"11cription of the soil classification used for the Morrison Creek 

James (8, p.90 and Table 8). 

This array contains a factor for each subwatershed describing 

~ average design flow for channel improvements as a function 

the flow at the mouth of the channel. If the entire subwatershed 

the same design flow, the value of the factor is 1. If 

channels in the subwatershed may be designed for 

s than the design flow required at the subwatershed mouth, this 

r has a value less than 1. 

AYS INDEX AND ID 

Array INDEX serves as an index to the values stored in 
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Array ID contains for every subwatershed the identi-

g numbers of all downstream subwatersheds, This information 

,Jlsed in the program as an aid to calculating the effects of upstream 

nel improvements on downstream flood peaks, Array INDEX 

the subscript values which locate the information stored in ID. 

or example, (Fig. 1) it can be seen that the first value of INDEX 

a l while the second value is a 5. This means that the first 

ough the fifth numbers stored in ID, namely 3, 4, 5, 8, and 20 

e the identifying numbers of the subwatersheds downstream to sub

Further, since the second set of numbers in INDEX 

the sixth through the tenth numbers stored in ID, 

5, 8, and 20, are the identifying numbers of the sub

atersheds downstream from subwatershed 2. This procedure con

s until the last subwatershed has been reached, for which zeros 

st be stored in INDEX since the last subwatershed has no down-

as far as the program is concerned. 

contains for each subwatershed the ratio of the max

m depth of flooding anywhere in the flood-plain to the correspond

flood flow in excess of the channel capacity to the 0.375 power. 

s ratio was developed for the Morrison Creek area from sub

tershed data on maximum depth of flooding during specific 
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each subwatershed the ratio of acres 

ed to the corresponding maximum flooding depth, and was 

estimated from historical flood data. 

This array contains the channel length within each subwatershed 

One value must be punched for each subwatershed. This value 

be O, 1, 2, 3, or 4 as explained below, 

If one wishes to consider all types of channel improvement 

n the scope of the program, LINING should be punched as O. 

this case the program will select in evaluating channelization 

ever type of channel is least expensive. Once the program de

ines that a specific type of channel improvement should be 

tructed during one stage it will set LINING equal to the approp

number for subsequent stages. The type selected will be indicat

the output produced by the program. 

If LINING is punched as 1, the program will not evaluate channel 

g. In this case, the program will consider building or enlarging 

I£ the program determines that drop structures 

control erosion, it will automatically set LINING equal 

-35-



If LINING is punched as 2 the program assumes that there is 

'existing unlined prismatic channel with drop structures. In this 

consider enlarging both the channel and drop 

If the subwatershed channel is currently trapezoidal and lined 

th unreinforced concrete, or if the channel is currently un-

and one wishes to consider only building trapezoidal lined 

LINING should be punched as 3, 

If LINING is punched as 4, the program will consider only 

inforced concrete lined rectangular channels and will either con

only lined rectangular channels. 

This array contains the existing channel capacity in cfs for each 

a value describing the average long-

nal channel slope for each subwatershed, punched as a decimal. 

1
This array contains the drainage area within each subwater

,a in square miles. 

'' This array contains the channel length within each subwater

d in miles which was improved prior to the beginning of 
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·zation calculations by the flood control planning program. 

This array contains the total length of channel tributary to 

downstream end of each subwatershed, in miles • 

. This array contains the maximum allowable tractive force for 

h subwatershed, in pounds per square feet as determined from 

soils. 

the total initial length of improved channel 

tary to the downstream end of each subwatershed, in miles. 

This array contains the percentage of each subwatershed in 

Figures are given for the beginning and end of each 

• (i.e. NST AGE + 1 values for each subwatershed) Values are 

hed as decimals. 

This array contains the percentage of the total area tributary to 

.h subwatershed in urban land use. (Otherwise analogus to USUBW) 

the current and projected market value of 

• in dollars per acre, for each subwatershed. Figures are 

en for the beginning and end of each stage. 
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This array contains the initial channel right-of-way width for 

ach subwatershed, in feet. 

OUTPUT 

The information printed by the program is arranged into a group 

tables which provide concise listings describing the most rel-

ant features of the optimum "mix" of measures and residual 

With very slight alterations to the planning program, con

erabl.e more detailed output could be provided. However for the 

rposes of this study sufficient output was produced by the program 

its current stage of development. 

The basic output produced by the program is as shown on Table 4 

dis printed at the end of each design stage. This table sum

·a:rizes for each subwatershed, the frequency at which flooding 

gins; the design frequency, the design flow, and the cost of apply

the optimum level of each of the three measures; the cost of 

idual flooding; the cost of uncertainty (zero if UNG is read 

li'ALSE); and the total cost of measures and residual flooding. 

are discounted annual values. 

at the end of each stage, a summary of each type of 

d control measure implemented during the stage is provided. 

'cal examples of thi~ summary for channel improvement, land 

and flood proofing measures are shown on 
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BASIC 6UTF'~T FRO~ FLOOD CONTROL PLANNING PROGRAM 

SUMMARY FOR ST AGE 1 

SUMMARY OF MEASURES AND COSTS 

UNIT FREO CHANNELS LAND USE PROOFING FLOOD UNCERTAINTY TOTAL 

% % QS cs % QL CL. % OP CP COST COST COST 

1 84.26 0. 0 200. 0. 0.0 0. o. 6.0 1269. 949. 5333. 0. 6282. 
2 60.62 0.0 25. o. o.o 0. 0. 0.0 0. 0. 814. 0. 814. 
3 92. 13 4. 0 1519. 6367. 0. 5 2230. 3. 3.0 1618. 2394. 1046. 0. 9811. 
4 25.02 0. 5 2342. 21084. 0.0 o. 0. 0.0 0. 0. 0. 0. 21084. 
5 82. 52 0. 5 2408. 21428. 0.0 o. o. o.o 0. 0. 0. 0. 21428. 

' 6 17.03 0.0 100. 0. 0. 0 0. 0. 0.0 0. 0. 549. 0. 549. 
w 7 65. 05 2. 0 970. 31509. 0.0 0. o. o. 0 0. 0. 1476. 0. 32985. '° ' 8 23. 15 0. 5 3143. 16066. 0.0 0. 0. 0.0 0. 0. 0. 0. 16066. 

9 73.03 0.0 40. 0. o.o o. o. 6. 0 278. 712. 1646. 0. 2358. 
10 75.01 0.0 40. 0. 0.0 0. 0. 6.0 309. 1606. 2663. 0. 4269. 
11 83.80 o.o 50. 0. 0.5 959. 2. 6.0 571. 506. 1252. 0. 1769. 
12 75. 27 6.0 634. 6448. 0. 5 1052. 3. 0.0 o. 0. 816. o. 7267. 
13 59.07 0.0 30. 0. 0. 5 18 5. 1. 0.0 0. 0. 684. 0. 684. 
14 20.07 0.0 100. 0. 0. 5 255. 1. 0.0 0. o. 2298. 0. 2299. 
15 95.45 0. 0 0. 0. o. 5 150. 1. 4.0 101. 1441. 844. 0. 2285. 
16 0. 00 0.0 940. 0. 0.0 0. 0. o.o 0. 0. o. 0. 0. 
17 60.89 4.0 364. 4287. 0.0 o. 0. 0.0 0. 0. 281. 0. 4567. 
18 o. 00 0.0 o. 0. 0.0 0. o. 0.0 0. 0. 0. 0. 0. 
19 o. 00 0.0 o. 0. 0.0 0. 0. o. 0 0. 0. 0. 0. 0. 
20 0. 00 o. 0 0. 0. 0.0 o. 0. b.o o. o. 0. 0. 0. 

TOTAL COST 107189. 10. 7609. 19700. 0. 134508. 



6, and 7, respectively. 

end of the final planning stage the program computes 

ounted average annual costs for each type of flood control 

sure, uncertainty costs, cost of residual flooding, and total cost 

ooding and prints the results of these calculations in the form 

non Table 8. 

addition to the above output which is always printed by the 

it is possible through the logical control variables de

obtain additional supplementary information. 

variable TRACE can be used to follow the movement of the 

imization calculations through the main portion of the computer 

The output printed through the use of this variable lists 

e number of the subwatershed being considered, and each time 

El program control passes through a major computational loop, 

·cates the combination of flood proofing, location measures, 

cl channel improvements being considered in that loop. This out-

! makes it pas sible to follow the progress of program computations. 

e variable CHECK can be used to print out measures which at 

e time during the computational loop, were found to be less 

. tly than any measure considered theretofore but did not end up 

the optimum selection for the stage under consideration. The 

ogram prints this information in the order that the measures are 

sidered in a form similar to that shown on Table 4. This option 
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SUPPLEMENTARY OUTPUT PERTAINING TO CHANNEL IMPROVEMENTS 

SUMMARY OF CHANNEL IMPROVEMENTS 

UNIT TYPE OF CURRENT CAPACITY X-SECTION TOP ROW DEPTH 

CHANNEL MEASURE AREA WIDTH WIDTH 
CFS. SQ. FT. FT. FT. FT. 

3 UNLINED W /0 DROPS BUILT 1519. 324.9 53.8 88.4 7. 7 

4 UNLINED W /0 DROPS ENLARGED 2342. 535. 5 68. 3 104. 1 9.8 

5 UNLINED W /O DROPS BUILT 2408. 459. 1 64.0 99.5 9. 1 

7 UNLINED W /O DROPS BUILT 970. 18 3. 1 40.4 73.9 5. 8 

8 UNLINED W /0 DROPS BUILT 3143. 566. 1 71. 0 107. 1 10. 1 

12 UNLINED W /0 DROPS BUILT 634. 139.4 35.2 68. 3 5. 0 

16 UNLINED W /0 DROPS UNCHANGED 940. 210. 0 48. 5 84.0 5.2 
' "'" 17 UNLINED W /O DROPS BUILT 364. 96.9 29.4 61. 9 4. 2 -' 20 UNLINED W /0 DROPS UNCHANGED 4500. 1000.0 105.7 118.0 11. 3 

TABLE 5--Continued 

DROP STRUCTURES HIGHWAY BRIDGES RAILWAY BRIDGES 

NUMBER HEIGHT SAME BUILT EXTEND SAME BUILT EXTEND 

FT. 

0 0.0 2 0 0 1 0 0 
0 0.0 1 0 0 1 1 0 

0 0. 0 3 0 0 0 0 0 

0 0.0 0 2 0 0 0 0 

0 0.0 5 o', 0 0 0 0 

0 0.0 4 1 0 0 0 0 

0 0.0 1 0 0 0 0 0 

0 0. 0 3 1 0 0 0 0 
0 0. 0 1 0 0 1 0 0 



UNIT 

11 
12 
13 
14 
15 

TABLE 6 

SUPPLEMENTARY OUTPUT 
PERTAINING TO LAND USE MEASURES 

SUMMARY OF LAND USE MEASURES 

AREA OF RESTRICTED LAND USE 

TABLE 7 

86. ACRES 
128. ACRES 

20. ACRES 
29. ACRES 
21. ACRES 

SUPPLEMENTARY OUTPUT 
PERTAINING TO FLOOD PROOFING MEASURES 

SUMMARY OF FLOOD PROOFING MEASURES 

UNIT AREA PROTECTED 

1 484. ACRES 
2 66. ACRES 
9 208. ACRES 

10 257. ACRES 
11 143. ACRES 
13 45. ACRES 
15 33. ACRES 
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TABLE 8 

SUPPLEMENTARY OUTPUT 
PERTAINING TO DISCOUNTED COSTS 

AVERAGE ANNUAL COST OVER ALL STAGES 

ITEM 

T OF CHANNEL IMPROVEMENT 
T OF LAND USE 

ST OF FLOOD PROOFING 
T OF RESIDUAL FLOODING 

ST OF UNCERTAINTY 
TAL COST 

-43-

DOLLARS/YEAR 

1769. 
522. 
736. 
149. 

0. 
3177. 



examine the relative advantage of one flood cont~ol 

asure over another, thus enabling the user to better judge the 

sitivity of the optimum project to changes in input variables. 
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Chapter III 

PROGRAM FEATURES: FLOW CHART AND DISCUSSION 

This chapter is devoted to a discussion of the mechanical features 

the flood control planning program. The program has been written 

a generalized form so that it may be modified and improved as 

necessity arises. The main program controls the overall 

while more laborious calculations are performed with

subroutines. Thus individual operations may be added 

subroutines while the main program remains 

sentially undisturbed .. 

It is hoped that this chapter presents sufficient detail to enable 

reader to understand the methods of computation used in the 

. od control planning program. Because of the length and com

xity of the program, a detailed flow chart of each operation is 

It was felt that a lengthy flow chart would tend to 

use rather than clarify the program. Instead, a schematic 

the entire operation is presented on Figure 2. 

A complete listing of the Fortran IV program can be found in 

The Fortran listing is liberally 

tated with comment cards so that the reader may correlate 



~EAD input frum 
data cards 

Hydrolo(lic analysis to 
establish flow-frequency 
relationships. Calculate 
constants, initialize 
variables 

Systematic analysis of alternative combinations 
of flood control measures and residual flooding 

Cost 
of 

downstream 
measures: 

Subroutine 
COST 

Subroutine 
CDl 

Calculate Co st of channel 
cost improvement: 
of Subroutine STR 

m 
rridge requirements: 

co st of 
Subroutine BRIDGE , 

' 
residual 
flooding Subroutine 

CD2 

Select least co st combination 
throu h comnarison 

Store results if co st is 
less than previous least 
cost combi_nation 

Discard results if 
greater than previous least 
co st combination 

subwater shed 
stage 

Parameter adjustment 

Print results of 
optimization calculations 

SCHEMATIC REPRESENTATION OF THE FLOOD CONTROL 
PLANNING PROGRAM 

Figure 2 
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listing with the description given in this chapter. Certain 

ent cards have been numbered so that convenient reference 

be made to segments of the Fortran listi.ng. Each numbered 

ment caird applies to all of the Fortran statements between it 

d the next numbered comment. The numbered comment cards 

the main program and in each subroutine begin with the 

ber 1 and are numbered consecutively. 

The main program is labeled DKOOl in the Fortra_n listing in 

It begins with type declarations which set the 

ensions of subscripted variables, identify the variables which 

common to all routines, and declare which of the variables 

e of the INTEGER or LOGICAL type. 

Beginning with Comment Z, the program initializes factors 

ich will remain constant throughout the program. First of all, 

pound interest factors are calculated based on discount rates 

and RPI) and discounting periods (TIME and TIMST) read into 

e program. The discounting factors are calculated through the 

e of standard formulas except in the case of very low discount 

es (less than O. 01%) when simplified formulas are used. Next, 

factors (SK! through SK8) used in computing the cost of 

nel improvement are calculated and then the factor ( CPF) 
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in computing the cost of flood proofing. Then the program 

ulates a group of factors (AFW) later used to relate the mag

e of the 43% flood peak and the O. 5% flood peak in cubic feet 

second per square mile for TAW square miles to the mag

e of the same peaks for the area of an individaul subwater

The relation between these peaks was established by 

(8, Fig. 4) and presented as a curve. The program has 

"eral coordinates selected from this curve stored in array 

CTR and interpolates the proper value of the area factor for 

subwatershed. Next, the program initializes the value of 

ral arrays used later in the program. These are XF4, 

, XFZ, XFl, A4, A3, AZ, Al, LOC .. TO, ADDCS, OUTPUT, 

These will be discussed more fully as they are 

loyed in calculations. 

·The program then calculates values of the "reduced variate" 

use in Gumbel Equation (14, p. 251). The value of the reduced 

iate is given by the following equation: 

(2) 

P is the frequency of nonoccurrence of a given hydrologic 

expressed as a decimal; e is the base of natural log-

reduced variate. Solving this relationship 
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( 3) 

ing Equation 3 the program calculates values of the reduced 

iate for each frequency of occurrence from 1/ 2% through 

1/Zo/o and for each frequency corresponding to the design peaks 

cified by array DF, Then the program investigates the state 

improvement for each subwatershed channel prior to the be

µing of the planning period, If the length of the subwatershed 

roved channel (SIC) is equal to the length of channel (LC) 

the subwatershed the program sets CHANEL(NWJ equal to 

'.RUE and deter.mines the top width of the channel through an 

rative solution of the Manning equation, If the subwatershed 

4.mnel is less than fully improved, CHANEL(NW) is set equal 

Finally, initial conditions are established for several 

riables and logical parameters, 

Comment 3 indicates the entry and return point for cal

ations pertaining to each stage, As each planning stage is 

.'mized the program returns control to this point and repeats 

11lations until all stages have been optimized" Between 

mment 3 and Comment 4 the program initializes the variables 

must be reset at the beginning of each stage" 
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After Comment 4, the program begins selecting the optimum 

d control plan for the most upstream subwatershed and later 

rns to this point to repeat the calculations for the other sub-

First, the discounted average annual subwatershed 

calculated for the stage. If land use adjust-

ent has been implemented (indicated by LOC(NW) greater than 

,to) the program sets UZ equal to the level of urbanization 

esent at the time land use adjustment was initiated. 

Next, factors for computing the cost of flood proofing are 

termined, based on UN and UZ. Then, the program calculates 

" e agricultural income(IAl expected per acre in a year when 

oding does not occur and the damage (FA) expected per acre 

a year when the crop is flooded. These are based on the 

.ount of crops normally grown in an area having the urban-

ation determined above (8, Appendix B). 

he cost of land use (CLU) in dollars per acre 1s calculated 

, p.122) and from it a factor (LA) for estimating measure cost. 

At this point, beginning with Comment 5, the relationship 

tween flood peak and frequency for the subwatershed under 

nsideration is analyzed. Separate relationships are established 

r the combination of urba.nization and channelization existing 

the beginning and at the end of the planning stage, If the 

annel is unimproved, the relationship is developed for both 
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improved and improved conditions so that "with" and "without" 

mparisons can be made. Based on the percentage of upstream 

· annelization (Cl and tributary urbanization (U), the program 

erpolates from arrays Q43 and Q05, the magnitude of the 

% and 0, 5% peak flow, respectively, for an area corresponding 

TAW square miles, Then, using the area factors calculated 

rlier, peak flows QXX and QY, corresponding to the 43% and 

;5% peaks foy the area of the subwatershed (AW) are determined, 

t, using the Gumbel Analysis (14, p, 251) peak flows can be 

frequency of occurrence, Mathematically, 

Y = A( X -XF) ( 4) i, 

ere Y is the reduced variate corresponding to the frequency of 

ccurrence of an event of magnitude X; XF represents the mode 

the distribution; and A is the dispersion parameter of the sample. 
I' 

suming a Gumbel distribution for our flood peaks, we can take 

magnitude of the 43% and 0, 5% peaks calculated above and 

eir corresponding reduced variates and solve simultaneous 

ations for A and XF, thereby enabling us to calculate the 

for any other return period. Taking 

Y43 ~ A ( QXX - XF ) 

and Y05 = A(QY-XF) 
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yields 

and 

XF = {( QY ~' Y43) - (QXX ,:, Y05))/ (Y43 - Y05) 

A= (Y05-Y43)/(QY-QXX] (5) 

Substituting the proper values for the reduced variates for 

e 43% peak (Y43) and for the O. 5% peak (Y05) enables the program 

solve for XF and A. Four sets of XF and A are calculated 

describe the relationship between flood peak and frequency for 

h subwatershed for "with" and "without" conditions of channel 

provement, for the beginning and end of the planning stage. 

e flood peaks for the beginning and end of the stage are then 

alyzed to obtain a discounted average flow (QDIS). The 

isting channel capacity (QO) is then subtracted from the dis-

unted flows to obtain a two dimensional array QX which con-

0ns peaks in excess of channel capacity for 100 frequencies for 

ith" and "without" conditions of channel improvement. If the 

annel is already improved, calculations for unimproved con-

A similar analysis is performed to determine the magnitude 

corresponding to each potential design frequency . 

. two by NDF array (QQ) is developed to contain discounted 

tal flows for improved and unimproved channel conditions. 

Finally, based on the existing channel capacity (QO) the 

Ogram determines the frequency (F) at which flooding begins 
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subwatershed under consider ationo 

all preliminary calculations have been made; 

.starting with Comment 6, the program begins to explore the 

us possible means of reducing the cost of floodingo Between 

ent 6 and Comment 7 the program initializes stage action 

.~ge locations aJ;ld places values in arrays which describe 

;fitions in the subwatershed prior to any improvements during 

.,stage under considerationo 

7, the program "calls" 

outine CD 1 (NN) which computes the annual average damage 

The calling argument NN specifies whether the 

sin the QX array for with or those without channelization 

The subroutine returns to the main program 

annual average flood damage; and CU, the annual 

of uncertaintyo Unless the input variable UNG 

TRUE the value of CU will be zeroo 

•• At this point, the cost of flooding ( CF) is set equal to the 

of CU and CD, and in turn the total cost of measures plus 

set equal to CF, since the cost of 

is z era at this point in calculations o If CT equals 

no flood damage occurs), the. program shifts control 

~tatement 1000, bypassing all calculations pertaining to flood 
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ol measureso 

with Comment 8, the program enters upon a 

ematic analysis of all possible combinations of flood 

ofing, land use, and channel improvement in an effort to 

ce the total cost of flooding, CT. Each time a new com

ation is found to be less costly than any previously considered, 

is reduced to the value of the new combination; and a new 

value for comparison is established. This procedure is 

eated until all alternative combinations have been considered, 

which time the least cost combination will have been found. 

ry attempt is made to eliminate pointless calculations. 

requent checks are employed throughout the analysis to de

mine as early as possible that a given alternative will not be 

e.aper than one previously considered. In this manner extra 

mputation is reduced to a minimum in an effort to reduce 

Between Comment 8 and Comment 9 flood proofing alone is 

The program begins with the lowest design level of 

otection specified by array DJ: and proceeds until NDJ: alter

:tives have been investigated. After determining the level 

Protection (P) to consider the program selects the proper 

array QQ and calculates the cost of 
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If CP is greater than CT, proofing obvious

:,will not be an optimum selection since greater levels of 

tection will cost even more, and the measure already costs 

re than the flood damage; thus control is directed out of 

loop and the program will go to consider the cost of land 

PP will be set TRUE so that proofing will not 

considered further for this subwatershed during the current 

In the event that CP is less than CT, the logical variable 

is set TRUE. This variable is not used in this loop but is 

'decision parameter in later loops and will be explained more 

again calls Subroutine CDl and calculates 

residual flood damage that would still occur if proofing were 

A temporary total cost ( CTT) is set equal to 

e sum of CP, CD, and CU. If CTT is less than CT, the 

asure is less expensive than any previously considered; and 

program stores information describing the measure in array 

later used to report a summary of the optimum 

The program will repeat this procedure until NDF levels of 

tection have been considered for proofing, unless a check 

. dicates that further computation is useless. It may be noted 
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t at Statement 202 in this loop the program compares CTT 

e sum of CP, CD, and CU; and if CTT is less than the sum 

CD, and CU, control is directed out of the loop. This 

explained by reference to Figure 1. It can be seen that if 

cost of the measure plus the cost of residual flooding is 

reasing, the minimum point on curve Chas been passed; and 

.. further analysis is wasted. 

Beginning with Comment 9, land use measures alone are 

The analysis of this alternative is analogus to the 

ysis for flood proofing alone. The only major difference is 

residual damages are calculated by Subroutine CD2 rather 

CDl. For any combination of measures that include land 

residual damages will be calculated by CD2; for those not 

nsidering land use, residual damages will be calculated by CDl. 

Between Comment 10 and Comment 11, flood proofing is con

red in combination with the land use adjustment considered 

een Comment 9 and Comment 10. In this case, all com-

·sons are made with the cost of land use (CL) plus the cost 

If CP + CL is found to exceed the total 

t of the measure and residual flooding for the least cost 

rnative previously considered and if PG is FALSE, PP will 

Set TRUE and proofing will not be considered further for the 
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watershed during the current stage, PG being FALSE 

cates that in no case previously considered has the cost of 

al.one (CP) been less than the total cost of flooding, and 

will not prove to be optimum in combination with any 

r measuree 

Comment 11 and ending with Comment 15, the 

gram considers; (A) channel improvement alone; {B) channel 

rovement plus flood proofing; ( C) channel improvement 

land use adjustment; and (D) all three measures in com

The cost of channel improvement (CS) is calculated 

.. Subroutine STR and compared to CT, If this comparison 

snot disqualify it from further consideration, residual damages 

calculated; and a second comparison is made, However, with 

nel improvement, the cost of induced downstream flooding 

t first be evaluated before it can be concluded that channel 

is less costly than nonstructural measures, This 

performed by calling Subroutine COST which returns to the 

program with the approximate cost (CDST) of dealing 

the larger flood peaks induced in the downstream subwater

s by channelization, When this cost is calculated, the 

al variable CDSTE is set TRUE in the main program an.cl 

ents CDST from being recalculated unnecessarily, The 

-57-



t of downstream flooding is not added to the subwatershed 

g optimized because the added cost will accrue to the down

eam subwatersheds as an increase in the cost of flooding. 

It should be noted that several temporary storage locations 

used to retain information regarding channel improvements. 

information stored in temporary locations includes LINING (NW), 

type of improved channel; ST, the level of protection provided 

j;he channel; ND, the number of drop structures; FD, the 

ght of the drop structures; HN, the number of new highway 

dges; HE, the number of modified highway bridges; RN, the 

ber of new railway bridges; RE, the number of modified 

the channel top width; W, the channel 

t-of-way width; and A, the channel cross-sectional area. 

The terminus for the series of nested DO-loops that control 

e comparison of alternative combinations of measures is 

ement 1000 in the main program. After the loop indexing 

satisfied, program control passes from this statement to begin 

Series of "housekeeping" operations required to update the arrays 

taining information describing the subwatershed just optimized. 

s series of operations is performed between Comment 15 and 

The specific operations are indicated by inter-

iate comment cards in the Fortran IV listing, 
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!,;After completion of the above, the program increments NW 

returns to Statement 49 to optimize the next subwatershed, 

continues to do so until each subwate;,rshed has been optimized. 

with Comment 16 the program proceeds to print 

mmary of measures for the stage just completed. A typical 

can be found on Table 4. 

and Comment 18 the program prints 

e structural details. A typical example of this summary can 

Summaries are also printed for land use 

stment and flood proofing, typical examples being given on 

respectively. 

total discounted annual costs are printed on 

le 8 after all stages have been completed and includes the 

al costs of channel improvement, flood proofing, land use, 

ertainty cost, residual flooding, and the total cost of flooding. 

this point, program execution is completed, 

BROUTINE PLACEA 

The subroutine is used to interpolate intermediate values 

a two dimensional array. The subroutine is referenced 

a calling statement in either the main program or Subroutine 

Specifically, the subroutine interpolates QXl from 

ay Q05 for intermediate values of tributary urbanization (U) 
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cl channelization ( C). 

Residual damages are calculated by this subroutine. The 

effects of unrestricted flooding can be calculated within this 

tine as can the damages residual to flood proofing and 

damages residual to a combination 

The only calling argument required is an index (NN), 

value of which may be 1 or 2; two if the program is con

ering channel improvement or if the channel is already 

roved, one if the channel is unimproved. 

Between Comment 1 and Comment 2, the subroutine cal-

1ates a series of constants (Cl through C8) which reduce 

petitive calculations in the subroutine. 

Between Comment 2 and Comment 3, the subroutine cal

ates the average annual discounted flood damage based on 

e design channel flow specified by QS, the design flow for 

proofing specified by QP, and the design flow for land 

e adjustment specified by QL. Using the set of discounted 

s (QX) calculated in the main program for 100 frequencies 

occurrence, the subroutine calculates 100 ordinates for a 

sums the area under the curve to 

ain the average damage. 
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series of idealized curves, shown on Figure 3 have been 

ared to illustrate the possible relationships between flood 

channel improvement, land use adjustment, and flood 

These curves represent the various conditions that 

occur and illustrate the assumptions inherent in the 

age-frequency calculations performed between Comment 2 

Comment 3 (8,pp. 125-127). The program assumes the 

d proofing will eliminate 8/9 of urban damages and none of 

agricultural damages, and will essentially lose its effect

ness once the measures are overtopped by flooding. Channel 

:provement is assumed to eliminate all urban and agricultural 

ages from floods smaller than the design peak flow. Location 

·ustment is assumed to eliminate flood damages to the restrict

development except for large floods causing inundation outside 

restricted area, 

Beginning with Comment 3, the program calculates the cost 

uncertainty, based on the standard deviation of the ordinates 

the damage frequency curve, This cost is calculated by the 

mas Uncertainty Fund (12, pp. 150-152) illustrated by 

ation 1 with a capital recovery factor (CRFSM) added to 

Vert present worth to annual cost. 
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urban damages to full development. 

Figure 3--Continued 
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·· This subroutine is very nearly identical to Subroutine CD2. 

only real difference between the two is that the main program 

s CD2 when land use is being evaluated and calls CDl when 

d use is not being evaluated, The damage-frequency curves 

exclude land use apply to CDl. 

This subroutine is referenced by a CALL between Comment 11 

Comment 12 in the main program each time channel improve

nt is evaluated for a potential design frequency, 

Between Comment 1 and Comment 2 in the subroutine per 

. i<e right-of-way cost is determined for the proposed channel 

Since right-of-way costs may also be evaluated 

Subroutine COST, a check is first made to determine if this 

been done so that its computation will not be repeated 

ecessarily. Based on the analysis by James (8, p. 109) 

ht-of-way cost for new channels is determined to be equal 

the full value of land plus 1/ 3 the value of urban structures. 

e 1/3 is arbitrary and is intended to reflect freedom in design 

adjust alignment to avoid structures. For enlarging already 

roved channels right-of-way cost is determined to be equal 

.full land and urban structure value. This is because no 

justment is possible for channel alignment and because 
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cture development tends to be extended to the limits of an 

.roved channel. 

Secondly, a weighted average design flow is determined by 

Jying the factor FQ, which was read into the program. 

subroutine determines the types of channel im-

vement to consider or omit from consideration based on the 

.ue of LINING {NW). This value is originally read into the 

ogram and may be changed within this subroutine as the channel 

. 1 
e 1s changed. If the channel type to be considered is any type 

rectangular lined, this subroutine calls Subroutine BRIDGE 

ch determines the number and lengths of railway and highway 

idges that will have to be built or modified to accommodate the 

ential improved channel. 

Assuming that an unlined channel is to be evaluated, the 

broutine would proceed to calculate its cost between Comment 4 

First of all, dimensions for the channel are 

lculated for the weighted average design flow. Based on a 

sign criteria established for the Morrison C,;eek area (8, p. 214), 

channel is designed for a minimum bottom width to depth 

io of 4 {BDMIN) unless the required channel depth exceeds 

feet, in which case the bottom width to depth ratio is allowed 

ARRAY LINING. 
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ncrease by increments of 0. 5 up to a maximum ratio of 10 

MAX), after which this ratio is maintained at 10 and the 

·mum channel size that would accommodate the design flow 

e is selected. To determine the appropriate width and depth 

Manning's equation is used with an iterative 

since it is not possible to solve directly for the two 

Given the Manning equation, 

Q= L49 AR0.667 8 0.5 (6) 
n 

ere Q is the discharge, in cfs, at a section having an area A 

sq. ft; R is the hydraulic radius of the section, in ft; n is the 

lue of Manning's roughness; and sis the average slope of the 

draulic grade line, assumed to be equal to the bottom slope 

the channel for steady uniform flow. 

For a trapazoidal section 

Q =--- 8 0. 5 1.49 [(H(B+ZH))l.
667 j 

n ( B + 2HI\J 1 + zZ )0. 667 . 

depth of flow in the section, B is the bottom width 

the section, Z is the side slope of the section, and all other 
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pJ.S have been defined previously. 

Letting X = B/H and substituting gives, 

1.49 2 667 r (X+Z)l.667 l O 5 

Q = -n-- H . l~-x-+-2--:"J,:1=+=z=2=)-:o:-. -:-6-;-:6 7~-J s . 

H= 
Qn 

1. 49 

{ 7) 

Equation 7 is the form of the Manning equation used in the 

determining the channel dimensions 

mmensurate with the design criteria. Initially, the subroutine 

,ts X equal to BDMIN and solves Equation 7 for H. If H 

c.eeds a maximum value of HMAX, X is allowed to increment; 

d H decreases. Whenever H becomes less than HMAX, the 

of Xis used with H to solve for B. If X increments to a 

lue equal to BDMAX, the incrementing is caused to cease and 

current value of H is used to calculate B. 

After the channel dimensions are selected, a check is made 
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if the tractive force developed by the design flow 

greater than that which is allowable for the soil type within 

unlined channel. 

The tractive force is calculated from the following equation 

, p. 168) 

TFF= 'If HS 

.ere TFF is the tractive force developed, in p. s. f; 'if is the 

·t weight of water, taken to be 62. 4 lb/ft3 , and Sis the slope 

the hydraulic gradiento 

If the developed tr.active force is within the limit of allowable 

tive force, the subroutine proceeds to calculate the remain

channel dimensions and calculates the cost of the channel 

provements (CS) by an equation developed by James (8, pp. 

5-106) for a trapezoidal unlined channel. Then, based on the 

ue of LINING(NW), the subroutine either returns to the main 

ogram with the cost of the unlined channel or continues to 

aluate other types of channel improvement. 

If the developed tractive force exceeds the maximum allowable, 

e program determines the cost of an unlined channel with drop 

The slope of the hydraulic gradient is reduced by 

% increments until the developed tractive force is reduced to 

Value equal to or less than the allowable tractive force for the 
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This is accomplished by an iterative procedure 

·1ar to that described above for the unlined channel without 

The number of drop structures required (ND) 

then calculated to correspond to a pre set "rule -of-thumb" which 

ows for one drop structure if the height of fall is less than or 

ual to 5 ft., two drop structures if the height of fall is between 

.and 10 ft., or a sufficient number of drop structures so that 

eir average fall is about 4 ft. if the fall is greater than 10 ft. 

Based on the channel characteristics calculated above a cost 

computed for the unlined channel with drop structures and the 

broutine again decides whether to return to the main program 

'.th the cost of channel improvement (CS) or to continue to 

aluate other types of channel improvement. 

Between Comment 5 and Comment 6, the subroutine de

rmines the cost of constructing or enlarging the channel as 

unreinforced concrete lined trapezoidal channel. The channel 

mensions for a new channel are determined by the iterative 

... ocedure using Equation 7. The cost of building a new 

apezoidal lined channel (CSL) is also calculated similarly 

the cost for the trapezoidal unlined channel, the only 

fference between the two computations being the inclusion of 

term accounting for the cost of the concrete lining. 
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The cost of enlarging an already improved trapezoidal lined 

nel is calculated by first determining the dimensions of the 

'sting channel and increasing the depth of the channel by 10% 

rements until a channel size is reached which will accommodate 

Then, dimensions for the enlarged channel are 

culated, the cost of enlarging the channel is determined, and 

l> subroutine returns the cost of the improvement ( CS) to the 

After calculating the cost of improving an existing unimproved 

annel as a trapezoidal lined channel the subroutine automatically 

"es to Comment 7 to evaluate building a reinforced concrete 

ned rectangular channel. The rectangular channel is designed 

a bottom width to depth ratio equal to BDMIN. All di

ensions are calculated from a solution of the Manning equation 

'!'responding to this design criterion. The cost of building 

rectangular lined channel is calculated from an equation 

"milar to that used for trapezoidal lined channels, the only 

ference between the two equations being the substitution of a 

tor allowing for the cost of reinforced concrete lining. 

If the subroutine has been directed to consider enlarging an 

isting improved rectangular lined channel, it will do so by 

termining the dimensions of the existing channel and increasing 
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of the channel until it is able to accommodate the 

'ghted average design flow. A cost is calculated for the 

itional required lining only and the subroutine returns to 

main program with this cost. 

ROUTINE BRIDGE 

.This subroutine is referenced by a CALL statement located 

een Comment 2 and Comment 3 within Subroutine STR. 

calling argument (Q) communicates the magnitude of the 

ign flow for channel improvement to the Subroutine BRIDGE. 

Beginning with Comment 1, BRIDGE initializes conditions by 

ting equal to zero HA, the number of highway bridges having 

quate capacity for the design flow; RE, the number of railway 

idges that will have to be modified; RN, the number of railway 

idges that will have to be built new; HE, the number of highway 

'dges that will have to be modified; and HN, the number of 

hway bridges that will have to be built new. Subroutine 

the proper numerical values to be associated 

h these variables and returns to STR with the information. 

The basic instrument of the subroutine is the storage array 

which contains a running tabulation of the bridges existing 

each subwatershed at all times. Any and all changes in CAP 

ade necessary by the adoption of structural measures are made 
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e end of the optimization calculations in the main program. 

assumptions are implicit in the analysis performed 

The assumptions are made in an attempt 

represent within the computer model changes that would occur 

natural course of development of a watershed. The 

of existing highway and railway bridges read into the 

'gram are assumed to be the maximum flow the bridge can 

ommodate even with modification. Therefore, any old 

cture whose capacity is exceeded by the design flow is 

urned to be replaced by a new structure. New structures 

·u during the period of analysis are assumed to be con

cted in such a manner as to make future modifications 

Thus, any new structure whose capacity is 

'ceeded by the design flow in later stages is assumed to be 

dified, and Subroutine STR calculates the cost of mod

cation rather than the cost of replacement. 

Based on these assumptions, the subroutine calculates 

ween Comment 2 and Comment 3, the number of old highway 

adequate and the number that will have to be 

structures. Between Comment 3 and Comment 4, 

e same items are determined for railway bridges. 

Between Comment 4 and Comment 5, the subroutine determines, 
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for highway and railway bridges, the number of structures 

t during the period of analysis, that will have to be modified 

<accommodate the design flow. 

The analysis assumes that increased urbanization will 

crease the number of highway bridges present in the subwater-

A "rule-of-thumb" is employed to suggest the number of 

idges that might normally occur. For subwatershed urban-

.ation less than 25%, no influence is assumed; for urban-

ation between 25% and 50%, a minimum of two highway bridges 

r mile of channel length is assumed; for urbanization greater 

an 50%, a minimum of three highway bridges per mile of 

These conditions are described mathe-

I. 
atically in the subroutine so that an integer value is calculated 

I 

r the required number of highway bridges. 

It would seem to be unjustified to include in the cost of 

the costs of constructing new bridges 

quired by new roads built across new channels to serve new 

.rban development unless the road were built prior to the 

Thus, in the event that the channel is improved 

to the stage under consideration, a cost of modification 

allowed for those bridges required by increased urbanization. 

However, if the channel is unimproved in a previous stage 
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is being considered for improvement the subroutine assumes 

the cost of channel improvement will include the cost of 

ding the required number of new highway bridges. It is felt 

't increased urbanization will have no affect on the number of 

':quired railway bridges. 

Beginning with Comment 5, the subroutine determines the 

her of additional highway bridges required by urbanization 

in the subwatershed and returns to Subroutine STR. 

BROUTINE COST 

The purpose of this subroutine is to determine the cost of 

reased flooding in downstream subwatersheds caused by 

proving an upstream channeL Ideally, this cost should be 

termined by optimizing flood control in the downstream sub

ershed with and without the improved upstream channel. 

is would complicate the computer program and add so much 

the computation time that an approximate method yielding 

ficiently accurate results has been substituted (8, p. 127). 

The induced cost of downstream flooding is nearly equal to 

cost of enlarging the downstream channel to accommodate 

increase in the flood peak of its design frequency. For 

Wnstream channels that are in an improved condition, the 

sign frequency is known; and it is a simple matter to ca'.lculate 
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increased flood occurring at the same design frequency. For 

proved downstream channels the design frequency must be 

·:mated if it is anticipated that the channel may be improved 

ting the planning stage for which downstream costs are being 

For this purpose a correlation was established 

ween the amount of subwatershed urbanization and the cor

ponding design frequency for improved channels. From 

correlation a probable design frequency is estimated for 

ch downstream subwatershed containing an unimproved 

It must be emphasized that the correlation developed 

':peculiar to the Morrison Creek Watershed and should be 

vised for any other watershed. 

After being referenced by a CALL statement in the main 

ogra:rn the subroutine first determines for which downstream 

bwatersheds induced costs are to be evaluated. Beginning 

Comment 2, the subroutine systematically evaluates for 

h downstream subwatershed, the affects of increased 

During this analysis, the amount of urban-

ion in the downstream subwatershed is held constant, while 

amount of tributary channelization is increased in accordance 

th the proposed upstream improvement. 

Between Comment 3 and Comment 4, the subroutine evaluates 
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situation in the downstream subwatershed with regard to 

idges and right-of-way cost, Both of these items are 

ermined consistent with earlier stated assumptions and 

Beginning with Comment 4, flow-freqµency relationships 

established for the downstream subwatershed. If the down-

subwatershed is already improved, its dimensions are 

If it is not improved, a probable design frequency is 

lected; and corresponding dimensions are calculated. In 

ther case, dimensions must then be calculated for the 

ditional flow that would result if the upstream channel were 

Unless otherwise specified by array LINING, the subroutine 

the induced cost for unimproved channels by 

. alculating the additional cost as if they are unlined channels 

These above calculations are per-

rmed between Comment 4 and Comment 5. 

Beginning with Comment 5, induced costs for unlined 

.hannels with drop structures are evaluated. The allowable 

lope and resulting dimensions are calculated in a manner 

entical to that used in Subroutine STR. 

Between Comment 6 and Comment 7, induced costs for 
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,pezoidal lined channels are evaluated. Similarly, between 

ment 7 and the end of the subroutine induced costs for 

tangular lined channels are evaluated. 

The cost of induced downstre.am flooding is summed as 

'·ch subwatershed is evaluated, and the subroutine returns 

total cost (CDST) to the calling point in the main program 

re it is then used in the decision of whether or not to 

lement upstream channel improvement. 
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Chapter IV 

ENSITIVITY STUDIES: RESULTS AND CONCLUSIONS 

detailed analysis has been performed on data for the 

The purpose of the analysis has been 

First, the extensive use of the flood control planning 

served as a vehicle for "debugging" by forcing the 

putations into all the optional portions of the program. 

dly, the results of the analysis provide further insight into the 

e sensitive relationships between the values assigned input 

'ables and the composition of the optimum project provided 

e flood control planning program. The results help indicate 

r.elative merits of the alternative measures and pinpoint the 

t direction for future research. 

,As indicated earlier, the intended use of the flood control 

'ng program is not to provide a fully designed project, but 

)£!elect the optimum combination of flood control measures and 

... idual flooding, from which a detailed design may properly be 

Studies have shown that the "mix" of flood control measures 

loyed for the optimum project may be rather insensitive to 

,nges in certain input factors while being highly sensitive to 

,' 
'I;,, 

' 
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.es in other input factors. While trends may be predicted 

:,I. superficial study, the exact nature and extent of the 

ce extended by input variables in a complex and dynamic 

ro may be determined only through careful analysis. For 

lysis of this type to be of any consequence, the "optimum" 

ct roust be determined and redetermined for a wide range 

ut variable values, a requirement that can be met only through 

se of computer methods as explored in this thesis. From 

ctical viewpoint, it is well worth knowing the more 

itive relationships so that data describing these relationships 

.be gathered more carefully. From a more basic vieyrpoint, 

same knowledge can be used to select the more worthwhile 

.ements in current data gathering and analytic procedures . 

. ,A complete presentation of the results of the computerized 

•Sitivity studies for Morrison Creek is not practical because 

e volume of output produced. In order to study the 

"tivity of costs, a stage by stage summary of the economic 

t of channel improvement, land use adjustment, flood proofing, 

idual flood damage, uncertainty cost, and total cost of 

ding is presented along with the average annual discounted 

over the entire. period of analysis for each type of cost. 

rder to study the sensitivity of the amount of measure use, 
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1 

5/214 
26,542 

0 

TABLE 9-A 

DISTRIBUTION OF COSTS 
FOR STANDARD PROJECT CONDITIONS 

Stage 2 Stage 3 Stage 4 Stage 5 

$ $ $ $ 

116,348 130, 680 164,920 181,690 
3,485 8,490 3, 377 6,432 

7,216 11, 009 14,400 1 7, 185 

36, 372 41,034 51, 588 55,860 

0 0 0 0 
163,420 191_, 218 234,285 261, 156 

TABLE 9-B 

Discounted 
Totals 

123,557 
3,537 
9,242 

38,028 
0 

174,363 

DISTRIBUTION OF FLOOD CONTROL MEASURES 
FOR STANDARD PROJECT CONDITIONS 

Stage 2 Stage 3 Stage 4 Stage 5 Totals 

acre-yr. acre-yr~ acre-yr. acre-yr. acre-yr. 

9,000 1, 080 6,850 1, 330 1, 440 19,700 
10, N.O 5,380 5,290 2,520 2,710 26, 070 

cfs. -mi. cfs. -mi. cfs o ~mio cfs. -mi. cfs. -mi. cfs. -mi. 

18, 606a 5,347a 74la 5,686 2,344a 32,724 

.These figures include only the amount of channel actually 
built during the stage. 

's''--Channel Improvement 
--Land Use 
-Flood Proofing 
--Residual Flooding 
--Uncertainty 
--Total During Stage 
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acre-years of flood proofing and land use adjustment imple

and the cfs-miles of channel built during each stage 

presented on tables in this chapter. An acre-year is 

acre of flood plain protected by the measure for a y!"ar. A 

-mile is the product of the additional channel capacity provided 

the length of the channel, 

Absolute quantities are presented on Tables 9-A and 9-B 

r Standard Project Conditions as defined by the input data presented 

Chapter II on Table 1. The following tables present the results 

the sensitivity studies. The value of the changed input variable 

other conditions is indicated on its appropriate table. All 

gures other than those pertaining to Standard Project Conditions 

ve been reduced to normalized values, using Standard Project 

'onditions as the base of 1. 00. 

RESULTS AND CONCLUSIONS 

ST OF CHANNEL IMPROVEMENT 

Referring to Tables 10-A and 10-B, it can be seen that 

e sensitivity of the optimum "mix" of measures to changes 

the cost of channel improvement was tested by using SF equal 

This has the affect of making the unit cost of 

improvement one half and twice as much as for Standard 

Conditions. 
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TABLE 10-A 

DISTRIBUTION OF COSTS 
FOR VAR YING COST OF CHANNEL IMROVEMENTa 

1 Stage 2 Stage 3 Stage 4 Stage 5 Discounted 
Totals 

L---.L---------''--------'-------'------L------
Project Conditions: SF=O. 5 

0.936 
0.899 
0.542 
o.644 

0. 939 b 
0.000 
0.323 
0.487 

o. 791 

0.869 
o. 000 b 

0.384 
0.706 

0.768 

Project Conditions: SF=2. 0 

1.246 
1. 111 
1.000 

1. 241 

1. 238 
1. 000 
2.315 
1. 237 

1. 619 

1. 103 
1. 000 
2.417 
1. 666 

1.295 

0.767 
1. 000 
0.358 
0.759 

0.743 

1. 112 
3. 811 
2.834 
I. 351 

1. 309 

TABLE 10-B 

o. 734 
1.000 
0.363 
o. 886 

0 74 

1. 055 
4.047 
2.910 
1. 572 

1. 362 

0.863 
0.316 
0.392 
o.677 

86 

1. 164 
1. 928 
2.314 
1. 401 

1. 292 

DISTRIBUTION OF FLOOD CONTROL MEASURES a 
FOR VARYING COST OF CHANNEL IMPROVEMENT 

1 Stage 2 Stage 3 Stage 4 Stage 5 Totals 

Project Conditions: SF=O. 5 

1. 090 1. 528 0.512 0.555 1. 061 
0.931 0.731 o. 650 1. 000 1. 000 0.832 
0.543 0.476 0.499 0.802 0.812 0.573 

Project Conditions: SF=2. 0 

0.941 0.587 0.000 0.848 0.237 0.795 
1.064 0.981 1. 169 2. 165 2. 153 1. 250 

1. 868 1. 892 2.413 2.384 1.640 

"SF=l. 0 for Standard Project Conditions 

Small amount implemented 
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The results of this study indicate that the economic 

·fication of structural measures is rather insensitive to 

ges in the cost of the measure itself. When the cost of 

measure was halved, only 6% rr1ore cfs-miles of improved 

nel was provided; and when the measure cost was doubled 

amount of improved channels provided was only decreased 

approximately 20%. In actuality, considerably more in-

ence was exerted on the optimum amount of land use and flood 

ofing used in conjunction with channel improvement. In 

atersheds where the level of channel improvement remained 

changed; the amounts of land use adjustment and flood proofing 

Ovided also remained essentially unchanged. 

A closer look at the physical characteristics of the 

Orrison Creek area reveals that for the larger, more highly 

b.anized subwatersheds, channel improvement is so clearly 

·mum that a change in the cost of the measure serves at most, 

Y to shift the optimum level of protection slightly, or to cause 

nstruction to become optimum in an earlier or later stage. 

ST OF LAND USE ADJUSTMENT 

The affects of changes in the cost of land use adjustment 

e documented on Tables 11-A and 11-B. Again, the cost of 

measure was varied by setting LF equal to 0. 5 and 2. 0, 
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TABLE 11-A 

DISTRIBUTION OF COSTS 
FOR VARYING COST OF LAND USE ADJUSTMENT 

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Discounted 
Totals 

Project Conditions: LF=O. 5 

1. 000 0.880 1. 046 0.874 0.951 0.951 

L 1. 000 3.456 0.623 6.966 4.480 2.852 
,p 1. 000 1. 067 0. 622 0. 541 0. 388 0. 717 

F 1. 000 1. 048 0. 935 0.956 0.918 0.978 

u 
T 1. 000 0.981 0.979 0.959 0.994 0.983 

Project Conditions: LF=2. 0 

s 1. 000 1. 000 1. 000 1. 000 1. 005 1. 002 
L 1. 000 0. 000 b 0. 000 b 0.000 0. 000 0. 000 b 
p 1. 000 1. 355 1. 740 1. 221 1. 610 1. 392 
F 1. 000 1. 032 1. 064 1. 026 1. 096 1. 039 
u - - - - - - - - - - - -
T 1. 000 1. 001 1. 012 1. 009 1. 040 1. 010 

TABLE 11-B 

DISTRIBUTION OF FLOOD CONTROL MEASURES 
FOR VAR YING COST OF LAND USE ADJUSTMENTa 

Stage 1 Stage 2 Stage 3 

Project Conditions: LF=O. 5 

S 1. 000 
L 1. 000 
P 1. 000 

0. 776 
3. 389 
1. 229 

2.630 
1. 182 
1. 023 

Project Conditions: LF= 2. 0 

s 1. 000 1. 000 1. 000 
L 1. 000 0. 731 0. 734 
p 1. 000 0.989 1. 030 

Stage 4 

0.431 
2. 789 
2. 218 

1. 000 
0. 000 
1. 000 

a 
LF= 1. 0 for Stan(iard Project Conditions. 

b 
Small amount implemented. 

-84-

Stage 5 

1. 140 
2.674 
1. 753 

1. 000 
0. 000 
0.963 

Totals 

0.861 
1. 438 
1. 248 

1. 000 
0. 752 
1. 000 
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causing the unit cost of the measure to be one-half and twice 

,xnuch, respectfully, as for Standard Project Conditions. 

\The total cost of flooding was effected only slightly by varying 

cost of the measure itself. Logically enough, the cost of 

ding was decreased when the cost of the measure was in-

The optimum "mix" of measures and residual flooding 

totally uneffected in the first stage of analysis. 

The mo st profound change was seen to be in the amount of 

land use measure that was applied. The acre-years of the 

easure implemented was increased by over 40% when the cost of 

measures was decreased and was seen to decrease by 25% 

hen the cost of the measure was increased. Land use adjust

:~ent becomes totally unfeasible in the fourth and fifth stages 

<~rhen the measure cost was increased. The optimum level of 

hannel improvement was totally uneffected by an increased cost 

the land use measure. For decreased land use cost, channel 

improvement was delayed slightly in several cases and was 

):irevented entirely in subwatersheds that did not become highly 

urbanized during the period of analysis. 

Land use adjustment seems to have its biggest advantage as 

complementary measure used with one of the other types of 

flood control measures. The reduced cost of land use adjustment 
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sed proofing to be used in conjunction with land use measures 

re no measure was applicable for Standard Project Conditions. 

'li,ctuality, the land use measure was not given a fair trial in 

· Morrison Creek Watershed because several subwatersheds 

re so highly urbainzed prior to the analysis as to make land 

e adjustment impractical. 

ST OF FLOOD PROOFING 

The amount of flood proofing that can be economically just-

'ed was seen to be extremely sensitive to the cost of the measure. 

;his is clearly shown on Tables 12-A and 12-B. When the cost 

f the measure was decreased to one-half of that for Standard 

roject Conditions the amount of flood proofing implemented 

When the cost of the measure was doubled, flood 

proofing became totally unfeasible during the analysis. The 

overall cost of flooding was not severely effected by the 

variations in the cost of flood proofing even though the amount 

of the measure that was implemented varied considerably. 

When the cost of flood proofing was decreased, the "mix" 

iihifted greatly in favor of flood proofing, with the amount of 

land use adjustment and channel improvement decreasing 

However, when flood proofing costs were increased, 

channel improvement and land use did not change to any great 
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TABLE 12-A 

DISTRIBUTION OF COSTS 
FOR VARYING COST OF FLOOD PROOFING a 

Stage 2 Stage 3 Stage 4 Stage 5 Discounted 
Totals 

Pro· ect Conditions: PF=O. 5 

0. 636 b 0. 7 21 0.642 o. 77 5 0.666 
0.000 o.ooob 0.000 0.000 0.001 

5.297 3.750 4. 104 3.334 4.147 
1. 178 1. 123 1. 151 1. 173 1. 186 

0.949 0.950 0.958 1.009 0.950 I, 
,, 

Project Conditions: PF=2. 0 I:' 

0.982 0,991 0.988 0.989 0.997 
1. 616 1.000 1. 000 1. 0-00 1. 150 
0.000 0.000 0.000 0.000 0.000 
1. 197 1. 195 1. 397 1. 456 1. 264 

1.000 0.978 1.017 1. 024 1.006 

TABLE 12-B 

DISTRIBUTION OF FLOOD CONTROL MEASURES 
FOR VARYING COST OF FLOOD PROOFING 

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Totals 

Pro·ect Conditions: PF=O. 5 

0. 821 0.507 5.296 0.521 1. 517 0.869 
o. 731 0.688 0.000 0.000 o. 736 
2.522 1. 830 3.516 2.339 2.001 

Project Conditions: PF=2. 0 

1. 008 0.968 1.046 1. 000 1.000 1. 000 
0.994 2.343 1. 000 1.000 1. 000 1.000 
0.000 0.000 0.000 0.000 0.000 0.000 

.~F=l. 0 for Standard Project Conditions. 
b 
Small amount implemented. 

-87-



No additional channels were built; however, the level 

'protection and the stage in which the channel was constructed 

change slightly. In one subwatershed, the channel was 

lt in the fir st stage rather than in the second stage as it 

for Standard Project Conditions, and in another subwater-

d the channel in the third stage was built to a larger capacity. 

·1arly, land use measures were implemented in one sub-

tershed during the second stage, where flood proofing had been 

Hrnum during Standard Project Conditions. The design 

quency for land use was increased in one instance in the first 

ge where land use and proofing had been used in combination 

ting Standard Project Conditions. All of the shifts occurred 

subwatersheds where land use had been just slightly more 

onornical than the measure that replaced it when its cost was 

EPTH-DAMAGE RELATIONSHIP 

Calculation of the amount of flood damage to urban and ag-

liicultural structures is based on the variable COEFDM. The 

elationship assumes linearity between the depth of flooding and 

e amount of damage occurring. Work has been done to 

stablish more sophisticated relationships which may be 

applicable in other situations ( 13). Damage to agricultural 
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TABLE 13-A 

' 
DISTRIBUTION OF COSTS I 

FOR VAR YING DEPTH-DAMAGE RELATIONSHIPa 

Stage 2 Stage 3 Stage 4 Stage 5 Discounted 
Totals 

'Pro ·ect Conditions: COEFDM=O. 025 

0.541 o.636b 0.590 0.903 o.64ob 
0.000 0.000 0.000 0.000 0.000 
0.000 0.023 0.000 0.000 0.019 
1. 389 1. 285 1. 535 1. 327 1.296 

0.786 0.840 0.850 0.880 0.818 

Pro ·ect Conditions: COEFDM=O. 100 

1. 618 1. 346 1. 415 1. 381 1. 470 1. 
0. 750 4.210 1. 000 2. 126 1. 000 1.879 
l. 266 2. 125 2.766 1. 323 1. 650 1. 676 
0.496 0.435 0.599 0.716 0.572 0.556 

1. 183 1. 160 1. 138 1. 167 1. 137 1. 199 

TABLE 13-B 

DISTRIBUTION OF FLOOD CONTROL MEASURES 
. FOR VAR YING DEPTH-DAMAGE RELATIONSHIP a 

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Totals 

Project Conditions: COEFDM=O. 025 

0.838 o. 156 12. 140 0.000 2.068 0.739 
0,990 0. 164 l, 511 0.000 0.000 0.603 
0. 120 0.000 0.069 0.000 0.000 o. 051 

Project Conditions: COEFDM=O. 100 

1. 301 0.697 3.980 0.763 1. 325 1. 108 
0.650 2.234 1. 000 1. 150 1.000 1. 092 
1. 163 1.603 1.222 1. 203 1. 182 1. 254 

a 
COEFDM=O. 052 for Standard Project Conditions. 

b 
Small amount implemented. 
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assumed to be independent of the depth of flooding. 

FDM equals the damage per foot of flood depth per dollar 

market value of flood-plain structures. The value for 

EFDM of O. 052 used for Standard Project Conditions was 

veloped by James (8, p. 87, Eq. 20) for average flood-plain 

elopment when the flood water contains little sediment, 

s a relatively low velocity, and does not exceed four feet 

For different conditions in the flood-plain or for 

'c!afferent flood water characteristics than those of Morrison Creek, 

a different value of COEFDM would have to be established. 

For the sensitivity studies, values for COEFDM of 0. 052 

;and O. 100 were used. This set the unit damage per depth of 

flooding at approximately one-half and twice that used for 

Standard Project Conditions. The results of this study are 

shown on Tables 13-A and 13-B. For the lower value of 

GOEFDM, the optimum "mix" shifted greatly in favor of 

allowing the flood damage to occur, with less structural and 

nonstructural flood control measures being applied. The 

opposite affect occurred when the damage from a given flood 

depth was increased; with a considerable reduction in the cost 
1.·i 

of residual damages being effected, while the percentage 

of the cost allocated to flood control measures increased 
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Again, flood proofing was most sensitive to a 

;eduction in damages, with only 5% of the amount of flood 

roofing justified under Standard Project Conditions being 

:applied if COEFDM equals O. 025. Where COEFDM was 

creased to 0. 100, flood proofing again showed the most 

Ckensitivity to its change, however both structural and 

,nonstructural were also implemented to a higher degree than 

.. under Standard Project Conditions . 

.VALUE OF OPEN SPACE AMENITIES 

The value of open space amenities is expressed in the 

The value of open space within an urban 

area should certainly be worth something to society, and because 

of this, the benefits to land use adjustment should include some 

value over and above the amount realized by the reduction of 

physical flood damage. Also, the unit value should logically 

increase as the amount of remaining open space decreases. 

For this reason, the value of open space amenities as calculated 

.within the flood control planning program have been made a 

function of watershed urbanization (UN) and the coefficient 

lPP. The product of these two terms is equivalent to the 

single term used to evaluate open space amenities in the 

equation developed by James (8, p. 122 and Eq. 36). The 
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TABLE 14-A 

DISTRIBUTION OF COSTS 
FOR VARYING VALUE OF OPEN SPACE AMENITIESa 

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Discounted 
Totals 

Project Conditions: IPP=200 

1. 000 0.880 1.046 o. 874 0.951 0.951 

12. 778 0.378 4.242 4.475 1. 745 1. 945 

1. 000 1. 067 0.590 1. 143 0.955 0,945 

0.985 1.048 0.934 1. 016 0.991 0,997 

0.998 0.983 0.968 0.974 0.976 0.981 

Project Conditions: IPP=lOOO 

0.952 0,738 0.657 0.547 0.706 0.734 

101. 778 0.009 0.205 0.667 1. 762 0.591 

0.843 1. 291 0.904 1.242 0.447 0.952 

1.042 0.833 0.948 0.800 0,731 0.883 

0.975 0.768 0.713 o.648 0.721 0.776 

TABLE 14-B 

DISTRIBUTION OF FLOOD CONTROL MEASURES 
FOR VARYING VALUE OF OPEN SPACE AMENITIES a 

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Totals 

Project Conditions: IPP=200 

1. 000 0.776 2.630 o. 431 1. 140 0.912 
1. 275 3.389 1. 388 3.413 3.215 1. 717 

' 

1. 000 1. 229 1.000 2.246 1. 719 1.242 
1,i 
,11, 

' 

Project Conditions: IPP=lOOO 

0.982 0.000 0.000 0,097 2.221 0. 735. ·'.i' 
2. 143 28.250 3. 804 19.864 9.764 5.906 
1. 011 2. 173 2.251 5.286 4.458 2.274 

aIPP=O for Standard Project Conditions. 
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ue assigned open space amenities is admittedly subjective 

'nd is only intended to give an indication of the affects of open 

ace amenities on the types and amount of flood control 

that can be economically justified in a flood control 

The results of this study are presented on Tables 14-A and 

IPP was arbitrarily assigned values of 200 and 1000, 

us making open space amenities equal to $200 and $1000 per 

iitcre per year in a fully urbanized subwatershed. The affect 

of assigning a positive value to open space amenities was to 

increase the use of nonstructural measures, both land use 

;,adjustment and flood proofing, while decreasing the use of 

structural measures. Land use and flood proofing seemingly 

have more merit when used together, as the restriction in 

urban development encourages the use of flood proofing to 

reduce damages to pre-existing urban development. For 

;,IPP equal to 1000, land use was implemented during at least 

one stage for 17 of the 20 subwatersheds analyzed. The re

maining 3 subwatersheds were improved prior to the period 

of the study to the extent that flooding never began more 

commonly than 1 / 2% during the entire period of analysis. 
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GHT-OF-WAY VALUE 

The cost of right-of-way for structural measures is 

ontrolled by the variable RWF. For Standard Project 

·conditions, the variable RWF was set equal to 0. 5 and 2. O. 

kThis has the affect of evaluating channel improvement with 

:;ight-of-way cost equal to one-half and twice the value 

.,assigned to Standard Project Conditions. 

The sensitivity of the optimum "mix" to changes in right

ipf-way cost indicated the same general trends as varying 

:\the total cost of channel improvement. The results of 

(the study performed on right-of-way cost are presented on 

· Tables 15-A and 15- B. The amount of channel improvement 

slightly for decreased right-of-way 

cost and decreased approximately 20% for the increased 

'right-of-way cost. The percentage of the total co st allocated 

;to channel improvement decreased in both cases; in one case 

cost of channel improvement itself decreased, 

the other case because a lesser amount was found to be 

A pronounced affect was evident in the more highly 

subwatersheds for which right-of-way cost was 

comparatively high. or for which channel improvement has only 

'moderate advantage over nonstructural measures or unrestricted 
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TABLE 15-A 

DISTRIBUTION OF COSTS 
FOR VARYING RIGHT-OF-WAY VALUEa 

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Discounted 
Totals 

Project Conditions: RWF=O. 5 

o.688 .884 0. 701 0.774 0.684 o. 747 

0.991 0,226 1. 000 0.248 1. 000 0.428 

1.000 0.742 1. 000 0.981 1. 000 0.939 

0.943 0.640 0.818 0.801 0.942 0.818 

0. 757 o. 768 0.741 0.760 0,773 o. 760 

Pro· ect Conditions: RWF=2. 0 

0.967 0.898 0.757 1. 018 0.880 0.903 
15.852 1. 580 5.601 1. 000 1.000 1. 784 

1. 364 6. 155 8. 171 3.766 4.752 5.684 
1. 487 1. 484 1. 988 1. 777 2. 132 1. 730 

1. 345 1.342 1. 366 1.389 1. 407 1. 366 

TABLE 15-B 

DISTRIBUTION OF FLOOD CONTROL MEASURES 
FOR VARYING RIGHT-OF-WAY VALUEa 

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Totals 

Project Conditions: RWF=O. 5 

1.050 1. 531 0.478 1. 107 0.544 1.039 
0.965 0.691 1. 000 0.892 1.000 0.939 
1. 000 0.814 1. 000 0.913 1. 000 0.947 

Project Conditions: RWF=2. 0 

0.821 o. 310 0.224 2.454 o. 166 o. 7 86 
1.017 1. 866 1. 218 1.000 1.000 1. 161 
0.966 2.010 2.401 1. 378 1. 622 l. 580 

a 
RWF=l. 0 for Standard Project Conditions, 

·,1 
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OST OF UNCERTAINTY 

The affect of the co st of uncertainty was evaluated using 

e procedure advanced by H. A. Thomas (12, pp. 150-152) 

··scussed earlier in this paper. For Standard Project 

l!;onditions the logical variable UNG was read into the program 

This reduces calculations performed in 

CDl and CD2 while producing the same results 

a.s putting VA into the program equal to zero, amounting 

to a probability of exceedance for the equalization fund equal 

For purposes of evaluating the effects of uncertainty, 

.'the program was used with VA equal to 1. 645 and 2. 575, con-

forming to probabilities of exceedance equal to 5% and 0. 5%, 

respectively. 

The results of this study are presented on Tables 16-A and 

16-B. As could be anticipated, the results clearly indicate that 

Cle less risk one is willing to take, the more he must pay on 

an annual basis to reduce the risk. In general, the optimum 

amount of flood control provided must increase, and the 

.allowable level of residual flooding must decrease as the 

probability of exceeding an insured situation decreases. The 

average level of protection provided by originally constructed 
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TABLE 16-A 

DISTRIBUTION OF COSTS 
FOR VAR YING COST OF UNGER T AINTY a 

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Discounted 
Totals 

Project Conditions: VA=l. 645 (<X=5%) 

1. 132 1. 490 1. 509 1. 474 1.451 1. 397 

0,500 1. 954 1. 000 2. 126 1.000 1. 459 

1. 215 1. 161 1. 155 0.764 1. 156 1.044 

o. 809 o. 190 0. 311 o. 370 o. 456 b 0.440 

o. 3 02 b o.125b o. 246 b o. 295 b 0.378 0.263b 

Project Conditions: VA=2. 575 (o<. =0. 5%) 

1. 670 1. 324 1. 509 l, 466 1. 438 1. 485 

0.500 5.229 1. 000 3.301 1. 000 2,362 

1. 364 2.488 2. 340 o. 762 1. 576 1.488 

0.268 0.224 0. 297 b 0.354 0.451 0.308 

o. 145 b o. 200 b 0.308 o. 398 b o,551b 0.298b 

I. 186 1. 169 1. 179 1. 221 1. 264 1. 199 

TABLE 16-B 

DISTRIBUTION OF FLOOD CONTROL MEASURES 
FOR VARYING COST OF UNCERTAINTYa 

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Totals 

Project Conditions: VA=l. 645 (o< =5%) 

s I. 180 1. 154 2.225 0.857 0.886 1, 138 

L 0. 357 1. 099 1. 000 1. 150 1.000 0.851 
p 1. 135 1. 080 1. 073 1. 081 1.061 1. 093 

Project Conditions: VA=2. 575 (ex =0. 5%) 

s I. 380 0.556 7.835 0.726 0.847 1. 134 
L 0, 357 2.398 1.000 1. 252 1.000 1. 047 
p 1. 191 1. 833 1. 190 1. 167 1. 202 1.292 

aVA=0.000 ( =50%) for Standard Project Conditions. 

b Cost of uncertainty expressed as a multiple of residual flood 
damage for Standard Project Conditions. 
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channels was 3. 33% with Standard Project Conditions, 1. 05%, 

with VA equal to 1. 645 and, O. 89% with VA equal to 2. 57 5. 

By increasing VA to a sufficiently large value, it is possible 

to vary the level of protection according to intangible values 

received from preventing periodic flooding of urban areas. 

From the figures presented on Table 16-B the optimum 

amount of land use adjustment apparently decreased with 

VA equal to 1. 645 and then increased when VA was increased 

to 2. 575. This does not actually mean that land use adjust

ment should become less favorable until the cost of un-

certainty has reached a given amount. Inspection of the 

optimization calculations reveals that location was used 

during Standard Project Conditions at a frequency slightly 

more rare than the level of protection provided by improved 

channels during the first stage. However, when VA was 

increased to 1. 645, the channels in question were improved 

to provide a level of protection equal to 1 /2% in the first 

stage, thus eliminating the opportunity to gain additional 

benefits through land use adjustment. The increased land 

use adjustment justified in the remaining stages of the analysis 

was not able to make up for the deficit provided in stage one. 

When VA was increased to 2. 575 this occurrence was repeated 
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in the first stage, but enough additional land use justified 

in later stages to provide an overall increase in the amount 

implemented, thus giving rise to the apparent discrepancies 

indicated above. 

DISCOUNT RATE 

The results of the sensitivity study performed to determine 

the affects of discount rate on the selection of the optimum 

flood control prl)ject are presented on Tables 17-A and 

17-B. For Standard Project Conditions the discount rate 

of 3. 0% was used. The sensitivity study was performed 

using rates of O. 01 %, 7. 0%, and 15. 0%. 

The affects of discount rate were explored by James 

(8, p, 170}, and this study correlates very well with 

his observations. A low discount rate encourages the 

application of structural measures, while a higher discount 

rate favors nonstructural measures. However, at very 

high discount rates the use of nonstructural measures tends 

to be restricted even more than that of structural measures. 

The cost of channel improvement is proportional to the sum 

of the capital recovery factor (CRFSM) based on the interest 

rate Rover a period equal to TIMST and the maintenance cost. 

The cost of flood proofing is proportional to the sum 
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TABLE 17-A 

DISTRIBUTION OF COSTS 
FOR VARYING DISCOUNT RATE a 

Stage 2 Stage 3 Stage 4 Stage 5 Discounted 
Totals 

roject Conditions: R=O. 01% 

0.793 0.844 0.877 0.867 o. 908 
1. 775 0.600 o. 161 0.000 0.456 
0.552 0.517 0.627 0.635 0.832 
0.220 0.303 0.395 0.513 0.409 

0.626 0.620 0.643 0.648 0.710 

Project Conditions: R=7.0% 

1. 040 1. 168 1. 738 1. 63 1 1. 050 
0.000 0.353 1. 213 1. 213 0.347 
2.975 2.386 1. 176 1. 133 1. 428 
2.354 2,267 1. 512 1. 654 1.825 

1. 495 1. 599 1. 576 1. 551 1.326 

Project Conditions: R=15.0o/o 

1. 693 1.660 1. 434 1. 927 1.528 
0.000 o. 000 b 2. 112 0.000 0.045 
o. 862 2. 707 1. 511 1. 309 0.922 
3. 149 3. 149 3.216 3.914 1. 975 

2.096 2.204 2.322 2.403 1. 604 

=3. 0% for Standard Project Conditions. 

Small amount implemented. 
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TABLE 17-B 

DISTRIBUTION OF FLOOD CONTROL MEASURES 
FOR VAR YING DISCOUNT RATE 

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Totals 

Project Conditions: R=O. 01 % 

1. 124 5. 573 1.539 1. 162 1. 247 
1. 711 o. 457 0.332 0.000 0.713 
1. 087 0.378 0.370 0.208 0.680 

Pro· ect Conditions: R=7. 0% 

0.466 10.643 0.893 0.000 0.769 
0.164 2.025 0.996 0.996 1. 103 
1. 741 0.946 0.942 0.943 1.149 

Project Conditions: R=l5. 0% 

0.623 0.285 0.000 o. 808 1. 906 0.597 
1. 160 o. 164 1. 184 0.653 0.000 0.712 
0. 381 0.055 0.931 0.600 0.273 0.435 



of the capital recovery factor (CRF) for a time period equal 

to TIME and its annual maintenance cost. Due to the 

differences between TIMST and TIME, the cost of channel 

improvement increases more rapidly with an increasing dis-

count rate than does the cost of flood proofing. The discount 

rate effects the cost of land use measures because CRF is 

also used to estimate the average annual land use cost over 

the stage. Flood damages vary with interest rate because 

they accrue to the discounted average annual subwatershed 

urbanization. 

Table 17-B indicates as anticipated, that for discount 

rates less than that used for Standard Project Conditions the 

optimum level of structural measures increases; while the 

optimum level of nonstructural measures decreases. As R 

is increased to 7. 0%, the opposite affect is seen to occur. 

However, when R was increased to 15. 0%, the optimum level 

of flood control measures showed a general decrease while 

the economically optimum level of residual flood damages 

was seen to increase to its highest point. It appears that an 

increasing discount rate tends to favor nonstructural measures 

over structural measures until a certain rate is reached, after 

which the increased cost of all measures reflects unfavorably 
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RATE OF URBAN GROWTH 

The sensitivity of the optimum "mix" of flood control 

measures and residual flooding to changes in the overall 

anticipated rate of urban growth was also studied. The 

program was not used to examine the affects of variations 

in the projected growth pattern, however, such variations 

could be logically expected to accelerate the installation 

of structural measures in subwatersheds where the relative 

growth rate was increased and favor nonstructural measures 

where the relative growth rate was decreased. 

For the analysis, a planning period of 30 years was 

adopted; and the affects of the rate of urban growth were 

determined by varying the lengths of the planning stages. 

The costs of structural measures were discounted over a 

while the costs of nonstructural measures were 

discounted over a time period equal to the length of each planning 

stage. Variations in the rate of growth were effected by 

analyzing six 5-year stages and two 15-year stages while 

Using the same degree of subwatershed urbanization at the end 

of each stage. Standard Project Conditions were established 

by optimizing three 10-year stages. The use of shorter 
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TABLE 18-A 

DISTRIBUTION OF COSTS 
FOR VARYING RATE OF URBAN GROWTHa 

Discounted 
Totals 

Project Conditions: TIME=6, NSTEMX=5 

s 1. 030 
L 2. 579 
p 1. 385 
F 1. 366 
u 
T 1. 167 

Project Conditions: TIME=l5, NSTEMX=2 

s 0.917 
L 0. 135 
p 1. 853 
u 
T 0.919 

TABLE 18-B 

DISTRIBUTION OF FLOOD CONTROL MEASURES 
FOR VARYING RATE OF URBAN GROWTHa 

Totals 

Project Conditions: TIME=6, NSTEMX=5 

s 
L 
p 

1. 010 
1. 964 
0. 819 

Project Conditions: TIME=l5, NSTEMX=2 

s 
L 
p 

0.775 
0. 207 
1. 579 

NSTEMX=3 for Standard Project Conditions. 
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ages with the same input data for USUBW, UTOTR, AND 

simulates a more rapid growth rate. The use of 

stage length simulates a slower growth rate. 

The results of this study are presented on Tables 

18-A and 18-B. Because differences in the lengths of 

planning stages mean that the stages do not cover com-

'parable periods, within stage comparisons were omitted from 

these tables. The totals over the entire planning period 

are presented in a manner identical to that used for all tables 

in this chapter. 

In general, the cost of providing a given level of channel 

improvement is independent of the rate of urban growth be-

cause of the constant life adopted for structural measures. 

The variation in rate of urban growth effects the unit cost 

of flood proofing because of variation in the discounted average 

annual urbanization over the stage which must be flood proofed. 

Flood proofing costs also vary because of changes in the dis-

count factors resulting from different stage lengths. Unit costs 

will be slightly higher for shorter discounting periods and 

slightly lower for longer discounting periods. Based on the 

formula developed by James (8, p. 122, and Eq. 36), the unit 

cost of land use adjustment should decrease as the planning 
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stage becomes shorter and increase for longer planning stageso 

Because of the variation in unit cost described above, channel 

,j;i:nprovement was used relatively more than flood proofing for the 

shorter planning stage. The total amount spent on all three 

measures increased for the shorter planning stage because the I 
i 

l',igher discounted average annual stage urbanization increased 

the cost of flood proofing and residual damageo As expected, the 

per acre cost of land use adjustment was decreased, and the 

seen to be nearly doubled when com-

Standard Project Conditions. When the length of the 

stage was increased, the opposite affects were noted; 

giving increased support to the conclusions reached above. 

COMBINATION OF FLOOD CONTROL MEASURES 

A final sensitivity study was conducted to examine the relative 

merits of the various types of flood control measures, used 

individually or in combination. The analysis was performed 

TRUE individually or in combination the input 

values of STF, LTF, and PT as described on Table 3o All 

combinations of the three types of flood control measures 

Were evaluated. The cost of unrestricted flooding was also 

The results of this study are presented on Tables 19-A 
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TABLE 19-A 

DISTRIBUTION OF COSTS 
FOR VARYING COMBINATIONS 

OF FLOOD CONTROL MEASURESa 

Stage 2 Stage 3 Stage 4 Stage 5 Discounted 
Totals 

Project Conditions: Channel Improvement and Land Use 
Adjustment 

1. 085 0.855 1. 072 1. 095 1. 067 1. 029 

1.000 0.581 1. 075 0.258 0.242 0.475 

1. 039 1. 039 1. 056 l. 260 1.376 1. 206 

1.026 I. 013 1. 029 1. 008 0.993 I.015 

Project Conditions: Channel Improvement 

1. 158 0.834 0.930 0.939 1. 221 1.000 

1. 001 1. 708 I. 400 1.644 1. 477 I. 375 

I. 054 0.998 1. 045 1. 060 1.079 I. 044 

Project Conditions: Channel Improvement and Flood Proofing 

I. 073 0.774 0.862 0.868 0.897 0.897 

I. 000 3.985 4.961 2.364 2.804 2.779 
1.020 1. 295 I. 158 1. 178 1. 247 1. 170 

1.049 1. 015 1.086 1. 089 I. 161 1. 073 

Project Conditions: Flood Proofing and Land Use Adjustment 

1.500 18.714 22.438 15.843 12.892 16.612 
24.929 40.426 37.312 15.213 13.228 21. 796 
4. 190 5.038 4.746 5. 07 6 5.323 4.817 

2.546 3.296 3.828 4.088 4,351 3.529 
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TABLE 19-A--Continued 

Stage 2 Stage 3 Stage 4 

Conditions: Flood Proofing 

29.833 60.708 65.770 24.257 
4.418 5.826 5.745 5.983 

2.822 3.642 4.437 4.581 

Project Conditions: Land Use Adjustment 

1. 500 18.294 10.252 15.843 

8.283 11. 203 12.359 12.906 

3.045 4.120 5.019 5.444 

Project Conditions: Unrestricted Flooding 

3.299 4.400 5.517 5.840 

Stage 5 Discounted 
Totals 

24. 126 34.362 
6. 635 5. 611 

4.976 3.979 

12.892 14.112 

14.096 11. 423 

5.981 4.569 

6.483 4.940 

andard Project Conditions include channel improvement, 
nd use adjustment, and flood proofing. 
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TABLE 19-B 

DISTRIBUTION OF FLOOD CONTROL MEASURES 
FOR VARYING COMBINATIONS 

OF FLOOD CONTROL MEASURESa 

Stage 2 Stage 3 Stage 4 Stage 5 Totals 

Project Conditions: Channel Improvement and Land Use 
Adjustment 

1. 036 
1...014 

0. 686 
0. 279 

21. 379 
2. 092 

0. 956 
0. 456 

Project Conditions: Channel Improvement 

1. 127 0. 0913 13.452 0.452 

0. 504 
0. 460 

4. 294 

1. 134 
0.909 

1. 043 

Project Conditions: Channel Improvement and Flood Proofing 

1. 097 0. 098 13. 17 3 0.436 2. 013 0.925 

0.834 1. 766 1. 134 1. 118 1. 108 1. 1 31 

Project Conditions: Flood Proofing and L~nd Use Adjustment 

1. 371 
2.079 

3. 662 
4.469 

3.418 
4.458 
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3. 168 
4. 375 

3. 154 
4. 348 

2.749 
3.651 



TABLE 19-B--Continued 

Stage 2 Sta e 3 Sta e 4 Sta e 5 Totals 

Flood Proofing 

Z.034 4. 202 4. 348 4. 255 4. 194 

Pro"ect Conditions: Land Use Ad"ustment 

1. 371 2.940 2. 798 3. 168 3. 154 

Conditions: Unrestricted Flooding 

ndard Project Conditions include channel improvement, 
nd use adjustment, and flood proofing. 
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For the most part, the results are self explanatory 

ad need little inter"pretation. As would be expected, Standard 

roject Conditions, which consider all three types of measures, 

oduced the lowest annual flood cost" Channel improvement 

combination with land use proved to be the next best alter

This is somewhat suprising, in view of the fact that 

'li,re-existing urban development in the lvlorrison Creek Sub-

. watershed is not especially conducive to the land use measure" 

Apparently, the inavailability of flood proofing to reduce flood 

damage forced the use of channel improvement in earlier 

stages when right-of-way cost was less" The fact that the 

reduction in total cost by including flood proofing is only 

1. 5%, further demonstrates the small economic advantage 

of this type of measure. Channel improvement alone proved 

to be the next best approach to reducing the cost of flooding 

in the Morrison Creek area" Channel improvement in com

bination with flood proofing was slightly more costly than 

channel improvement alone. Under certain conditions, flood 

proofing is slightly more favorable than channel improvement; 

thus delaying channel construction to a later stage when right

of-way cost has increased and proofing has become un

economical because of the increased urban development. 
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'°Nonstructural meas;_i:re s alone do not prove to be entirely 

;satisfacto:ry, at least in a wate:rshed having high potential 

<urban development, Supph,menti.ng channel imp:rovement with 

!nonstructural measu:res, tu:rned out to reduce total cost by 

Natu:raHy enough, unrestricted flooding is 

shown to be by far the most costly policy to fo'llowo 

SENSITIVITY OF FLOOD CONTROL MEASURES TO 
.INDIVIDUAL SUBWATERSHED CHARACTERISTICS 

The foregoing discussion has been devoted to examination 

of the sensitivity of the Mo:r:rison Creek Watershed as a whole 

to changes in the optirnum "mix" of flood control measures 

· caused by specific va:riations in the input data. In a heter-

ogeneous area such as the Mo:r:rison Creek Watershed, the 

sensitivity of the optimum 11 mix 11 within particular positions 

of the total watershed tend to be obscured by the aggregate 

In particular, the conditions which favor or 

application of particular flood control measures 

considered by the study have not yet been b:rought into a clear 

picture because the sensitivity of the output is a function of 

subwatershed characteristicso To overcome this deficiency, 

three subwatersheds representing diverse local situations 

have been exarnined in detail, with pa:rticular attention having 

been given to identifying characteristics effecting the 
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plicability of alternative flood control measures. 

The channel through Subwatershed 5 drains the largest 

tributary to any of the three subwater sheds being studied 

detail, 35. 4 sq. mi., and this subwatershed is thus subject 

the most severe flooding. This subwatershed enters the 

planning program with 36% of the land urbanized and reaches 

]00% urbanization during the third planning stage. Flooding 

begins at about an 85% frequency. The pressures of urban-

1zation are so great in this subwatershed that land use adjust-

applicable under normal conditions. Similarly, 

the area is so highly urbanized that economies of scale always 

cause channel improvement to be favored over flood proofing. 

Except when STF was set TRUE, channel improvement was 

always optimum in the first stage. The level of protection 

provided by the optimum channel ranged from O. 5% for 

Standard Project Conditions to 4% at a discount rate of 15% 

to 10% in the case described below. Flood proofing was never 

optimum in this subwatershed and land use adjustment was only 

optimum when IPP was set equal to 1000. Under this condition, 

a channel was built to provide protection against the I% flood 

and land use adjustment was used at a level of O. 5% protection 

to supplement channel improvement in the first planning stage. 
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When channel improvement was eliminated from consideration, 

flood proofing was implemented to provide a 6% level of protection 

during all planning stages. Flood proofing only reduced the cost 

of flooding slightly and fell short of the benefits provided by channel 

improvement. 

Subwatershed 9 was chosen for analysis because it represents 

physical conditions nearly opposite to those of Subwatershed 5. 

Subwatershed 9 is in an upstream area, with all the flood water 

originating within the subwatershed itself. 

The initial subwatershed channel is only capable of carrying 

40 cfs. from a drainage area of 3. 9 sq. mi., hence flooding 

begins at about 73%. This subwatershed is initially only 1% 

urbanized, with potential urban development rising only to 

45% during the period of analysis. Even with frequent 

flooding, potential damages are so small that channel im

provement was selected only once during the entire range of 

Sensitivity Studies. This occurred when the discount rate 

was set equal to 0, 01%. Under this condition, which is most 

favorable to the selection of structural measures as a means 

of reducing flood damage, a channel was built in the fourth 

planning stage to contain the 4% flood. Land use adjustment 

and flood proofing were also provided during this stage to 
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.. protect against the 3% flood. No additional measures were 

provided during the last planning stage. During all other 

project conditions considered, flood proofing was the measure 

most likely to be selected. The level of protection shifted 

drastically for slight changes in input data and proofing was 

completely eliminated during the project conditions more 

unfavorable to its selection. When PF was equal to 2. 0, 

GOEFDM equal to 0. 025 (reducing damages), and when R was 

equal to 15%, proofing was never found to be optimum. Land 

use adjustment was ocasionally used to complement flood proofing. 

The land use measure was never optimum before the third 

stage, except for IPP equal to 1000, and was always continued 

for the remaining planning stages. Land use adjustment was not 

optimum during the initial planning stages because the rural 

environment precluded urban development even without formal 

application of the measure and hence few benefits could be 

found from its use. 

Subwatershed 12 represents physical conditions that do 

not consistently favor structural measures over nonstructural 

measures, or vice versa, but gradually shift with time from non

structural to structural measures. Subwatershed 12 is less 

urbanized than Subwaters,ied 5, more urbanized than Sub-
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watershed 9; floods slightly more frequently than 9, less 

frequently than 5; and contains less area than 5, and more 

Under most project conditions a channel was built 

during the first stage to provide protection ranging from 

the 10% flood to the 0. 5% flood and was usually enlarged 

during a larger stage. A channel was not built until the 

second stage when R was equal to 7% or 15%, under which 

conditions land use adjustment and flood proofing were 

applied in the fir st stage instead of the usual structural 

measures. Land use adjustment was usually provided during 

the first stage as a supplement to channel improvement. 

Increased urban growth in later stages usually increased 

land value to a point where land use adjustment was no 

longer advantageous. It is interesting to note, that when 

land use was not implemented, channel enlargement was 

delayed to a later stage because construction within the 

intervening period increased right-of-way cost to the point 

where enlargement was not so early feasible. 

It is hoped that the above discussion, and this paper in 

general, will contribute to the understanding and eventual 

increased effectiveness of the considered flood control 

measures. 
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Appendix I 

FORTRAN IV PROGRAM LISTING 

01 DECk 
.E:RS I TY OF KENTUCKY i""LOOD CONTROL PL ANN I NG PROGRAM I 
ION OF MAY 20, 1966 

OMIC ANALYSIS OF ALTERNATIVE FLOOD CONTROL MEASURES 
N A,A0(25),AFCTR(3,!1l,AW!25J,AFW(2,25)1AF,BDMlN,BbMAX,COEFDM 

Ll25),CU,CD,CAP(251!J)1CS,CDST,CRFSM,FA,F012~1,HE1HMAX,HN1lN 
2512),!D[100),Ki{25l,K2[25),L!NiNG(25j,LF,LOC(251,Lcl25),Nw,NS 
oMANNU,MANNT,MANNR,OUTPUTl25•13)1PF,OOl251,os,oP,QL,OXl2,lool1 
11•11 ),005111•ll),R,RN1RE,RWF,RC(25),SF1S!GMA,Ski,SK2,SK3,SK4, 
SK6,SK71SKS,Sl25),SICC251,TAW,T,T[ME,TFl25),TOl25),TICl~5),Ttl 
,UNC,UN,UZ,USUBWl25,6),UTOTR125o6),VLURST,VLAGST,VALUEl25•6)oV 
W0(25),ZT,ZU,ND,FO,NDT(25),FDAl25J 

(" 

Kl ol<2,MANNU,MANNR,MANNT,L, JA, !PP1LA,LC,MFP1M!NiMCH,N!N,MTLCHi ,i 

CAL CHANEL,UNC,LLL,PP,LL•SS,cosTE,LG,SG,PG,PTF,LTF,STF,TRAc~·c 

NS!ON SUBA(25),ADDCS(25l• D!(7,8),Dl3•25J,Y(J00)1DF 
, YY I ! O l , QQ ( 2, ! 0 ) , XF 4 ( 25) , XF3 C 25 j , XF2 ( 25 ) , XF 1 I 25 \ , A4 I 25 j , A3 ( 25 \ 
25),AJl25J,!MPROVl251,IHNl2511!HEl251,!RNl25l1IREl251 
--READ ALL INPUT FOR FLOOD CONtROL PLANNING PROGRAM 
{5,4) AQR,BDMAX,BOMIN,BW,COEFOM,CCY,CSM,cx,c1N,CBR,CRR1CLSF, 

IN,OD,ESM,FM,FP,HMAX1!PP1MFP,MANNU,MANNT,MANNR1MIN,MCH,MtLCH1 
<RPl,R1RWF,T!MST,T!MEoTAW,VF,VLURST,VLAGST,VA,ZU,2'T,PF"1LF•SF 

15,5) NID,NStEMX,NDFoMW 
15,7) UNC,PTF,LTF,STF,TRACE,CHECk 
( 5, 8 ) ( ( AFC TR I! , J ) , J = i d i J ;J ='1 , j j 

15,2) l(DI ll,J),J=1•1\,i~l,9\ 
15,41 !0F11 \,1=1,NoFI 
l 5 • 8 I ( ( 043 I l C • Jl) ) , JU= 1 , i l i • IC= i , 1 l l 
< 5, s l r < 005 Uc, JU I, Ju: 1 11 l I ,t C= i o1 i\ 

015,41 IAoitl,1=!,MWI 
015,4) <AW(I),J:i,MW) 

15,3) < <CAPO ,JI ,J=i 19), I,:! ,MWI 
15,1) lcott,J),l•l,j),J=l,MW\ 
l5,4j CFOiI!,l=i,MWI 
15,6) IINDEXII,ll,J•l,MW) 
( 5 9 6 ) ( J Nb EX{! O 2 ) I pc j o MW ) 
15,6) (IDII\,l=l·INIDI 
15,4) CKI iil,!=l1MW\ 



,5 , 41 <K2i11,r=1,MWI 
5 , 4 1 <Lc<11,J•l•MWI 
5., 6 J CL IN I NG C l l ,l "'i • MW I 
5 ,41 CQOCI),I:i;MWJ 

5 ,41 <SCIJ•l=i,MWI 

5 ,41 (SUBAU) <l=i ,MW) 
5,41 <SIC<IJ•l=l,MWI 

15•41 (TCLltl,l=l,MWI 
;j:5,4j CTFCIHl=i,MWl 

5~4) (TIC<Il•!•l,Mwl . , 
5, 1 J c IUSUBW ( ! • J l ,J=! 16 I•!= I ;MW I 

j5,1) I (UTOiR( ! ,JI ,J=l ,6 l, l=i !MW) 
:(5, ! i < (VALUE( 1 ,J\ ,J=1 ,6), 1=1,MWI 
!5,4) (WO(I)d=hMWI 
AT<6FB,0\ 
Ti7F8,0) 
T(BFB,0) 
T00F7,0) 
T!4!5) 
tC20!3l 
Tf6L5) 
T!l!F6o0i 
-CALCULATE FLOOD PLAIN AND SUBWATERSHED CONStANT$ 

ATE COMPOUND lNTEREST ~ACTORS, USE SPECIAL !NTER~St 
AS IF DISCOUNT RATt: is ZERO 

1 ,/ ( ( i, +RP! l **T 1 ME) 
"' ! ! ,+RP! i*·*T !ME-l, )/IRP l * l t ,+RP! l**TIME l 

,GE, 0,000! l GO TO 90 
1,/T!ME 
M=l,/T!MSi 
-o.s+TIME/2.0 

!ME 
0 91 
!R*!!e+R)**T!MEJ/l (1 ,+Rl**ilME-J,) · 
i'l=rn,H l. •+RJ**TIMSTJ/( Ii .+Rl**TlMST-1, j 
!•/R-tTlME*R)/lR* f. t ! ,+R \**TIME-!•)\ 
AC=((!.+Rl**TlME-i,))1R*ll.+Rl**T!MEI 
C=CRFSM 

LATE FACTORS FOR COMPUTING COST OF STRUCTURAL MEASURES ANO 
D PROOFiNG 

~195e6*CSM*ESM*FM*CX*(CRFSM+McHj 
!N*CIN*ESM*CSM*(CRFSM+MIN) 

~0.!2l*AOR*CRF$M 
6W*CBR*CSM*CRFSM 
CRR*CSM*CRFSM 
0,037*CSM*ESM*FM*CCY*!CRFSM+MIN) 

280.*CLSF*CSM*ESM*(CRFSM+MTLCH\ 
-t95,6*CSM*ESM*CCY*ICRFSM+MIN1 
~0.5*DD*VF*FP*(CRF+MFP)*VLURST 

LATE AREA FACtOR FOR EACH SUBWATERSHED, FIRST FOR 43 AND 
FOR 0.5 PERCENT FLOOO 

05 K=l,MW 
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j!=i,10 . , . 
tTR(J,l) oLE• AW(Kl oAND• AFCTR<l•l+l) •GT. AWIKl) GO iO 104 
NUE'. . 
,K)=AFCTR(2•l)+(AL0G(AW(K)J-ALOGIAFCTR(l,1)))/(ALOG(AFCTRIJ,! 
LOGIAFCTRCl,llll*IAFCTR(2,l+il-AFCTR(2tlll . · 

,KJ=AFCTRl3,I)+IALOGIAWIK)J-ALOG(AFCTR1j,I) 11/IALOGIAF'CTRll,I 
ALOG iAFCTR ( l Ill l I* (AFC TR (3, l+i J""AFCTR I j, I J) 

NUI:: 
7 ,.,.~w . . . . . . 
ALIZE FACTORS IN GUMBEL E'.OUAf!ON 
J=O, ,,,o. 

l j =0. 
I!"O• 
i::0 • 
i ,:Q. 

, .. o. 

ARRAYS LOC, to, ADDCS, OUTPUT• AND cA~ 
-I-t:::.:-1 
i=O, · 

(1) •O • 
6 K=l,13 

I l ,Kl•O.O 
J•9, 1 I 

,,JJ=:O® 
ULATE REDUCED VARIATES FOR USE WlfH GUMBEL·ANALYS!S• =Y~ F'OR 

PEAKS USED IN COMPUTING ANNUAL DAMAGES, ~vv- ~OR POT~NT1AL 
GN FLOODS 
08 I• 1 , l 06 

,oo-,P-o.s1;1100, 
• 1,/ALOGl!e)PN! 
• ALOGiTE'.MP) 
NUE 

•1,/ALOG ( I ./i=>N) 
i"'ALOG!TEMPI 
INLJE 
RMINE INITIAL STATE OF JMPROVEMENT FOR SLJBWATERSHED CHANNEL~, 

,'fOTAL CHANNEL LENGTH l S ! MPROVED SET CHANEL I NW) TRUE, OTHERW i sE'. 
CHANEL(NW) FALSE, DETERMINE CHANNEL TOP WIDTH FOR 
OVED CHANNELS 

11! NW=!,MW 
ICINWI .EQ, LclNW)\ GO TO 110 

INW)=,FALSE, 
111 

l'::L i NW I = , TRUE , 
MiN 

fQO(NW)*MANNU*(X+2,*(SQRT(1,+ZU**2lii**0,667)){S0RT(S(NWjJ*1•49 
ZU)**l,667)i**0,375 
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HMAX oORe X oGEo BDMAX) GO fO 26 

)=B+2•*ZU*H 
!'JUE 
E= 1 
ALIZE PROGRAM VARIABLES 

POINT FOR EACH STAGE 
13 NW=!,MW 
IALIZE RIGHT-OF-WAY COST, CONDITION OF CHANNEL IMPROVEMENT, 
AND EXTENDED HIGHWAY AND RAILWAY BRIDGES 

lNW )=0 
tNW)=O 

TOTAL ANNUAL COST OF MEASURES 

=O" 
lN CALCULATIONS FOR MOST UPSTREAM SUBWATERSHED 

.I 
,,--ENTRY POINT FOR INDIVIDUAL SUBWATERSHED OPTIMIZATION 
C:ULATIONS 
!CHECK .AND. C.NOT• TRACE}) WR!TE!6,1008) 

AT OH! //30X, 42HFOLLOW ING OPT l M IZAT i ON THROUGH INNER LOOPS /1 X, 
>BEG, 13X,8HCHANNELS, !6X,BHLOCATION, 16X,BHPROOFING, l2X,7HCOST OF, 
JHCOST OF,5X,5HTOTAL/11X,2H S,9X,2HOS18X12HCS,1Xo2H L,9X,2HOL, 
2HCL,1X,2H P,9X,2HOP,8X,2HCP,4X,25HFLOODING UNCERTAINTY COST l 
COUNTED AVERAGE SUBWATERSHED URBANIZATION DURING STAGE 

SUBW<NW,NSTAGEJ+IGSF*IUSUBWCNW,NSTAGE+ll-USUBWINW,NSTAGEII)/ 

SUBWCNW,NSTAGE) 
OC ( NW ) •GT. 0 l GO TO 53 

.TO 54 
OC(NW) 
SUBW(NWoMNJ 

-120-



FACTORS FOR COMPUTING FLOOD PROOFING COST 
pA=CPF *UN*K2(N\!l)"tK1 (NW)**2 ,1 

ps=CPF *UZ*K2CNW)*Kl(NW)**2 
pC=PA-PB 
LOCATE URBAN INTERVAL FOR SUBWATERSHED. CALCULATE AGRICULTURAL 
rNcOME -FA- AND AGRICULTURAL DAMAGE -IA--($/ACRE) 
oO 48 NU=t ,7 
JFCUN .GE• Dl (NU,l) •AND• UN •LT• Dl (NU,2)) GO TO 50 
coNTINUE 
FA=Dl (NU ,6) *D ( 1 ,NW J+Dl (NU, 7 >*D (2 ,NW J+Dl (NU, 8 l*D C3,NW) 
JA=Dl ( NU, 3) *DC 1 ,NW l+Dl CNU, 4 >*D (2,NW )+Dl (NU, 5 >*D (3, NW) 
CALCULATE COST OF LANO USE MEASURES-($/ACREl 
cLU=CRF* (VALUE CNW ,NSTAGE J-PWF*VALUE (N\li<NSTAGE+l )-SPWF* ( lA+lPP*UN l.) 
JFCCLU •LT• CLMJN) CLU=CLMIN 
LA=CLU*KlCNW)*K2CNW) 

NT 5--HYDROLOGYo•oFLOOD FLOWS IN CFS ARE CALCULATED AT l PERCENT 
NTERVALS FOR EACH FREQUENCY OF OCCURANCE FROM 1/2 PERCENT THROUGH 

99 1/2 PER CENT BY THE GUMBEL METHOD, FLOWS ARE CALCULATED AT THE 
BEGINNING AND END OF EACH STAGE AND DISCOUNTED TO OBTAIN MEAN 
FLOWS DURING THE STAGE• DETERMINE FREQUENCY AT WHICH 
FLOODING BEGINS 
JF(CHANELCNW)) GO TO 31 
CALCULATE END OF STAGE FLOWS FOR UNIMPROVED CHANNEL CONDITIONS, 
c=TIC(NW)/TCLINWI 
U=UTOTRCNW,NSTAGE+l l 
CALL PLACEA(QXl,U,C,043) 
CALL PLACEA(OYt.U,C,005) 
QXX=<AW<NWl*AFW(t,NWJ*OXl J/TAW 
QY= CAW !NW l*AFW< 2, NW l*OY1 ) /TAW 
XF4 C NW)" ( {OY*O .579 )- (OXX*5o296) )/ (-4 • 718) 
A4(NW)=!4,718)/(0Y-OXX) 
CALCULATE BEG)NN!NG OF STAGE FLOWS FOR UNIMPROVED CHANNEL• 
U=UTOTR(NW,NSTAGEl 
CALL PLACEA(QXl,U,C,043) 
CALL PLACEA(OYl,U,C,005) 
QXX=<AWCNWJ*AFW(l,NWl*OXl)/TAW 
QY=(AW<NW)*AFW(2,NW)*OY1)/TAW 
XF3(NW )= ( [0Y*Oo579)-(0XX*5•296) )/(-4•718) 
A3CNWJ~(4o7!B)/(OY~OXXJ 
CALCULATE END OF STAGE FLOWS FOR IMPROVED CHANNEL CONDITIONS• 
C= CT IC (NW )+LC (NW )-S r.c (NW) )/TCL (NW) 
U=UTOTRCNW,NSTAGE+I) 
CALL PLACEA(OXl,U,C,043) 
CALL PLACEA(OYl,U,C,005) 
OXX=<AW!NW)*AFW(!,NW)*OXl)/TAW 
QY= ( AW !NW )*AFW ! 2, NW )*OYl )/TA\!/ 
XF2 (NW)~ ( (OY*O 0579 )- (QXX*5•296 l) / (-4• 718) 
A2CNW)=(4.718)/(QY-OXX) 
CALCULATE BEGINNING OF STAGE FLOWS FOR IMPROVED CHANNEL 
U=UTOTRlNW,NSTAGEl 
CALL PLACEACQXloU,C,043) 
CALL PLACEA(QYJ,U,C,Q05) 
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QXX=(AW<NWl*AFW(l,NWJ*OXl)/TAW 
QY=(AW(NW)*AFW<2,NWJ*OY1)/TAW 
xF1<NW)=((QY*0•579)-COXX*5•296))/(-4.718) 
Al(NWJ=(4o718)/(QY-QXX) 
IF(CHANEL(NW)J GO TO 39 
CALCULATE DISCOUNTED FLOWS IN EXCESS OF CHANNEL CAPACITY FOR 
UNIMPROVED CHANNELS• 
DO 38 I = 1 , 1 00 
Q3=Y<ll/A3CNW)+XF3<NW) 
Q4 = Y ( I ) / A 4 ( NW ) +XF 4 ( NW J 
QD!S=03+(GSF*C04-Q3})/TIME 
QX(!1I)=QDIS~QO(NW) 
JF(QX(l,1) oLTo Oe} QX(l.JJ=O• 
CONTINUE 
CALCULATE D1SCOUNTED FLOWS ! N EXCESS OF CHANNEL CAPAC I TY FOR 
IMPROVED CHANNELS• 
DO 40 I= 1 • 1 00 
Ql=YCll/A!CNWl+XF!CNW) 
Q2=YC!l/A2(NW)+XF2(NWJ 
QO!S=Ql+(GSF*C02-Qll)/TIME 
QX(2,!)=QDIS-QO(NW) 
!F(QXC2,ll oLTe O•l OXC2,IJ=O• 
CONTINUE 
CALCULATE DISCOUNTED DESIGN FLOOD FLOWS FOR SELECTED ALTERNATIVE 
LEVELS OF PROTECTION• IF CHANNEL IS UNIMPROVED CALCULATE FLOWS 
FOR BOTH UNIMPROVED AND IMPROVED CONDITIONS, IF CHANNEL IS 
IMPROVED CALCULATE FLOWS FOR IMPROVED CONDITIONS ONLY, 
IFCCHANELCNW)l GO TO 43 
DO 42 I = l , NDF 
QTEMP4=YY<l)/A4(NW)+XF4(NW) 
QTEMP3=YY<IJ/A3CNW)+XF3(NWl 
QQ(l,IJ=QTEMP3+1GSF*IOTEMP4-0TEMP3)J/TIME 

43 DO 44 !=l ,NDF 
QTEMP2=YY(ll/A2CNWJ+XF2CNW) 
QTEMPl=YY!Il/AlCNW)+XFl{NWJ 

44 QQ[2,i)=QTEMP1+(GSF*(OTEMP2-0TEMP!)J/T!ME 
USING GUMBELS EQUATION CALCULATE THE FREQUENCY AT WHICH FLOODING 
BEGINS. 
JI=! 
IFICHANELCNWJI 11•2 
YDIF=YY(IJ-YY(NDFl 
XF= I QQ { I I , NDF J *YY ( l J / ( YD IF) l - C QQ I I I , 1 l*YY <NDF) / ( YDIF l J 
AG•-YD IF/ ( QQ ( I ! , NDF )-QQ I I I , l } ) 

YF=AG*OOCNWl-AG*XF 
IFIYF .LT• 5.296) GO TO 45 
F=O• 
GO TO 46 

45 TEMP=EXP(-YF) 
PN=EXP(-TEMP) 
F= 1 .-PN 

. 46 CONT I NUE 
OMMEN; 6--IN!TIAL!ZE TEMPORARY STORAGE LOCATIONS• SET INITIAL 
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c;OND!TIONS OF IMPROVEMENTS MADE WITHIN STAGE FOR SUBWAtERSHED. 

NDTEMP=O• 
FDTEMP=Oo 
ATEMP=O• 
HETEMP=Oo 
HTEMP=O• 
RTEMP=O• 
RETEMP=O • 
sTEMP=O• 
TTEMP=O• 
WTEMP=Ov 
LGTEMP=LINING(NW) 
sT=O• 
ND=O• 
FD=O• 
HN=O• 
HE=Oo 
RN=O• 
RE=O• 
T=O• 
W=O• 
A=O• 
SET INITIAL DESIGN FLOOD FOR PROOFING, LAND USE, AND CHANNEL 
IMPROVEMENT EQUAL TO CHANNEL CAPACITY AND INITIALIZE COST OF 
MEASURES FOR SUBWATERSHED STAGE 
QP=OO (NW) 
QL=QO (NW) 
QS=QO <NW) 
CTT=O• 
CT=O• 
SET LOGICAL DECISION PARAMETERS. COSTE EQUAL TO FALSE INDICATES 
THAT DOWNSTREAN COSTS HAVE NOT BEEN CALCULATED FOR STAGE• LG,PG, 
AND SG EQUAL TO FALSE INDICATES THAT PROOFING, LAND USE, AND 
CHANNEL IMPROVEMENT HAVE NOT YET BEEN PROVEN TO BE UNECONOMICAL 
DURING SUBWATERSHED STAGE. SET LEVEL OF PROTECTION TO CORRESPOND 
TO BEGINNING FREQUENCY OF FLOODING 
CDSTE=.FALSEe 
LG=oFALSEo 
SG=.FALSEo 
PG=.FALSEe 
OUTPUT(NW,l )=F 
IF(CHANEL(NW)) OUTPUTINW,2)=F 
OUTPUT(NW,3)=QO(NWl 

ENT 7--CALCULATE COST OF UNRESTRICTED FLOODING 
NN=l 
JFCCHANELCNWll NN=2 
CALL CDl (NNJ 
CF=CD+CU 
CT=CF 
OUTPUT !NW, 11 )=CD 
OUTPUT(NW, 12 )=CU 
OUTPUT(NW,13l=CT 
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JF (TRACE) WRITE(6,1009) 
9 FORMAT!1Hl//30X,42HFOLLOW!NG OPTIMIZATION THROUGH INNER LOOPS /!X, 

14H BEG, l 3X, SH CHANNELS, !6X, BHLOCAT JON, 16X, SHPROOF!NG, 12X, 7HCOST OF, 
22x,7HCOST OF,5X,5HT0TAL/l1X,2H S,9X,2HOS,8X,2HCS,!X,2H L,9X,2HQL, 
38Xo2HCL,IX,2H P,9X,2HQP,8X,2HCP,4X,25HFLOOD[NG UNCERTAINTY COST l 

!F(CHECKl WRITE(6, 1007) NW, (OUTPVT(NW, I), l=l ,13) 
FORMATC1X,!2,2HBG,2PF5•lo3<2PF4,0,0PF10•0,F!O•Ol,3F10,0l 
!F(CT ,EQ, O,l GO TO 1000 
!FIPPJ GO TO 207 

ENT 8--DETERMJNE THE OPTIMUM LEVEL OF FLOOD PROOFING 
pT=l• 
DO 206 IP=! ,NDF 
!F(TRACE) WRJTE(6,!001) NW 
FORMAT(IX,!2,3H A,3H PJ 
p=DF(IP) 
!FCF ,LT, Pl GO TO 206 
QP=QQ ( 1, !Pl 
JFCCHANELCNW)l QP=QQC2,IPJ 
CP=PF*PA*(OP-QSJ**0•75 
IF(CP ,Ea. a.) GO TO 207 
JFCCP ,GT, CTJ GO TO 200 
GO TO 201 
PP=,TRUE, 
GO TO 207 
PG=.TRUE, 
NN=! 
!F!CHANEL(NW)) NN=2 
CALL CD! CNN) 
JF(PT oGE, 2. ,AND, CTT oGT• O, l GO TO 202 
GO TO 203 
!FCCTT oLT, CD+CP+CUl GO TO 207 
CTT=CD+CP+CU 
IFICTT ,LT• CT) GO TO 204 
GO TO 205 
CT=CTT 
OUTPUT(NW,5)=0,0 
OUTPUT(NW,6)=0,0 
OUTPUT(NW,7l=O•O 
OUTPUT(NW,SJ=P 
OUTPUT(NW,9)=QP 
OUTPUT(NW,IO)=CP 
OUTPLJT<NW,ll)=CD 
OUTPUTINW,12)=CU 
OUTPUTINW,l3)=CT 
IFICHECKI WRJTEl6,10021 NW,COUTPUTINW1!)1l=l1131 
FORMATl1X,!2,2H A,2PF5.2,312PF4e2,0PFlOoO,Fl0oOl,3F!O,OI 

205 PT=PT + 1 , 
206 CONTINUE 
207 IFILL) GO TO 220 

{)MMENT 9--DETERMINE THE OPTIMUM LEVEL OF LAND USE ADJUSTMENT 
DO 215 lL=loNDF 
IFITRACE) WR!TE(6,1003J NW 
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f0RMAT(1X,I2,3H B,3H L) 
L=Df(!L) 
Iflf •LT• LI GO TO 215 
p:O• 
cP=O• 
QP=QO (N\/1) 
QL=QQ(l,IL) 
!FICHANEL(N\/ll) QL=QQl2,ILl 
CL=LF*LA*(GL-QS)**0•375 
IF!CL .GT• CT oAND• oNOT• LG! LL=.TRUE• 
JF(CL oGTo CTI GO TO 220 
LG=.TRUE. 
NN=! 
IF (CHANEL (NW) J NN=2 
CALL CD2 ( NN) 
CTT=CD+CL+CU 
IF(CTT •LT• CTI GO TO 208 
GO TO 2080 
cT=CTT 
OUTPUT(NW,5l=L 
OUTPUT(NW,6l=QL 
OUTPUTCNW,7l=CL 
OUTPUTCNW,S)=OoO 
OUTPUT!NW,9)=0•0 
OUTPUTINW,JO)=o.o 
OUTPUT(NW,ll)=CD 
OUTPUT!NW,12)=CU 
OUTPUT!N\/l,13)=CT 
! F ( CHECK l WR I TE 16, 1 004 J NW, (OUTPUT! NW, I l • I= l , 13 l 
FORMATCIX•l2,2H B,2PF5,2,312PF4,2,0PF!O•O,F10oO)o3FIOoOI 
!F(PP) GO TO 215 

MENT 10--DETERM!NE THE OPTJMUM COMBINATION OF FLOOD PROOFING AND 
LAND USE ADJUSTMENT 
PT=l• 
DO 214 !P=! ,NDF 
lFITRACEl WR!TE!6,!005l NW 
FORMAT(1X,12,3H C,5H L+PJ 
P=DF(IP) 
!FIF ,LT• Pl GO TO 214 
QP=QQ(!,IPJ 
IF I CHANEL IN\/1 J ) QP=QQ I 2, IP l 
cP~PF*PB*(QP-QS)**0•75 
!FIQP .GT• QLJ CP=CP+PF*PC*llQP-GS)**0•375-(GP-QLl**0•375!**2 
!FICP .EQ. O.l GO TO 215 
IF1CP+CL ,GTo CT eAND• .NOT• PG) PP=oTRUEo 
!FICP+CL oGT. CTI GO TO 215 
PG=.TRUEo 
NN=l 
IF! CHANEL (N\/1) l NN=2 
CALL CD2 ! NN) 
!FIPT oGEo 2o) GO TO 210 
GO TO 211 

-125-

ii 
' 



'(CTT .LT• CP+CL+CD+CU} GO TO 215 
=CD+CL+CP+CU 

(CTT oLT• CT) GO TO 212 
TO 213 

-err 
TPUT(NW,5)=L 
TPUTtNW,6)=<QL 
TPUT(NW,7l=CL 
TPUT(NW,BJ=P 

4)UTPUT(NW,9l=QP 
i,UTPUT(NW,!Ol=CP 
i:)UTPUT { NW , 1 1 ) =CD 
'i:)UTPUT <NW, l 2 J = CU 
OUTPUT (NW, 13 )=CT 
lF(CHECK l WRITE(6, !006) NW, (OUTPUT (NW, I), I=l, 13) 
FORMAT!!X,12,2H C,2PF5•2•3(2PF4,2,0PFlO•O,FlOoOl,3FlO,Ol 
PT=PT+l • 
CONTINUE 
!F(LL) GO TO 220 
CONTINUE 
fF!SS) GO TO 1000 
T 11--DETERM!NE THE OPTIMUM LEVEL OF CHANNEL IMPROVEMENT 
DO 999 IS= I ; NDF 
!IS=IS+! 
!F(TRACE) WRJTE(6,!0lll NW 
FORMAT(!X,!2,3H D,3H S) 
!EXIT TERMINATES PROGRAM IF ERROR CAUSES EXCESSIVE LOOPING 
!EXIT=!EXIT+l 
IF(!EX!T oGT, IO*MW*NSTEMXJ GO TO 893 
ST=DF ( l S l 
IF(F ,LT.ST) GO TO 999 
QP=QQ(2,!Si 
QL=QP 
QS=QP 
CALL STR 
lF(CS ,GT, CT) GO TO 1000 
CALL CD! ( 2 l 
!F(CS+CD+CU ,GT• CTl 
!F(CHANEL(NWl ,OR, SG) 
GO ro 222 

GO TO 227 
GO TO 221 

CDST=o.o 
GO TO 223 
!F(CDSTE) GO TO 223 
CALL COST 
CDSTE=,TRUE, 
CTT"CS+CD+CU 
!F(CS+CDST ,GT, CTl 
!F(CTT+CDST ,LT, CT) 
GO 1'0 227 
CT=CTT 
SG=eTRUE. 
OUTPUT(NW,2)=ST 

GO TO 1000 
GO TO 224 
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IJT(NW,3)=0S 
IJTINW,4)=CS 

5 M=5t lO 
IJT(NW,M)=O• 
IJT(NW,!l)=CD 
VT CNW, 12 )=CU 

;>VTCNW,13!=CT 
EMP=LIN!NG(NWl 
.MP=ST 
EMP=ND 
EMP=FD 
!>!P=HN 

.. MP=W 
.IIIP= A 

(CHECK) WR!TE(6,l012l NW,(OUTPUTiNW,!l,!=1,13) 
AT(IX,I2,2H D,2PF5,2,3(2PF4.2,0PF!O•O,F!O•Ol,3F10•0l 

IS ,EO, NDFl GO TO 1000 
GO TO 238 

:::1 $: 

·237 !P=IIS,NDF 
TRACE! WRITE!6,1013l NW 
MAT(!X,l2,3H E,5H S+Pl 

12--DETERM!NE OPTIMUM LEVEL OF FLOOD PROOFING USED TO SUPPLEMEN 
NNEL IMPROVEMENT 

DF! IP) 
=0012, !Pl 
=PF*PA*!OP-OSl**0,75 
lCP .Ea. o. i GO TO 238 
!CP+CS ,GT, CTl GO TO 238 
LL CD 1 ( 2 l 
!PT ,GE, 2,) GO TO 228 

TO 229 
. !CTT ,LT, CD+CP+CS+CUl GO TO 238 
t:TT=CD+CP+cs+cu :,F (SG , OR• CHANEL (NW l l GO TO 230 

TO 232 
ICTT ,LT, CTI GO TO 231 
TO 236 

!,NOT, CDSTEl GO TO 233 
TO 234 
L COST 

STE=,TRUE, 
{CS+CDST ,GT, CT) 
!CTT+CDST ,LT, CTJ 

GO TO 1000 
GO TO 231 

TO 236 
=CTT 
=,TRUE, 
TPIJTCNW,2J=ST 
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oUTPVT(NW,3l=QS 
ouTPUT(NW,4)=CS 
oUTPUT(NW,5l=Oo0 
oUTPUTINW,6)=0.o 
ouTPUT(NW,7l=O·O 
oUTPVTINW,B)=P 
QUTPUT(NW,9J=QP 
OUTPUTINW,10)•CP 
ouTPUT!NW,li)=CD 
OUTPUT !NW, 12) =CU 
oUTPUT!NW,13)=CT 
LGTEMP•LIN!NGINWI 
STEMP=ST 
NDTEMP=ND 
FDTEMP,,,FD 
HTEMP•HN 
HETEMP=HE 
RTEMP=RN 
RETEMP•RE 
TTEMP=T 
WTEMP.•W 
ATEMP=A 
!F(CHECKl WRITEl6,1014) NW,!OUTPUT«NW,Il,l=J,13) 
FORMAT(1X,I2,2H E,2PF5.2,3(2PF4.2,0PFIO·O·Ffo.oJ,3F10·0) 
PT•PT+l • 
CONTINUE 
!F(LLl GO TO 999 

ENT 13--DETERMINE OPT I MUM LEVEL OF LAND USE AOJUSTME;J'H 
TO SUPPLEMENT CHANNEL IMPROVEMENT 
DO 249 !L•IIS,NDF 
!FITRACE) WRITEl6,1015_1 NW 
FORMATIIX,12,3H Fo5H S+LJ 
L•DFIIL) 
QL =QQ I 2 , IL l 
CL•LF*LA*(OL-QS)**0,375 
!FICL+CS .GT• CT) GO TO 999 
CALL CD212) 
CTT=CD+CL_+cs+cu 
!FISG .OR. CHANELINWI l GO TO 239 
GO TO 241 
!FICTT •LT, CT) GO TO 240 
GO TO 2.26 
!F(oNOT• COSTE) GO TO 242 
GO TO 243 
CALL COST 
CDSTE~oTRVE• 
IF(CS+CDST oGTo CTI GO TO !000 
IF(CTT+CDST oLTe CTl GO TO 240 
GO TO 226 
CT=CTT 
SG~.TRUE. 
OUTPUT!NW,2l=ST 
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QUTPUT(NW,3)=QS 
oUTPUT(Nl!l,4)=CS 
oUTPUT(NW,5)=L 
oUTPUTINW,6J=QL 
oUTPUTINl!l,7l=CL 
oUTPUT(NW,8)=0oO 
OUTPUT(NW,9l•O•O 
OUTPUT(NW,10l•Oo0 
OUTPUT(Nl!l,11l=CD 
OUTPUTINW,12J=CU 
OUTPUTINW,!3)=CT 
LGTEMP•LININGINWI 
STEMP=ST 
NDTEMP=ND 
FDTEMP,,,FD 
HTEMP=HN 
HETEMP•HE 
RTEMP=RN 
RETEMP=RE 
TTEMP"T 
WTEMP=W 
ATEMP=A 
IF! CHECK l WR! TE! 6, IO 16 l NW, !OUTPUT I NW, I I, ! = 1, 13 l 
FORMATl!X,12,2H F,2PF5,2o312PF4,2,0PF10•0,Fl0,0Jo3F10,0l 
!FIPPJ GO TO 249 

ENT 14--DETERMJNE OPTIMUM LEVEL OF PROTECTION PROVIDED BY ALL 
THREE TYPES OF MEASURES IN COMBINATION 
PTccl • 
DO 2499 IP=I!S,NDF 
IFITRACEJ WRITEi6,1017) NW 
FORMATl!X,12,3H G,7H S+L+Pl 
P•DF! !Pl 
QP•QQ12, IP! 
CP=PF*PB* !QP-QS l *"*0• 75 
lFiQP ,GT, OLl CP=CP+PF*PC*('1QP-0S)**0•375-(QP-QLJ**0,375l**2 
!F!CP ,EQ, 0,) GO TO 249 
IF(CP+CL+CS oGTo CTI GO TO 249 
CALL CD2!2l 
YF!PT oGE. 2o) GO TO 245 
GO TO 246 
IF!CTT oLTo CD+CP+CL+CS+CUJ GO TO 249 
CTT~CD+CP+CS+CL+CU 
YFISG ,OR. CHANELINW)l GO TO 2471 
GO TO 2472 
!F(CTT •LT• CT) GO TO 247 
GO TO 248 
!Fl.NOT• COSTE) GO TO 2473 
GO TO 2474 
CALL COST 
CDSTEaeoTRUEo 
IF!CS+CDST oGTo CTl 
IF'1CTT+CDST oLTo CT) 

GO TO !000 
GO TO 247 
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GO TO 248 
cT=CTT 
sG=•TRUE. 
oUTPUT(NW,2)=ST 
OUTPVTINW,3)=QS 
oUTPVTCNW,4)=CS 
OUTPUT!NW,5);,,L 
oUTPVT{NW,6)=QL 
OUTPUTlNW,7l=CL 
OUTPVTINW,8l"P 
OUTPVTINW,9)=QP 
OUTPUT{NW,lO)=CP 
OUTPUT!NW,ll)=CD 
OUTPUT !NW, 12) =CU 
OUTPUT(NW,!3)=CT 
LGTEMP=L!NINGINWl 
sTEMP=ST 
NDTEMP=ND 
FDTEMP=FD 
HTEMP=HN 
HETEMP=HE 
RTEMP=RN 
RETEMP=RE 
TTEMP=T 
WTEMP"W 
ATEMP=A 
JF(CHECKJ WR!TEl6110181 NW,IOUTPUTINW,!1•1=!113) 

!018 FORMATl!X,!2,2H G,2PF5,2,3!2PF4,2,0PFJQ,0,F!O,OJ,3F!O•Ol 
248 PT=PT+l, 

2499 CONTINUE 
249 CONTINUE 
999 CONTINUE 

!000 CONTINUE 
COMMENT 15--AT THIS POINT TOTAL ECONOMIC COST OF FLOODING FOR THE 
C SUBWl'\TERSHED UNDER CONS!OERAT!ON HAS BEEN MINIMIZED THROUGH THE 
C OPTIMUM COMBINATION OF FLOOD CONTROL MEASURES AND RESIDUAL 
C FLOODING. 
c INITIAL CONSTANTS ARE NOW SET TO PROPER VALUES, NECESSARY CHANGES 
C ARE MADE IN ARRAYS, AND THE PROGRAM E ! THER RETURNS TO OPT l Ml ZE THE 
C NEXT SUBWATERSHED, OR PRINTS A SUMMARY OF SELECTED MEASURES FOR 
C THE CURRENT STAGE AND BEGINS ANEW FOR THE NEXT STAGE, CONTINUING 
C UNTIL EAC~ SUBWATERSHED HAS BEEN OPTIMIZED FOR EACH STAGE. 
C SET PP~LL,AND SS TO FALSE TO CONSIDER PROOFING, LAND USE, AND 
C CHANNEL IMPROVEMENT FOR THE NEXT DOWNSTREAM SUBWATERSHED 

!F(PTF) GO TO 282 
PP~.FALSE. 

282 !F(LTF) GO TO 283 
LL~,FALSE, 

C ACCOUNT FOR LAND USE 
!F(OVTPUTlNW,5) .GT• O,l GO TO 260 
LOC(NWl~-1 
GO TO 283 
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JFILOCINW) oLT, Ol LOCINW)=NSTAGE 
IFISTFl GO TO 271 
ss=,FALSE· 
ACCOUNT FOR CHANNEL LINING 
LlN!NGINW)•LGTEMP 
ACCOUNT FOR BRIDGES BUILT AND EXTENDED DURING STAGE 
HiN I NW l =HTEMP 
JHE!NWl•HETEMP 
!RE!NW)"RETEMP 
!RNINWl=RTEMP 
NOT(NW),,NOTEMP 
FDAINW)•NDTEMP 
ADO CONTINUING COSTS OF CHANNEL IMPROVEMENT MADE DURING PREVIOUS 
STAGES 
OUTPUT !NW ,4) =OUTPUT!NW, 4 l+ADOCS !NW l 
OUTPUT INW, 13 l =OUTPUT !NW, 13 l+ADDCS I NW) 
ADDCSINW!~OUTPUTINW,4) 
!FISTEMP ,GT, O,Ol GO TO 262 
GO TO 271 
DETERMINE IF SUBWATERSHED CHANNEL REMAINS UNCHANGED, WAS INITIALLY 
JMPROIIED, OR WAS ENLARGED DURING STAGE 
!FIQOINW! ,LT, OUTPUTINW,31 ,AND, ,NOT, CHANELINWII IMPROVINWl•2 
lFIQOINWJ ,LT, OUTPUTIN\11,3) ,AND• CHANELINWil !MPROVINWl•3 
ADJUST CHANNEL DIMENSIONS 
QOINWJ•OUTPUTINW,31 
TOINWl•TTEMP 
WO '.(NW I •WTEMP 
AOINW)•ATEMP 
CHANELINWJ•oTRUE, 
ADJUST AMOUNT OF CHANNELIZATION 
~J• I NDEXtN\il, l l 
J•iNDEXINW,21 
!FIN oEG, 01 GO TO 264 
DO 263 l 0•N,, J 

N\1/D"IDII l 
TICINWDl•TICCNWD)+ILCINWJ-S!C!NWll 

263 CONTINUE 
264 TICINWl•TICINWl+ILCINWJ-S!CINWII 

SIC!NWl•LCINWl 
ADJUST FOR BRIDGE CHANGES DURING STAGE 
CAPINW,91-NUMBER OF CHANGED HIGHWAY BRIDGES 
CAPINW,101-NUMBER OF CHANGED RAILWAY BRIDGES 
CAPINW9l!J-CAPAC!TY OF ALL CHANGED BR!DGES-(!N CFS) 
CAPINW,11 )KOUTPUTINW,31 
IFICAPINW,91 •LT• HETEMPI GO TO 265 
CAPINW,9)•CAPINW,9)+HTEMP 
GO TO 266 

265 CAPINW,9J•HETEMP+HTEMP 
266 CAP!NW,lOJ•CAPINW,!O)+RTEMP 
267 DO 268 1"1,6 

IFICAPINW.11 •LT• O,l GO TO 269 
268 !FICAPINW,ll .LT• OUTPUTINW,3J*FOINW!l CAPINW,ll=-1• 
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DO 270 1=7,8 
JF(CAP(NW,!l oLT• OoJ GO TO 271 
JF(CAP(NW,I) oLTo OUTPUT(NW,3l*FO(NW)J CAP(NW,I)=-1• 
NW=NW+l 
JF(NW .GT. MWJ GO TO 884 
RETURN TO NEXT SUBWATERSHED, SAME STAGE 
GO TO 49 

r,iMENT !6--PR!NT SUMMARY OF MEASURES AND COSTS FOR EACH STAGE 
884 WRITE(6,885) NSTAGE 
885 F0RMAT!JH1//////18H SUMMARY FOR STAGE l2J 

WR!TE(6,886l 
.886 FORMAT(lH ,43X,29HSUMMARY OF MEASURES AND COSTS/lX,4HUN!T,tX,4H BE 
. 1G,13X,8HCHANNELS,16X,8HLOCATION,16X,8HPROOF!NG,8X,7HCOST OF,2X,7HC 

20ST OF,5X,5HTOTAL/!5X,2H S,5X,2HQS,8X,2HCS,5X,2H L,5X,2HQL,8X,2HCL 
3,5X,2H P,5X,2HQP,8X,2HCP,4X,28H FLOODING UNCERTAINTY COST 

DO 5000 NW=l,MW 
WRITE(6,888) NW,COUTPUT(NW,Il,I=l,13) 
FORMAT(lX,I2,2PF7,2,4X,F4,1,0P2F8o0,4X,2PF4ol,OP2F8,0,4X,2PF4,1,0P 

!2F8,0,3Fll•0/J 
000 CONT I NUE 

TABULATE AND PRINT TOTAL ANNUAL COSTS FOR STAGE 
DO 891 NW=!,MW 
TSWCS=TSWCS+OUTPUT<NW,4l 
TSWCL=TSWCL+OUTPUT(NW,7) 
TSWCP=TSWCP+OUTPUT(NW,10) 
TSWCD=TSWCD+OUTPUT!NW,l!J 
TSWCU=TSWCU+OUTPUT(NW,12) 
TSWCF=TSWCP+TSWCL+TSWCS+TSWCU+TSWCD 
CONTINUE 
WRITE (6,892) TSWCS, TSWCL,TSWCP,TSWCD,TSWCU,TSWCF 
FORMATllX,!lHTOTAL COSTS,14X,F8,0,16X,F8,0,16X,F8o0t3X,F8,0,3X,F8, 

!0,3X,F8.0////l 
MMENT 17-',-EVALUATE AND PRINT SUMMARY OF CHANNEL IMPROVEMENTS 

!F(STFI GO TO 739 
WRITE16,700 I 

700 FORMATl1H1,40X,3!HSUMMARY OF CHANNEL IMPROVEMENTS//128H UNIT T 
!YPE OF CURRENT CAPACITY X-SECTION TOP ROW DEPTH D 
2ROP STRUCTURES HIGHWAY BRIDGES RAILROAD BRIDGES ) 

WR!TE!6;70i) 
70! FORMATIIOX,7HCHANNEL,7X,7HMEASURE,16X,4HAREA,SX,12HWIDTH 

1,55HNUMBER HEIGHT SAME BUILT EXTEND SAME BUILT EXTEND 
WR!TE!6,702) 

WIDTH,9X 
) 

702 FORMAT!37X,4HCFS,,5X,7HSQ• FT.,4X,3HFT,,4X,3HFT,,4X,3HFT•,12X,3HFT 
l ,/) 

DO 703 NW=!,MW 
IF<oNOT, CHANEL(NWll GO TO 703 
KD=NDT(NWl 
FD,,FDA(NW) 
IF!LIN!NG(NWJ ,LE, 21 HO=!TO!NW)-SQRT(TOIN 

lW1**2-4,0*ZU*AOINWIJl/12•0*ZUI 
IFILINlNGINWJ oEG, 31 HO=ITOINWJ-SQRTITOINWl**2-4,0*ZT*AOINWJJJ/I 

12.0*ZT) 
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!F(LlNINGCNW) .EQ. 4) HO=AOCNW)/TOCNW) 
JCAP9=CAPCNW,9l 
rcotF:IHN(NWl+lHE<NW) 
JUH•ABS(ICAP9-ICDIFJ 
DO 704 I=! ,6 
!FCCAP(NW, I) •LT• O• l GO TO 7055 
JUH=IUH+l 
IF (NSTAGE .Eo. 1 .OR. USUBW(NW.NSTAGE) .LT• o.25) GO TO 705 
IF CUSUBW(N\11,NSTAGE) •LT• 0.501 GO TO 7056 
NBR=3•0*LC{NWl+0•5 
GO TO 7057 
NBR=2•0*LC(NW)+Oo5 
IF !IUH+ICDJF •LT• NBRJ lUH=NBR-ICDJF 
JUR=O 
IF (!MPROVCNW) oEOo 1) !UR=CAP(NW,!Ol 
DO 706 !=7,ff 
!FCCAPCNW,I) oLT• O•l GO TO 707 

706 !UR"'IUR+l 
707 Ill"'LlNINGCNWl 

GO TO 1711,712,713,714),III 
711 JF(JMPROV(NW)-2) 715,716,717 
712 JF(!MPROV(NW)-2) 71817191720 
713 IF<IMPROVCNWJ-2J 721,722,723 
714 !FIIMPROVINW)-21 724,725,726 
715 WRITEl6,7271 NW,OOINWJ,AOINW),TOINWJtWO(NW),HO,KD,FD,IUH,JHNINWI, 

llHE<NWl,JUR,!RNINW),lREINWl 
GO TO 703 

716 WRITEl6,728J NW,OO(NW),AOCNWl,TO!NWJ•WO(NW),HO,KD,FD,IUH,IHN!NW), 
l I HE ( NW J , I UR, I RN I NW l , I RE ! NW l 

GO TO 703 
717 WR!TEl6,7291 NW,OOCNWl1AOCNWJ0TOINW),WOINWl,HO,KD0FD,IUH,IHNINW)1 

l!HE!NW),IUR,IRN(NWl,IRECNWJ 
GO TO 703 

718 WRITEl6,7301 NW,OOINW),AOINWJ,TOINWJtWOINW),H01KD,FD,IUHo!HNINWl1 
l!HEINWJ,IURo!RNINWl,!RE!NWl 

GO TO 703 
719 WR!TEl6;731l NW,OOINWJ,AOINWJ,TOINWJ,WOINWl•HO,KD,FD,lUH,IHNINW), 

lIHE!NWl,!UR,JRNINW),IREINWJ 
GO TO 703 

720 WR!TEl6,732l NW,QOINWJ,AOINW),TOINWJ,WO<NWJ,HO,KD,FD,iUH,!HNINWJo 
l!HEINW),!UR,!RNINW),IREINWJ 

GO Tb 703 
721 WRITE 16, 733 J NW,00 (NW) ,AO (NW J ,TO INW J ,WO INW I ,HO,KD,FD, !UH, IHN(NW I, 

l!HEINW),IUR,IRN(NWJ,!REINWJ 
GO TO 703 

722 WR!TEl6,734l NW,OOINW),AO!NWJ,TOINWJ,WOINWJoHO,KD,FD,lUH,!HNINWJ, 
liHEINWJ,!UR,IRNINWJ,IREINWJ 

GO TO 703 
723 WR!TE(6,735) NW,QO(NW) ,AOINW) ,TO(NWJ ,WO!NWJ ,Ho,r<o,FD, !UH, !HN!NW), 

1 IHE !NW), !UR, IRN(NWl, !RE (NW J 

GO TO 703 
724 WRITE !6, 736 J NW ,QO !NW l ,AO (NW') ,TO !NW J ,WO !NW) ,HO,KD,FD, IUH, IHN !NW l, 
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J!HE(NWl,lUR,IRN(NWl,IRE(NW) 
GO TO 703 

,
7

25 WR! TE (6, 737) NW ,QOINW l ,AO ( NW l ,TO (NW J • WO (NIIJ l ,HO,KD,FD, !UH, IHN (NW), 
!!HE(NW),!UR,!RN(NWJ,IRE(NWJ 

GO TO 703 
?26 WRITE (6, 738 l NW,00 (NW J ,AO (NW) ,TO !NW l ,WO INW) ,HO, l<D,FD, !UH, !HN!NIJJ l, 

J!HE!NWJ,!UR,IRN(NW),IRE(NWJ 
703 CONTINUE 
727 FORMAT(1X,!2,2X,17HUNLINED W/0 DROPS,2X,9HUNCHANGED,F8oO,Fl1•l,F9, 

11,F7,1,F6, ! ,5X, !2,F8, I ,4X, !2,3X, !2,5X, !2,5X, 12,3X, !2,5X, !2J 

i, 

728 FORMATl1X,l2,2X,!7HUNL1NED W/0 DROPS,2X,9H8U!LT ,FB,O,Fll•l,F9• 
J t ,F7,1,F6,1,5X, J2,F8, l ,4X, !2,3X, !2,5X, !2,5X, 12,3X, 12,5X, 12) !' 

729 FORMAT(IX,12,2X,!7HUNLINEO W/0 DROPS,2X,9HEXTENDED ,FB,O,F!1,1,F9, 
! I ,F7. ! ,F6.I ,5X, !2,FBo 1 ,4X, !2,3X, 12,5X, !2,5X, J2,3X, I2,5X, 12) 

130 FORMATl!X,!2,2X,!7HUNL!NED W DROPS ,2X,9HUNCHANGED,F8,0,Fil,!,F9, 
! 1,F7,1,F6, ! ,5X, !2,FB, ! ,4X, J2,3X, !2,5X, 12,sx, !2,3X, !2,5X, !2) 

731 FORMATCIX,l2,2X,17HUNLINEO W DROPS ,2X,9H8UILT ,FB,O,Fl!,l,F9, 
I! ,F7, ! ,F6.1,5X, !2,F8, l ,4X, !2,3X, !2,5X, J2,5X, !2o3X, !2,5X, 12) 

732 FORMATl1X,l2,2Xol7HUNLINED W DROPS ,2X,9HEXTENDED ,FB,O,Fll•l,F9, 
It ,F7, ! ,F6,1,5X, !2,FBol ,4X, !2,3X, !2,5X, J2,5X, !2,3X, !2,5X, 12) 

733 FORMAT!lX,l2,2X,l7HTRAPEZOJDAL L!NED,2X,9HUNCHANGED,FB,O,F11,i,F9, 
!!1F7,!,F6,1,5X,!2,FB.l,4X,1213X,12,5Xol2,5Xo!213X,12,5X,121 

734 FORMATC1X,12,2X,!7HTRAPEZO!DAL LINED,2X,9H8U!LT ,F8,0,FJ!•l1F9, 
! 1 ,F7,1 ,F6.1,5X, I2,F8,1 ,4X, !2,3X, 12,5X, !2,5X, !2,3X, !2,5X, 12) 

735 FORMATl!X,12,2X,l7HTRAPEZ01DAL L!NED,2X,9HEXTENDED ,F8,0,Fll•l,F9, 
! 1 ,F7, ! ;F6, 1,5X, I 2 ,F8, ! ,4X, 12 ,3X, l2,5X, 12 ,5X, !2,3X, l 2,5X, l 2 I 

736 FORMATi!X,!2,2X,17HRECTANGULAR L!NED,2X,9HUNCHANGED,FB,O,Fll•1,F9, 
! ! ,F7o I ,F6ol ,5X, !2ef'8,! ,4X, !2,3X, J2,5X, !2,5X, 12o3X, !2,5X, 12 J 

737 FORMATl!X,12,2X,J7HRECTANGULAR LlNED,2X,9H8UILT ,FB,O,F11•l,F9, 
I 1 , F7, ! , F6 • l , 5X, J 2, FB, l , 4X, ! 2 , 3X, 12, 5X, ! 2 , 5X, l 2 o 3X, I 2, 5X, ! 2 I 

738 FORMATIIX,!2,2X,!7HRECTANGULAR LINED,2X,9HEXTENDED ,FB,O,Fll•l,F9o 
11 ,iF7.u.1 <j)F6e ! 95X,;i Y2iF8@ 1 "4X~ I293X~ X2~5Xe J2g:.)X~ I2g.3X<a J295X~ I2) 

COMMENT 18--EVALUATE AND PRINT SUMMARY OF LAND USE MEASURES 
739 !F(LTFl GO TO 743 

WRITE 16,740 ! 
740 F0RMAT(!H////,40X,28HSUMMARY OF 

!,27HAREA OF RESTRICTED LAND USE 
DO 741 NW~l,MW 

LOCATION MEASURES//,35X,4HUN!T,10X 
l 

IFILOCINWI aLTo OJ GO TO 741 
AREA~KllNWl*K2(NW)*IOUTPUT(NW,6)-0UTPUT(NW,3ll**0•375 
WRITE16,742l NW,AREA 

742 FORMATt36X,l2,J5X,Fl0•0•6H ACRES! 
74! CONTINUE 

COMMENT !9--EVALUATE ANO PRINT SUMMARY OF FLOOD PROOFING MEASURES 
743 !F!PTFl GO TO 747 

WR!TE(6,744J 
744 FORMATl!H////,40X,34HSUMMARY OF FLOOD PROOFING MEASURES//,35X,4HUN 

! !T, 1ox.14HAREA PROTECTED ! 
DO 745 NW=!,MW 
!FIOUTPUTINW,9) ,EQ. O•l GO TO 745 
AREA=K! (NW) *K2 INW ! * I OUTPUT (NW, 9 )-OUTPUT {NIIJ, 3 ! l**O • 375 
WR!TE16,746l NW,AREA 
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ENT 20--TABULATE AND STORE ANNUAL AVERAGE COSTS FOR STAGES 
COMPLETED THEN INCREMENT-NSTAGE- AND RETURN TO OPTIMIZE FLOOD 
cONTROL MEASURES FOR NEXT STAGE OR PRINT SUMMARY OF ANNUAL 
AVERAGE COSTS AND END PROGRAM 
FORMATl36Xo!2,!5X,F!0,0,6H ACRES ) 
cONT!NUE 
XTlME=NSTAGE-l 
pWFAC=l•/1!!,+RJ**IT!ME*XT!MEJ) 
ACP=ACP+CRFAC*SPWFAC*PWFAC*TSWCP 
ACS=ACS+CRFAC*SPWFAC*PWFAC*TSWCS 
ACU=ACU+CRFAC*SPWFAC*PWFAC*TSWCU 
ACD=ACD+CRFAC*SPWFAC*PWFAC*TSWCD 
ACL=ACL+CRFAC*SPWFAC*PWFAC*TSWCL 
NSTAGE~NSTAGE+! 
!FINSTAGE ,GTe NSTEMXJ GO TO 889 
DO 272 I= I , MW 
DO 272 J=4 '13 
OUTPUT I l , J l =O • 0 

ENT 21--RETURN TO NEXT STAGE 
GO TO !12 
PRINT DISCOUNTED ANNUAL COSTS FOR ENTIRE STUDY PERIOD 
ACF=ACP+ACL+ACS+ACU+ACD 
WRITE16,1050) ACS,ACL,ACP,ACD,ACU,ACF 

1050 FORMAT11HI,40X,35HAVERAGE ANNUAL COST OVER ALL STAGES//45X,4HITEM, 
1!8X,12HD0LLARS/YEAR/35X,27HC0ST OF CHANNEL lMPROVEMENTo7X,F8•0/35X 
2,16HCOST OF LAND USE,18X,F8.0/35X,22HCOST OF FLOOD PROOFING,12X,FB 
3,0/35X,25HCOST OF RES!DUAL FLOOD!NG,9X,F8,0/35X,19HC0ST OF UNCERTA 
41NTY,15X,F8,0/35X,IOHTOTAL C0ST,24X1F8,0I 

GO TO 894 
PR 11 NT ONLY l F PROGRAM CAUGHT IN LOOP 
WR I TE i 6, 9999) NW, NST.AGE 
FORMATC!X,50HLOOP D HAS CYCLED IN EXCESS OF MW*NSTAGE*NDF, NW•l2, 

IIOH NSTAGE~l21 
894 STOP 

END 
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TC DK0002 DECK 
UNIVERSITY OF KENTUCKY FLOOD CONTROL PLANNING PROGRAM I 
VERSION OF MAY 20, 1966 
UU AND CC ARE INDEPENDENT VARIABLES• A IS THE INTERPOLATED 
VALUE OF THE DEPENDENT VARIABLE RETURNED TO THE POINT OF CALL• 
X !SA TWO DEMENSIONAL ARRAY 
SUBROUTINE PLACEA(AeUU,CC,Xl 
ueaUU 
Cos CC 
D ! MENS! ON XI l l , l I ) 
U"U*lO•+l• 
c~C*1 0 .;.+1 ® 

J oaC 

J•U 
C ! a ! 
U,Ja,! 
QA•Xli,Jl+IC-CIJ*IXll+l,JJ-Xli,JJJ 
QB•XI I ,,J+l l+!C-,Cl J,~(X! !+l ,J+l !-,XI 1,J+! I l 

A•OA+IU-UJl*IOB-OAI 
RETURN 
END 
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iBFTC DK0003 DECK 
UNIVERSITY OF KENTUCKY FLOOD CONTROL PLANNING PROGRAM 
VERSION OF MAY 20, !966 
SUBROUTINE CDIINNl 
RESIDUAL DAMAGE PROCEDURE WHEN LOCATION EO O 
ARGUMENT I l) LOCATES OX W;TH OR WITHOUT CHANNELIZATION 
REAL Kl,K21MANNU,MANNR,MANNT1L,IA,IPP,LA1LC,MFP,MIN1MCH,NIN,MTLCH1 

!ND 
LOGICAL CHANEL,UNC,LLL,PP,LL,SS,CDSTE,LG,SG,PG,PTF,LTF,STF 
COMMON A,A0125J,AFCTRl3,l1l•AWl25l,AFW!2,25l,AF,BDMIN,BDMAX,COEFDM 

!,CHANELl251,CU,CD,CAPl25,!ll•CS,CDST,CRFSM,FA,FQl25l,HE,HMAX,HN,IN 
2DEX 125, 2 l , ID I 1 00 l , KI I 25 l , K2 I 25 l , LIN! NG I 25 l , LF, LDC 125 l , LC 125 l , NW, NS ii 
3TAGE,MANNU,MANNT,MANNR,OUTPUTl25113J,PF,00125J,QS,QP,QL,OXl2•100)1 
4043i11, l l l ,005! l ! , 11 J ,R,RN,RE,RWF;RC (25) ,SF,SIGMA,SKl ,SK2,Sl<3,SK4, 
5SK5,SK6,SK7,SK8,S!25l,SIC!25l,TAW,T,T!ME,TF(25J,TOl25),TlC(251,TCL 
61251•UNC,UN,UZ,USUBWl25,6J,UT0TRl25,61,VLURST,VLAGST,VALUEl2516l•V 
7A1W,WOC25J,ZT,ZU,ND,FD,NDTl25J,FDAl25J 

DIMENSION DFQR!lOOI 
OMMENT 1--IN!T!AL!ZE VARIABLES, CALCULATE CONSTANTS 

OSS=OS-QOINWl 
OPPaaOP-QO (NW I 
IFIJUMP!oEO, IO*NW+NSTAGEJ GO TO 7 
Cl=0,0555*COEFDM*VLURST*UN*K2!NWJ*K! INWl**2 
C2=0 ,4445*COEFOM*VLURST*UN·ll'l<2 INW) *Kl I NW l*~-2 
C3=0 • 5*COEFDM*VLAGST* I!, -UN I *K2 I NW I *1<1 (NW l**2 
C4=FA*ll,-UNJ*K21NWl*Kl!NWJ 
JUMPl'*lO*NW+NSTAGE 

2--CALCULATE RESIDUAL FLOOD DAMAGE CORRESPONDING TO EACH PER 
OCCURANCE FROM 1/2 PER CENT THROUGH 99 1/2 PER 

CENT• SUM TO GET AVERAGE ANNUAL DAMAGE 
7 DO 1 J= I, l 00 

oxc ~ 0, 
IF(OXCNN,JI ,GT. OSSI oxc=OXINN,JJ-QSS 
!F!OXC ,LE• O•l GO TO 2 
QXP "0, 
IFCOXINN,JI .GTo QPPJ OXP"OXINN,JJ-OSS 
DFORIJ)"Cl*OXC**0,75+C2*0XP**0•75+C3*0XC**0•75+C4*0XC**0•375 

l CONTINUE 
GO TO 4 

2 DO 3 K"J,!00 
DFQR IK J ~ 0 • 

3 CONTINUE 
4 CD" Oo 

DO 5 !"! ,100 
5 CD~CD+DFQR I! I 

CD" CD/'!00, 
cu~o.o 

COMMENT 3--IF EFFECTS OF UNCERTAINTY ARE NOT BEING CONSIDERED RETURN TO 
C CALLING POINT IN MAIN PROGRAM, OTHERWISE CALCULATE UNCERTAINTY 
C COST BEFORE RETURNING 

IF I •NOT• UNC I RETURN 
SUMSOacO• 
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c,6M"!,!OO 
MS0=SUMS0+(DFOR(M)-CDl**2 

oNTINUE 
!·GJIIIA=SORT(SUJIIISQ/99• l 
"VA*S!GMA*CRFSM/S0RT!2•*R) 
TURN 
D 
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TC DK0004 DECK 
uNJVERSITY OF KENTUCKY FLOOD CONTROL PL.ANNING PROGRAM I 
VERSION OF MAY 20, J 966 
5UBROUT!NE CD2(NN) 
RESIDUAL DAMAGE PROCEDURE WHEN LOCATION GT o. 
ARGUMENT (IJ LOCATES OX WITH OR WITHOUT CHANNELIZATION 
REAL K!,K2,MANNU,MANNR,MANNT,L,IA,IPP,LA,LC,MFP,M!N,MCH,NIN,MTLCH, 

!ND 
LOGICAL CHANEL,UNC,LLL,PP,LL,SS,CDSTE,LG,SG,PG,PTF,LTF,STF 
COMMON A, AO ( 25), AFC TR I 3, l I ) , AW 125 l , AFW ( 2, 25) , AF, BDM IN, BDMAX, COEFDM 

1,CHANELl25J,CU,CD,CAPl251lll•CS,CDST1CRFSM,FA1FQl2511HE,HMAX1HN1!N 
2DEXl25,2J,IDl!OOJ,KJl2511K2125),LININGl251,LF,LOCl251,LCl251•NW,NS 
3TAGE• MANNU, MANNT, MANNR, OUTPUT ( 25 • I 3 l •PF, 00 ( 25 J, OS, QP ,OL ,OX f 2, I 00), 
4043(1!,IIJ,Q05(1!,Jl),R,RN,RE,RWF,RC(25),SF,SIGMA,SK1,SK2,SK3,SK4, 
5SK5,SK6,SK7,SK8,Sl25),S!C(25J,TAW,T,TJME,TFl25J,T0(25),TICl25),TCL 
6C25),UNC,UN,UZ,USUBWl25,6J,UTOTRC25,6),VLURST,VLAGST,VALUE(25,6),V 
7A,W,W0(25),ZT,ZU,ND,FD,NDT(25J,FDA(25J 

DIMENSION DFQRllDOI 
MMENT 1--IN!TIAL!ZE VARIABLES, CALCULATE CONSTANTS 

QSS=QS-QO(NW) 
QPP=OP-QO <NW) 
QLL=OL-QO(NW) 
!F(JUMP2.EQ• lO*NW+NSTAGEI GO TO 9 

UB = UZ 
C!=0.0555*COEFDM*VLURST*UB*K2(NW)*Kl(NW)**2 
C2=0o4445*COEFDM*VLURST*UB*K2(NW)*K1 (NWl**2 
C3=0·5*COEFDM*VLAGST* ( 1.-us )*K2 (NW )*I<! (NW >**2 
C4=FA* ( 1 .-UB J *K2 I NW >*K 1 INW J 
C5=0.0555*COEFDM*VLURST*IUN-UB)*K2(NW)*KJ(NW)**2 
C6=D.4445*COEFDM*VLURST*!UN-VBJ*K21NW)*K!(NW)**2 
c7=-0o5*COEFDM*VLAGST*IUN-UBl*K21NWl*K!INWl**2 
cB=-FA*IUN-UBl*K11NWl*K21NW) 
JUMP2=!0*NW+NSTAGE 

'COMMENT 2--CALCULATE RESIDUAL FLOOD DAMAGE CORRESPONDING TO EACH PER 
. C CENT FREQUENCY OF OCCURANCE FROM 1/2 PER CENT THROUGH 99 1/2 PER 

CENT• SUM TO GET AVERAGE ANNUAL DAMAGE 
9 DO 3 J=l,100 

QXC = o. 
iFIQX(NN,J) eGTe 055) OXC=QXINN,JJ-GSS 
JF(QXC 11LEe- 0.) GO TO 4 
QXP = o. 
!FCOX(NN,J) .GTe QPPl OXP,,QXINN,JJ-055 
QLS ~ o. 
!FCQLL eGTe ass> OLS~OLL.-OSS 
QBl=OoO 
IF rnxc wGTe QLS) QBl=QXC**0•375-QLS**0•375 
082"'0•0 
IF (QXP •. GT a QLS) QB2=0XP**0•375-QLS**D•375 
DFQR(J)=(C!+C3J*0XC**0,75+C2*0XP**0,75+C4*0XC**D•375+(C5+C7)*0B!** 

l2+C6*0B2**2+CB*OB! 
3 CONTINUE 

GO TO 6 

-139-



4 DO 5 K=J, JOO 
DFQR(K) = O. 

5 CONTINUE 
6 CD = Oo 

DO 7 I=! ,JOO 
7 cD=CD+DFQR(I) 

CD= CD/JOO. 
cu~o. 

MENT 3--IF EFFECTS OF UNCERTAINTY ARE NOT BEING CONSIDERED RETURN TO 
CALLING POINT IN MAIN PROGRAM, OTHERWISE CALCULATE UNCERTAINTY 
cOST BEFORE RETURNING 
JF(oNOTo UNC) RETURN 
SUMSQ=O•O 
DO 8 M=l,100 
SUMS0=SUMS0+COFQR(Ml-C0l**2 

8 CONTINUE 
SIGMA=SQRT(SUMSQ/990) 
CU=VA*SIGMA*CRFSM/S0RT!2o*Rl 
RETURN 
ENO 
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fTC OK0005 DECK 
uNIVERSITY OF KENTUCKY FLOOD CONTROL PLANNING PROGRAM I 
VERSION OF MAY 20, 1966 
suBROUT I NE STR . . /. 
REAL Kl,K2,MANNU,MANNR,MANNT,L,IA,IPP,LA,LC,MFP,MfN,MCH,NJN,MtLCH, 

!ND 
LOGICAL CHANEL,UNC,LLL,PP,LL,SS,COSTE,LG,SG,PG,PTF,LTF1STF 
COMMON A,AO (25J ,AFCTRC3, 1 l) ,AW!25 l ,AFW(2,25) ,AF,BOMIN,BOMAX,COEFDM 

J,CHANEL(25),CU,CO,CAP(25,!l)•CS,CDST,CRFSM,FA,F0(25),HE,HMAX,HN,!N 
2DEXl25,2),!D!!OOl,KJ(25J,K2(25J,LINING(25),LF,LOC(25),LC(25),NW,NS 
3TAGE, MANNU,MANNT, MANNR, OUTPUT I 25, 13 J, PF, 00 I 25 l, QS, OP ,QL ,OX (2, 100), 
4043 ( l 1 , 1 I ) , 005 ( l 1 , 1 1 J , R, RN ,RE, RWF, RC ( 25 l, SF, SIGMA, SK! , SK2, SK3, 51<4, 
5SK5,SK6,SK71SK8,Sl25),SIC1251,TAW,T,TIME,TFl251,TOC25l,TICl25),TCL 
6(25J,UNC,UN,UZ,USUBW(25,6J,UTOTR(25,6J,VLURST,VLAGST,VALUE(25,6),V 
7A,W,WOl25J,ZT,ZU,ND,FO,NDTC25J,FDAC25l 

ND"'NDT(NW) 
FD=FDA(NW) 

MMENT !--DETERMINE RIGHT-OF-WAY COST FOR CHANNEL IMPROVEMENT !F NOT 
ALREADY CALCULATED FOR STAGE 
!F<RC(NW) eGEe Oo J GO TO 2 
LT=NSTAGE 
IFILOC(NWI ~GT• 01 LT•LOCINW) 
!F(CHANELCNW)l GO TO! 
R-0-W COST FOR NEW CHANNELS EOUALS FULL LAND VALUE+ 1/3 AVERAGE 
URBAN STRUCTURE VALUE 
RCCNW)=IVALUE(NW,NSTAGEJ+0•333*VLURST*USUBW(NW,LT)J*RWF 
GO TO 2 
R-0'-W COST FOR ENLARGING CHANNELS EQUALS FULL LANO AND 
STRUCTURE VALUE 

1 RC<NW)=IVALUE(NW,NSTAGE)+VLURST*USUBW(NW•LTll*RWF 
COMMENT 2--DETERM!NE SUBWATERSHED WEIGHTED DESIGN FLOW 

. 2 Qe,QS*FOINWI 
~COMMENT 3--DETERM I NE CHANNEL TYPE TO CONS !DER AS I NDJ CA TED BY 
.C LIN!NG(NW)• DETERMINE BRIDGE REQUIREMENTS FOR ALL BUT 

RECTANGULAR LINED CHANNELS 
IF ( L IN! NG ! NW I •NE• 4 •OR• •NOT• CHANEL ( NW ) l CALL BRIDGE ( Q l 
!F<LIN!NGCNWJ oEOo 3) GO TO 100 
IF(LINING!NWI oEO, 4l GO TO 200 

COMMENT 4--CONSIOER UNLINED CHANNEL 
C DETERMINE DEPTH OF FLOW FOR UNLINED CHANNEL 

X=BOMlN 
3 H:,((O*MANNU*!X+2o*(S0RT(lo+ZU*ZUlll**0•667)/(SORTIS(NW)l*lo49*(X+Z 

1Ul**lo667ll**0•375 
IF(H oLEo HMAX oORo X ,GE. BDMAX) GO TO 4 
x=x+o.s 
GO TO 3 

C CKECK ACTUAL TRACTIVE FORCE, IF !N EXCESS OF CRITICAL TRACTIVE 
C FORCE GO TO CONSIDER DROP STRUCTURES 

4 TFF=62o4*H*S!NW) 
[F(TFF ,GT, TFINWll GO TO 5 

C CALCULATE DIMENSIONS FOR UNLINED CHANNEL WITHOUT DROP STRUCTURES 
B=X*H 
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T=B+2•*ZU*H 
A=0•5*H*(B+T) 
W=B+2•4*H*ZU+30• 
CALCULATE UNLINED CHANNEL COST 
cS=SK I *LC !NW l* ( A-AO !NW I l+SK2*LC (NW l+SK3*RC (NW l* (W-WO (NW l l *LC !NW!+ 

JSK4*1HN*T+HE*!T-TO!NW)ll+SK5*!RN*T+RE*!T-TO(NWJ)l 
JF LlN!NG!NW) EQUALS 1, DO NOT CONSIDER ANY OTHER TYPE OF 
CHANNEL, RETURN TO MAIN PROGRAM 
!F!LIN!NG(NW) ,EO• ll GO TO 12 
LIN!NG(NW)=l 
TT=T 
AA=A 
ww=w 
GO TO CONSIDER TRAPEZOIDAL LINED CHANNELS 
GO TO 100 

12 cs=CS*SF 
RETURN 
DETERMINE MAXIMUM ALLOWABLE CHANNEL SLOPE 

(REDUCE BY 10 PER CENT INCREMENTS) 
5 SLOPE=SINW! 
6 X"'l el *X 

SLOPE=Oe9~SLOPE 
H= ! (O*MANNU* !X+2 •*!SORT! l .+ZU*ZU l l l**O e667 J / f SQRT I SLOPE J·Jq ,49* !X+Z 

IUl**lo66711**0~375 
TFF=62,4*H*SLOPE 
!F!TFF ,GT. TF!NW!I GO TO 6 
CALCULATE DIMENSIONS FOR UNLINED CHANNEL WITH DROP STRUCTURES 
B"X*H 
T=B+2•*ZU*H 
A=0•5*M*(B+Tl 
W=B+2•4*M*Z+30o 
CALCULATE AMOUNT OF FALL PROVIDED FOR SY DROP STRUCTURES 
F=5280•*LCINW)*!S!NWl-SLOPEl 
DETERMINE NUMBER AND HEIGHT OF DROP STRUCTURES 
IF(F oGT. 5.0) GO TO 7 
FD=F 
ND=l•O 
GO TO 9 

7 !F(F @GT. 10o0l GO TO 8 
FD=0•5*F 
ND=2•0 
GO TO 9 

8 ND=AINT{Oe25*F+0•5l 
FD=F/ND 
CALCULATE COST OF BUILDING NEW OR ENLARGING EXISTING DROP STRUCTURES 

9 CS=SK1*LCCNW)*!A-AOlNW)l+SK2*LCINWJ+SK3*RC(NWl*(W-WO(NWll*LC(NW)+ 
1SK4*(HN*T+HE*!T-TO!NW)ll+SK5*(RN*T+RE*(T-TO(NW)Jl 
CS=CS+SK6*ND*(5o2*B*H+4.3*B*FD+9•5*B+5.5*ZU*H*H+2•0*ZU*H*FD+32.0*Z 

lU*H+2,0*ZU*FD+l3•0*ZU+l4•!*H*H+l4•6*H*FD+3.3*FD*FD+!4•!*H+0•056*B* 
2H*H+Oo188*H*H*H+Oo132*FD*H*H+9,9) 

lF!.NOT. CHANEL(NW) oOR. LINING(NW) oNE• 2J GO TO JO 
H=(TOINW)-SORT(TOINW)*TOINWl-4•0*ZU*AOlNWJJl/(2eO*ZU) 
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B=T01NWl-2•0*ZU*HO 
cs=CS-SK6*ND*(5o2*B*H+4,3*B*FD+9•5*B+5,5*ZU*H*H+2,0*ZU*H*FD+32,0*Z 

!U*H+2,0*ZU*FD+!3•0*ZU+!4•l*H*H+!4,6*H*FD+3,3*FD*FD+14•1*H+Oo056*B* 
2H*H+0,188*H*H*H+0,132*FD*H*H+9,9) 

!F LIN!NG(NW) EQUALS 2, DO NOT CONSIDER ANY OTHER TYPE OF CHANNEL, 
RETURN TO MAIN PROGRAM 

10 !FIL!N!NGiNW) ,EQ, 2l GO TO 13 
!F L!N!NG(NW) EQUALS O STORE TEMPORARY CHANNEL D[MENS!ONS AND 
GO TO CONSIDER TRAPEZOIDAL LINED CHANNELS 
JFILIN!NG(NWI oEO, 0) GO TO !! 
L!NINGINW) ='2 

!3 cs=CS*SF 
RETURN 

11 L ! N l NG ( NW ) = 2 
TT=T 
AA=A 
WW=W 

OMMENT 5--CONS!DER TRAPEZOIDAL LINED CHANNELS 
!F CHANNEL JS IMPROVED GO TO EVALUATE ENLARGING, OTHERWISE 
EVALUATE IMPROVING AS TRAPEZOlDAL LINED CHANNEL 

JOO IFICHANELINWII GO TO 103 
DETERMINE DEPTH OF FLOW FOR NEiii TRAPEZOIDAL LINED CHANNEL 
XoeBOM!N 

!Ol H"'! (0*MANNT*!X+2•*1S0RT(l,+ZT*ZTJlJ**0•667l/lSORTISiNW)l*l•49*!X+Z 
1Tl**ie667)]**0®375 

IFIH,LE, HMAX ,OR, X •GE• BDMAXl GO TO 102 
X"X+0,5 
GO TO 1 01 
CALCULATE DIMENSIONS FOR NEW TRAPEZOIDAL LINED CHANNEL 

102 B"'X*H 
T"B+2,*ZT*H 
A"0,5*H*IB+TJ 
W"'B+2,4*H*ZT+25e 
P"'B+2 ,2*H*SDRT Ii! •+ZT*ZT) 
CALCULATE COST OF NEW TRAPEZOIDAL LINED CHANNEL 
CSL"'SK I ,i·LC I NW l* ( A-AO i NW l J +SK2*LC 1 NW l +SK3*RC I NW)* (W-WO (NW l )*LC i NW)+ 

l SK4* i HN*T+l-lE* l T-TO !NW) l HSK5* IRN*T+RE* IT-TO i NW l J l 
CSL~CSL+SK7*P*LCINW) 
IF TRAPEZOIDAL LINED CHANNELS ARE NOT ECONOMICAL AND !FAN 
UNLINED CHANNEL IS EXISTING OR HAS BEEN PROVEN TO BE ECONOMICAL, 
PREPARE TO RETURN TO MAIN PROGRAM 
IFICSL,GToCS ,AND, LIN!NGCNWl,EO,I ,OR, L!NlNGINWl•EOo21 GO TO 300 
TRAPEZOIDAL LINED CHANNEL IS ECONOMICAL-CONTINUE 
!F(LIN!NGINW) oEO, 3l GO TO 150 
L!N!NGiNW):3 
STORE TEMPORARY CHANNEL DIMENSIONS 
TT"'T 
AA=A 
WWeeW 
CS"CSL 
GO TO 200 

150 cs~csL 
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RETURN 
EVALUATE ENLARGING TRAPEZOIDAL LINED CHANNELS 
HO=ITOiNW)-SQRT!TOINWJ*TOINWl-4•0*ZT*AOINWI IJ/C2•D*ZTI 
sO=TO(NW)~2.o•zT*HO 
po~so+2.2•HO*SORTl!.+ZT*ZT) 
DETERMINE AMOUNT OF NECESSARY ENLARGMENT 

(ENLARGE BY 10 PER CENT INCREMENTS) 
Ql~OO!NWl 
HT=HO 
H!~l•l*HO 

.j04 02=<11 o49*SORTISl!NWJJ*I IBO+ZT*H! l*Hl J*·*! •6671/IMANNT*(B0+2•0*H!*SOR 
!Tllo+ZT*ZTll**0•667l 
!FI02 .GE. QJ GO TO 105 

0!=02 
HT"'HI 
H 1 = I • l *H ! 
GO TO 104 
CALCULATE DIMENSIONS FOR ENLARGED TRAPEZOIDAL LINED CHANNEL 
H=HT+! IH!-HTl*I0-0! I )/:(02-01 J 
s~so 
T=B+2,*ZT*H 
A,,0,,5*H* !B+T J 
w~s+2.4*H*ZT+25. 

C.~LCULATE COST OF ENU'IRG, NG AS TR.i,PEZO !DAL LI NED CHANNEL 
cS=SK!*LCINWJ*IA-AOCNWJJ+SK2*LCINW1+sK3*RC(NWJ*IW-WOINWIJ*LCINWJ+ 

! SK4* I HN*T+HE* ! T-TO :( NW I I I +SK5* ii RN*T+RE* n-TO I NW I I ) 
CS=CS+5K7*CP-P0J*LC(NW) 
CS=CS*SF 

6--CONSIDER RECT.ANGUU\R LilNED CHANNELS 
lF CHANNEL !S IMPROVED GO TO EVALUATE ENLARGINGo OTHERWISE 
EVALUATE IMPROVING AS RECTANGULAR LINED CHANNEL 

200 IF!CHANELINWJJ GO TO 201 
DETERMINE DEPTH OF FLOW FOR NE\1! RECTANGULAR LI NED CHANNEL 
X=BDMJN 
H= !O*MANNR*0<+2,0 !**Os667 /!SORT (S!NWl l*l •49*X**l •667) 1**0•375 

C CALCULATE DIMENSIONS FOR NEW RECTANGULAR LINED CHANNEL 
Tc;;;X·*H 

A"H*T 
w=T+20.o 
PaaT+2,l*H 

C CALCULATE COST OF NEW RECTANGULAR LINED CHANNEL 
CSR=SK! *LC I NW I* I A-AO I NW I J+Sl<2*LC ( NW J+Sl<3*RC I NW l * I W-WO I NW) I *LC I NW l + 

I Sl<4* IHN*T+HE* n-TO INW l I HSK5* l(RN*T+RE* n-TO INW l 11 
CSR•CSR+SKB*IP+2•0l*LCINWI 
!FICSR oGT• CS oAND• L!NlNGINWI oNEo 41 GO TO 300 

C !F RECTANGULAR LINED CHANNELS ARE ECONOMICAL SET L!NING!NWl EQUAL 
C TO 4 AND RETURN TO MAIN PROGRAM 

LlNINGINWl"'4 
CSacCSR*SF 
RETURN 
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EVALUATE ENLARGING RECTANGULAR LINED CHANNELS 
HO=AOINWJ/TOINWJ 
gQecT01NWl 
DETERMINE AMOUNT OF NECESSARY ENLARGEMENT 

!ENLARGE BY 10 PER CENT INCREMENTS) 
Ql•OOINW) 
HT•HO 
HJ.c..5')1..®i*HO 
Q2•llo49*S0RTISINWJJ*IBO*Hll**l•667)/IMANNR*IB0+2•0*H!l**Oo667J 
!FIQ2 oGE. Q) GO TO 203 
Q1 :c::Q2 

HT~H! 
H'1.s:1 a1 ]*H1 
GO TC1 202 
CALCULATE D l MENS! ONS FOR ENLAlClGED RECT l'.NGULAR L l NED CHANNEL 
HsHT+IIH!-HTJ*IO-Qlll/102-QI! 
CA1_CUi_,4~rE COS"i OF ENJ_A,RG I NG AS REC1".ANGULAR LI NED CHAf'JNEL 

CS=SK8*2aO*(H-HOJ*LC<NW) 

RETI.Jk:'N 
T"""TT 
t1"li;;;!-1;A 

'w~ww 
es~cs~zsF 
RETURN 
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zsFTC DK0006 DECK 
UNIVERSITY OF KENTUCKY FLOOD CONTROL PLANNING PROGRAM l 
VERSION OF MAY 20, 1966 
SUBROUTINE BRIDGEIOJ 
REAL K!,1<2,MANNU,MANNR,MANNT,L,IA,!PP,LA,LC,MFP,M!N,MCH,NJN,MTLCH, 

tND 
LOGICAL CHANEL,UNC,LLL,PP,LL,SS,CDSTE,LG,SG,PG,PTF,LTF,STF 
COMMON A,AOl25),AFCTRl3,J!l,AWl251,AFW!2,25J,AF,BOMIN,BDMAX,COEFDM 

! , CHANEL! 25 l , CU, CD, CAP ( 25, I 1 ) , CS, COST, CRFSM, FA, FO I 25 l, HE ,HMAX, HN, l N 
2DEXC25,2J,IDl!OOl,Kll25J•l<2125J,LINJNGl2511LF,LOCl25),LCl2511NW,NS 
3TAGE,MANNU,MANNT,MANNR,OUTPUTl25,!3)1PF,Q0(251,0S,OP,QL,OX12,!00J, 
4Q4311l,ll ),Q051!1,!1J,R,RN,RE,RWF,RCC25J,SFoS!GMA,SK!,S1<2,SK3,SK4, 
5SK5,SK6,SK71SKB,Sl251,S!Cl25J,TAW,T,TIME,TFl251,TOl2511TICC25J,TCL 
6(25),UNC,UN,UZ,USUBWl25,6J,UTOTR(25,61,VLURST,VLAGST,VALUE125,6),V 
7A1W,WOl25),ZT,ZU,ND,FD,NDT(25l,FDA1251 

OMMENT 1--lNlT!AL!ZE CONDITIONS 
HA=O• 
RE: o. 
HE =O, 
RN= 0• 
HN ~ o. 

COMMENT 2--INVESTlGATE AFFECTS OF DESIGN FLOW ON HIGHWAY BRIDGES 
EXISTING PRIOR TO PERIOD UNDER STUDY 
DO l J=l,6 
IFICAPINW,JI oLT• Doi GO TO 2 
!FICAP(NW,J) oGE• 01 GO TO 10 
HN = HN+!, 
GO TO I 

!O HA=HA+l• 
l CONTINUE 

COMMENT 3--INVEST!GATE AFFECTS OF DESIGN FLOW ON RAILWAY BRIDGES 
C EXlST!NG PRIOR TO PERIOD UNDER STUDY 

2 DO 3 J=7,8 
lFICAP(NW,.JI 
!FICAP(NW,.JI 
RN= RN+!, 

3 CONTINUE 

eLT11, 0$) 
,eGEa Q ~ 

GO TO 4 
GO TO 3 

COMMENT 4--CONSIDER EXTENDING HIGHWAY AND RAILWAY BRIDGES BUILT DURING 
C PERIOD UNDER STUDY 

4 IFICAPINW,111 .GT,O. ,AND, CAP(NW,!!l oLTe Q) GO TO 5 
GO TO 6 

5 HE= CAPINW,9) 
RE= CAPINW,10) 

6 lFINSTAGE eEOe 1 J RETURN 
COMMENT 5--CONS!DER AFFECTS OF URBANIZATION ON HIGHWAY 
C BRIDGE REQUIREMENTS 

IF (USUBW INW,NSTAGE! •L Te ,25 l 
IFIUSUBWINW,NSTAGEJ eLTo e50J 
NBR = LCINWl*3•0 + 0.5 
GO TO 8 

7 NSR = LC(NWl*2•0 + Oo5 
8 BR= NBR 

RETURN 
GO TO 7 
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!F(•NOT• CHANELINWll GO TO 9 
!F(BR .GT• HN+HE+HA) HE=BR-(HN+HA) 
RETURN 

9 !FIBR .GT• HN+HE+HAI HN•BR-IHE+HAJ 
RETURN 
END 
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C DK0007 DECK 
UNIVERSITY OF KENTUCKY FLOOD CONTROL PLANNING PROGRAM I 
VERSION OF MAY 20, !966 
SUBROUTINE COST 
CALCULATE EFFECTS OF CHANNELIZATION ON DOWNSTREAM WATERSHEDS 
REAL Kl ,1<2,MANNU,MANNR,MANNT,L, IA, !PP,LA,LC,MFP,MIN,MCH,NIN,MTLCH, 

!ND 
LOGICAL CHANEL,UNC,LLL,PP,LL,SS,CDSTE,LG,SG,PG,PTF,LTF,STF 
COMMON A,A0(25l,AFCTR(3,11 l,AW(25J,AFW12,25l,AF,BDM!N,BDMAX,COEFDM 

1,CHANEL!25l,CU,CD,CAP(25,!1),CS,CDST,CRFSM,FA,FQ(25l,HE,HMAX,HN,IN 
2DEX(25,2),!0(IOO),Kl(25),K2(25),L!N!NG(25),LF,LOC(25l,LC(25)•NW,NS 
3TAGE,MANNU,MANNT,MANNR,OUTPUT(25,!3),PF,00125l,QS,QP,QL,OX12•!00), 
4043(1!,!l ),005(11,li J,R,RN,RE,RWF,RC(25),SF,S!GMA,SK!,SK2,SK3,SK4, 
5SK5,SK6,SK7,SK8,Sl25l,SIC1251,TAW,T,T!ME,TFl251,TOl251,TIC125l,TCL 
6 ( 25 J , UNC, UN, UZ, USUBW I 25, 6 l , UTOTR ( 25, 6 J , VLURST, VLAGS T, VALUE I 25 • 6) , V 
7AoW,W0(25),ZT,ZU,ND,FD,NDTl25)1FDAl25J 

ENT J--DETERM!NE NUMBER OF DOWNSTREAM SUBWATERSHEDS TO BE 
CONSIDERED, IF NONE EXIST, SET CDST EQUAL TO ZERO ANO RETURN 
TO MAIN PROGRAM 
N = I NOEX I NW, I ) 
..J = INDEX (NW, 2 I 
COST= o. 
JF(N ,EQ, 0) RETURN 

2--COSTS ARE EVALUATED SYSTEMATICALLY FOR EACH DOWNSTREAM SUBWATERSHE 
LLL"•FALSE, 
DO 17 i=N,..J 
NWD = ID(! l 
DOWNSTREAM FLOW ls INCREASED BY AN INCREASE lN CHANNELIZATION 
FROM C TO Cl, URBANIZATION IS HELD CONSTANT 
C = TlC(NWDJ/TCLCNWDJ 
U=UTOTRINWD,NSTAGEJ 
C!=ITICINWDl+ILC1NW)-S!CINW!ll/TCLINWDJ 

MMENT 3--INCREASED FLOW WILL REQUIRE ADDITIONAL RIGHT-OF-WAY AND 
LARGER BRIDGE CAPACITIES FOR ALL BUT RECTANGULAR CHANNELS• 
!FILIN!NG(NWD) ,EOe 41 GO TO 21 
BH = 0, 
BR= O, 
SUM AFFECTED BRIDGES IN DOWNSTREAM SUBWATERSHED 
D012...1·=1,6 
IF(CAPINWD,...11 oGE, O,J BH=BH+I, 

12 CONTINUE 
00 13 ...1=7,8 
!F(CAP(NWD,-1) ,GEo 0,) 6R=BR+1, 

13 CONTINUE 
SH= BH+CAP(NW0,9) 
SR= BR+CAPCNWD,!Ol 
DETERMINE RIGHT·-OF-WAY COST FOR SUBWATERSHED IF NOT 
PREVIOUSLY DETERMINED DURING STAGE 
!F(RCINWDI .GEo 0.61 GO TO 21 
LT~NSTAGE 
!FILOCINWDI .GT• Ol LT=LOCINWDJ 
JFICHANELINWDll GO TO 20 
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RCINWDJ=IVALUE(NWD,NSTAGE)+0•333*VLURST*USUBWINWD,LT11*RWF 
GO TO 21 

20 RCINWD)=(VALUE(NWD,NSTAGE)+VLURST*IUSUBW(NWD,LT)lJ*RWF 
MMENT 4--DETERMINE DOWNSTREAM FLOW FOR WITH AND WITHOUT CONDITIONS 

OF UPSTREAM IMPROVED CHANNEL 
21 CALL PLACEAIOXJ,U,C,043) 

CALL PLACEAIOY1,u,c,005) 
QXX=(AWINWDl*AFW(J,NWDl*OXJ)/TAW 
QY=(AW(NWDl*AFWl2,NWDl*OY1 J/TAW 
XF=IIQY*0•578J-10XX*5,296lJ/1-4.718) 
A=l4,7!8J/(QY-QXXJ 
IFl,NOT. CHANELINWDJl GO TO l 
IF DOWNSTREAM CHANNEL IS IMPROVED, ITS DIMENSIONS 
ARE KNOWN QUANTITIES 
YF=A*COOINWD!-XFJ 
!F(YF ,GT, 5,296) GO TO 17 
QSML=OOINWDl*FOINWDJ 
ASML=AO(Nl!JDJ 
TSML=TO{Nl!JDl 
l!ISML=WOlNWDl 
GO TO 5 

C IF DOWNSTREAM CHANNEL JS NOT IMPROVED, SELECT PROBABLE WEIGHTED 
C AVERAGE CHANNEL DESIGN FLOW BASED ON THE AMOUNT OF URBANIZATION 
C IN THE DOWNSTREAM SUBl!IATERSHED 

P = 0.04 
JF(U-0,07 ,GT. O,) P =0,01 
!FIU-0,20 ,GT, O,J P=0,005 
PN=l,000-P 
TEMP=J,/ALOG(!,/PNJ 
YF=ALOG (TEMP) 
QSML=lYF/A+XFJ*FOINWDJ 
Q=QSML 

C DETERMINE CHANNEL DIMENSIONS FOR THE PROBABLE DESIGN FLOW 
22 X=BDMIN 
23 H=((Q*MANNU*IX+2•*!SORT!!,+ZU*ZU!ll**0•667)/CSORT(S(Nl!IDll*1•49*(X+ 

!ZUl**l•667ll**0•375 
IF(H •LE· HMAX .oR.x ,GE• BDMAX) GO TO 24 
X=X+0•5 
GO TO 23 

24 B=X*H 
!F(LLL) GO TO 25 
TSML=B+2•0*ZU*H 
ASML=O • 5*H* CB+TSML) 
WSML=B+2,4*ZU*H+3o.o 

5 CALL PLACEA(OX1,u.c1.043) 
CALL PLACEA(QYl•U•Cl,005) 
QXX=<AW(Nl!IDl*AFl!lll•NWDl*OXJJ/TAW 
QY=lAl!J(NWDJ*AFW(2,NWD!*OY!)/TAW 
XF=((QY*0•579J-!0XX*5•296JJ/(-4o718J 
A=l4o7!8)/!QY-QXX) 

C CALCULATE WEIGHTED AVERAGE DESIGN FLOOD PEAK RESULTING FROM 
C INCREASED CHANNELIZATION 
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QLRG=IYF/A+XFJ*FaCNWDJ 
!FCLINING!NWDI eNEe I eAND• LlNING(NWDI .NEe O .AND• CHANELCNWDII 
RETURN TO CALCULATE CHANNEL DIMENSIONS FOR INCREASED DESIGN FLOW 

I GO TO 26 
LLL=eTRUE• 
Q=aLRG 
GO TO 22 
LLL=oFALSE• 
[F(L!N!NG(NWD) eEa. 21 GO TO 27 
TLRG=B+2.0*ZU*H 
ALRG=Oo5*H*IB+TLRGJ 
WLRG=B+2•4*ZU*H+30e0 
CALCULATE INDUCED COST FOR UNLINED CHANNEL WITHOUT DROP STRUCTURES 
CDST=CDST+SK! *LC I NWD I* ( ALRG-ASML )+SK3<fRC (NWD l *LC I NWDl* I WLRG-WSML J+ 

!ISK4*BH+SK5*BRl*ITLRG-TSMLI 
GO TO 17 

26 !FILINJNGINWDJ eNEo 2) GO TO 29 
5--EVALUATE UNLINED CHANNELS WITH DROP STRUCTURES 

LLL=eTRUEo 
O=aLRG 
RETURN TO CAI_CULATE CHANNEL DIMENSIONS FOR INCREASED DESIGN FLOW 
GO TO 22 
DETERMINE ALLOWABLE CHANNEL SLOPE FOR UNLINED CHANNEL WITH 
DROP STRUCTURES 

27 SLOPE=SINWOJ 
28 X=l•l*X 

SLOPE=Oe9*SLOPE 
H=!Ca*MANNU*IX+2•*1SaRTlle+ZU*ZU)ll**0•667)/ISaRT!SLOPE1*1•49*(X+Z 

!Ul**le667)l**0•375 
TFF=62•4*H*SLOPE 
!F(TFF eGT. TF(NWD)J GO TO 28 
BsX*H 
TLRG=B+2.0*ZU*H 
ALRG=0•5*H*(B+Tl 
WLRG=8+2.4*H*ZU+30o 
F=52BO•*LC(NWOJ*!S(NWDl-SLOPEJ 
ND=AINT(Oo25*F+Oo51 
IF(ND .Ea. o.) ND=t.o 
FD>=F/ND 
HSML=(TSML-SaRT(TSML*TSML-4,0*ZU*ASMLl)/2•0*ZU 
8SML=TSML-2o0*ZU*HSML 

C CALCULATE INDUCED COST FOR UNLINED CHANNEL WITH DROP STRUCTURES 
CDST=CDST+SK!*LC(NWD)*(ALRG-ASML)+SK3*RC(NWDJ*LC(NWD)*(WLRG-WSML)+ 

l(SK4*8H+SK5*8RJ*ITLRG-TSML) 
CDST=CDST+SK6*ND*(5•2*B*H+4.3*B*FD+9o5*B+5.5*ZU*H*H+2oO*ZU*H*FD+32 

loO*ZU*H+2.0*ZU*FD+13eO*ZU+l4•1*H*H+J4,6*H*FD+3•3*FD*FD+14e!*H+Oo05 
26*B*H*H+Oel88*H*H*H+Oo!32*FO*H*H+9o91 

H=HSML 
B=BSML 
CDST=CDST-SK6*ND*(5o2*B*H+4.3*B*FD+9•5*B+5,5*ZU*H*H+2•0*ZU*H*FD+32 

loO*ZU*H+2.0*ZU*FD+!3eO*ZU+l4•l*H*H+l4o6·*H*FD+3o3*FD*FD+14•l*H+Oo05 
26*B*H*H+Oo!BB*H*H*H+O,J32*FD*H*H+9o9l 
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GO TO 17 
29 IFILlNJNG!NWD) .Ea. 4J GO TO 32 

OMMENT 6--EVALUATE TRAPEZOIDAL LINED CHANNELS 
HSML=ITSML-SORT!TSML*TSML-4oO*ZT*ASMLll/2•0*ZT 
BSML=TSML-2o0*ZT*HSML 
PSML=BSML+2•2*HSML*SORTll,+ZT*ZTI 
ENLARGE CHANNEL TO ACCOMODATE INCREASED FLOW 
!INCREASE DEPTH BY 10 PER CENT INCREMENTS) 
Q!=OSML 
HT=HSML 
Hl=l•l*HSML 

30 02=1lo49*SORTISINWDll*IIBSML+ZT*H!l*Hll**l,6671/(MANNT*IBSML+2,*Hl 
!*SORTl1,+ZT*ZTll**0•6671 

IFl02 oGE, OLRGI GO TO 31 

I
',, 

·i '1 

ii I 

I' 
11, 

I' 

0!=02 'i 

HT:c.Hi 
l·H = I • l',.H I 
GO TO 30 

31 HLRG=HT+IIH!-HTJ*IGLRG-O!Jl/102-011 
TLRG=BSML+2,*ZT*HLRG 
ALRG=O • 5*HLRG* (BSML+TLRG l 
WLRG=BSML+2,4*HLRG*ZT+25o 
PLRG=BSML+2,2*HLRG*SORTl!,+ZT*ZTI 
CAI_.CULATE l NDUCED COST FOR TRAPEZOIDAL L ! NED CHANNELS 
COST:CDST+SK ! *LC I NWD J ,f, I ALRG-ASML J +SK3*RC (NWD l* LC ( NWD J * !WLRG-WSML l 

l+ISK4*BH+SK5*8RJ*ITLRG-TSMLJ+SK7*1PLRG-PSMLJ*LC!NWDI 
GO TO 17 

COMMENT 7--EVALUATE RECTANGULAR LINED CHANNELS 
32 HSML=ASML/TSML 

ENLARGE CHANNEL TO ACCOMODATE INCREASED FLOW 
C !INCREASE DEPTH BY 10 PER CENT INCREMENTS) 

O!=OSML 
HT=HSML 
H!=i•l*HSML 

33 02= I! .49*SORTIS{NWJ J*ITSML*Hl J**l •667l/'IMANNR*ITSML+2,0*Hl l**Oo667 , I 

l ) 
!FI02 •GE• QLRGJ GO TO 34 
O! =02 i ; 

HT"Hl 
HI~! • ! *H l 
GO TO 33 

34 HLRG=HT+l!Hl-HTJ*IOLRG-O!)l/!02-0!) 
C CALCULATE INDUCED COST FOR RECTANGULAR LINED CHANNELS 

COST=CDST+SKB*2•0*(HLRG-HSMLl*LC(NWDJ 
17 CONTINUE 

RETURN 
END 
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