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An Evaluation of Techniques for Highway User 
Cost Computation 

A.S. LANG*, Director of Data Systems, New York Central Railroad; P.O. ROBERTS, 
Assistant Professor of Civil Engineering, Massachusetts Institute of Technology; and 
D. H. ROBBINS**, Systems Engineer, IBM Corporation 

This paper compares the EA-1 (computer simulation) and AASHO 
methods for computing vehicle operating costs in respect to inter­
changes and route location. It analyzes the generalized design 
situation of (a) interchange vs intersection, and (b) over- vs 
under-grade separations for controlled-access highways. 

Selected highway design problems such as (a) high vs low bridge 
crossing, and (b) expressway vs noncontroUed-access highway also 
are discussed. 

#THIS PAPER discusses the use of a digital computer in analyzing the vehicle operat­
ing costs associated with certain types of highway alignments and compares these results 
to those of other more usual user cost analysis techniques. The computer programs 
involved are those developed by the Civil Engineering Systems Laboratory of the Civil 
Engineering Department at M. I . T. and described in the Highway Research Board paper 
(1961), "A New Technique for the Prediction of Vehicle Operating Cost in Connection 
with Highway Design. " 

The research reported has two objectives: (a) to test the suitability of the AASHO 
Report on Road User Benefit Analyses for Highway Improvements (hereinafter referred 
to as the "Red Book") for the determination of vehicle operating costs, and (b) to ex­
plore ways in which the computer programs (hereinafter referred to as the "EA-1 Pro­
grams") could most appropriately be used for determining such costs. This research 
is far from complete, but the analysis of four types of alignment problems can 
be discussed at this time. Both the alignment situations and the nature of their 
analysis were quite different in each case. Thus, this paper is essentially a 
report on four separate, though closely related, investigations involving the use 
of the EA-1 Programs. (Actually, two different program sets were used in the 
research described. The original set of IBM 650 programs discussed m the 
earlier HRB paper on this work was used for the interchange ramp problem. 
A newer, faster program coded in FORTRAN for the IBM 709/7090 was used for 
the remaining analyses.) 

The f i rs t of these was a preliminary investigation of the assumption in the Red Book 
that vehicle performance is not significantly affected by variations in highway profile so 
long as the average or "composite" grade remains constant. This involved running ve­
hicles (in the computer) over several different profiles with the same average grade and 
recording their performance. The variations in the results were analyzed to give some 
indication of the constraints that should be placed on the use of the Red Book in estimat­
ing fuel consumption under different conditions of alignment and operation. 

A second investigation involved a straight-forward analysis of three alternative loca­
tions for a 10-mi section of interstate highway. This analysis was performed f i rs t 
with the Red Book and then with the EA-1 Programs and the results compared. Some 
possible restrictions on the applicability of the Red Book were also inferred from this 
investigation. 
*Formerly Assistant Professor of Transportation Engineering, Massachusetts Institute 
of Technology 

••Formerly Research Engineer, Massachusetts Institute of Technology. 
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A third investigation was concerned with the analysis of user costs on two ramps of 
an existing interchange as compared to the user costs on the ramps of a more elaborate 
replacement interchange. In this case, the computations were made by three different 
methods: the EA-1 Programs, the Red Book, and the unit cost tabulations given in 
Woods' "Highway Engineering Handbook. " The results of these analyses suggest cer­
tain conclusions on the suitability of each method for the analysis of this type of align­
ment problem. 

The fourth investigation involved a special sort of problem: that of deciding whether 
to take a nonconnecting secondary road over an expressway or the expressway over the 
secondary road where the topography does not dictate the selection of one configuration 
over the other. The differences in the user costs associated with such alignment alter­
natives are so slight as to be undetectable with the Red Book, but with high traffic 
volumes these differences are nonetheless significant. The EA-1 Programs can deter­
mine these differences. The results in this case were set up in a matrix showing the 
relative user cost advantage of one alignment configuration over the other for different 
combinations of expressway and secondary road traffic. 

It was possible to draw a few general conclusions from these four somewhat separate 
investigations. These bore out earlier expections that the Red Book was well suited to 
many, if not most, alignment situations, but that in situations requiring an analysis 
technique of high sensitivity the EA-1 Programs may be superior. Li addition, i t was 
possible to show that the basic relationships between fuel consumption and gradient now 
used in the Red Book need further study. 

THE EFFECT OF PROFILE ON FUEL CONSUMPTION 
The objective of this f i rs t investigation was to test one of the major assumptions of 

the Red Book method; namely, that vehicle performance is not significantly affected by 
variations in highway profile so long as the average or composite grade remains con­
stant. Also of interest was the determimng of fuel consumption and travel time for trucks 
as compared to cars, so as to determine whether truck performance could be reasonably 
approximated by multiplying the values obtained for automobiles by a truck factor. 

Description of Grade Test 
Two test vehicles were run in simulated 

operation over several profile configura­
tions, each 10,000 f t long and each 
with an over-all average grade of 1 per­
cent. The test was then repeatedusing con­
figurations with over-all average grades 
of 3 percent. Two factors dictated the 
selection of these particular average 
grades: (a) average gradients below 1 
percent have little effect on automobile 
fuel consumption, and (b) i t is difficult 
to find many profile configurations for 
average grades of more than 3 percent 
that wil l not involve unrealistically large 
gradients (say, 7 to 10percent)by inter­
state standards. 

Both the 1 and 3 percent tests involved 
two basic types of configurations: (a) pro­
files made up entirely of 1 and 3 percent 
grades, and (b) profiles with grades that 
were neither 1 nor 3 percent, but that 
averaged to 1 or 3 percent over the total 
alignment. Figure 1 shows these grade 
configurations for the 1 percent test. The 
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Figure 1. Alternative prof i les , 1 percent 
average grade. 



3 percent test was similar, with the foUowmg exceptions: (a) run 3 was omitted, (b) run 
5 was tried with both 6 and 4 percent grades, and (c) run 6 used 4 percent grades. In 
all cases, the lengths of the grades were adjusted so that the average gradient over the 
2-ml section was 3 percent. 

In every case the test vehicles were run at three attempted speeds: 20, 40, and 
60 mph. 

Test Vehicles 
The vehicles used for the test were a 1960 Plymouth station wagon and an Inter­

national Harvester truck and semitrailer. The important characteristics of these ve­
hicles are shown below: 

1. 1960 Plymouth station wagon (8 cylinders, Torquefllte transmission): 
Weight (loaded) 5,060 lb 
Ratings max. 230 hp at 4, 400 rpm 

max. 340 f t - lb at 2, 400 rpm 
Transnussion ratios low gear 1.72 

high gear 1. 00 
Rear-axle ratio 3.31 

2. 1960 International tractor (model R205FA) with flat-bed semitrailer: 
GCW 55,000 lb 
Weight (loaded) 41,480 lb 
Ratings net 166. 5 hp at 2, 600 rpm 

max. 182 hp at 3,000 rpm 
net 382 f t - lb at 1,200 rpm 

Transmission ratios 
(Int. T51) 1st 8.03 

2nd 4. 61 
3rd 2. 46 
4th 1.41 
5th 1. 00 

Two-speed rear axle low 7. 59 
high 5. 57 

Vehicle Operating Conditions 
The vehicles were assumed to be relatively new and in good running order. The 

truck was loaded, and it was assumed that i t only used four forward gears. 
Appropriate vertical curves were used on all alignments. Fuel consumption was 

computed at 2-sec increments and output was punched at 1-sec increments. It was 
assumed that the vehicles entered each test section at ful l (attempted) speed. 

Results 
Table 1 shows a partial summary of the test results. These particular results are 

for the 40-mph tests, which were most representative of usual operating conditions. 
The results of the 20- and 60-mph runs showed that fuel consumption is most affected 
at lower speeds but wi l l generally drop to accepted values at more usual speeds. 

Table 1 shows the effect of profile on fuel consumption. Tests 1, 2, and 3 show a 
fuel consumption of 0.069 gal, and Tests 5 and 6 show an almost 20 percent mcrease to 
0.083 gal, even though the average grade was 1 percent in every case. The same ef­
fect can be seen on the 3 percent tests, though it is less pronounced. The variation 
between Tests 5A and 6A is explained by the fact that Test 5A involved 6 percent grades 
and Test 6A involved only 4 percent grades. Also, the difference m fuel consumption 
between the 1 and 3 percent tests amounted to more than 15 percent. The Red Book 
shows a difference of only about 5 percent between these same two sets of average 
grades. 



TABLE 1 
EFFECT OF PROFILE ON FUEL CONSUMPTION^ 

Vehicle 

Fuel Consumption (gal)'' 

Test 
1 

Test 
2 

Test 
3 

Car: 
1 Percent 
3 Percent 

Truck: 
1 Percent 
3 Percent 

0.069 
0.081 

0.36 
0.51 

0.069 
0.081 

0.36 
0. 48 

0. 069 

0.35 

0. 083 
0. 092 

0.36 
0. 56 

0. 082 
0. 083 

0.38 
0. 51 

^uns a l l at hO mph. 
"Per average one-way t r i p . 

The results for the truck test were slightly different. The 1 percent runs produced al­
most no increase m fuel consumption in going from Tests 1, 2, and 3 to Tests 5 and 6. 
This IS probably explained by the way in which a truck operates. By use of proper gear 
ratios, it can select the most efficient point in the fuel map at which to operate. The 
effect on the truck was thus a loss in speed rather than a loss in fuel performance. 
However, there was a 42 percent increase in truck fuel between the 1 and 3 percent 
tests. The effect of individual grades was also more pronounced in the 3 percent tests. 

Conclusions 
The test results suggest the following conclusions: 
1. Where the individual grades in a class (as defined in the Red Book) are mixed, 

the composite grade assumption is probably satisfactory. Where a profile includes 
widely varying individual grades, the composite grade assumption is probably not too 
good. 

2. The difference in fuel consumption between higher and lower grades becomes 
pronounced at the lower speeds. The AASHO values are probably satisfactory, nonethe­
less, at most usual operating speeds. 

3. In general, the Red Book may not give entirely satisfactory results for speeds 
below 50 mph and average grades above 3 percent. The EA-1 Programs provide a more 
sophisticated method to handle these situations. 

4. Fuel consumption for trucks is radically increased on higher grades. The effect 
on truck time may be even more significant. The Red Book has no way of determining 
truck performance directly. If truck performance is critical in the evaluation of a proj­
ect, use of the EA-1 Programs should be considered. 

5. The results of these tests appear to disagree with the Red Book fuel consumption 
curves for automobiles. Values for all grade classes should tend to approach the same 
asymptote at higher speeds. The AASHO curves do not reflect this fact. 

AN INTERSTATE ROUTE LOCATION PROBLEM 
A second mvestigation involved the analysis of a 10-mi section of interstate route for 

which three alternative locations were being considered. The primary objective of this 
investigation was to compare annual costs as computed by the Red Book with those ob­
tained by the computer to see whether the greater sensitivity of the computer method 
could conceivably affect the route location decision itself. 
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Figure 2. Interstate Route location problem. 

The Problem and Its Analysis 

Figure 2 shows plan and profile views of the three alignments. Line O, although a 
very direct route with good grades, encounters soil problems. These would increase 
the construction cost. Line W would have much lower construction costs, but less 
favorable grades. Line OW is a compromise line, with even lower construction costs, 
but with slightly higher gradients. Line O has a total rise and fal l of 1,700 f t or a 
composite grade of 3. 62 percent; Line W has a total rise and fa l l of 2,050 f t or a com­
posite grade of 3. 42 percent; and Line OW has the largest rise and fa l l , 2,150 f t , with 
an average gradient of 3.91 percent. 

The problem resolves itself into a choice between Line O and Line OW. Line O, 
though it has higher construction costs, has lower road user costs. Line OW has a 
lower capital cost, but higher road user costs. 

The same vehicles used in the previous profile problem were used in the computer 
analysis of this problem. Both automobile and truck speeds were assumed to be 55 mph. 
Gasoline cost was taken at $0,32 per gal. Automobile time was valued at $1, 55 per hr, 
while truck time was valued at $4,00 per hr. For both the AASHO and the computer 
methods, average daily traffic was assumed to be 4,000 vehicles per day with 10 percent 
trucks. 

In the AASHO method, truck cost was taken at four times car cost. The alignments 
were broken into two sections m computing the composite grade. (It should be noted 
that the sensitivity of the AASHO method depends on the breakmg of an alignment into 
the various grade sections. If , on the basis of a casual glance, the average grade on 
the three alignments had been judged the same, the only difference in road user costs 
would have been due to length.) 

Results and Conclusions 
Differences between the road user costs as computed by the Red Book and the com­

puter were put on a per mile basis. The results are given in Table 2. 
The significant differences m total automobile fuel consumption as obtained by the 

two methods are readily explained. In the Red Book the basic fuel cost figures were 
increased by 25 percent to account for the mefficiency of present and future vehicles. 
If the basic fuel cost figures for the computer were mcreased by the same factor, the 
final results would be of about the same absolute magnitude. 



TABLE 2 
INTERSTATE ROUTE LOCATION PROBLEM 

Line Line 
Lgt. 

Average Per Mile User Costs ($) 

Costing Car Truck 
Method Fuel Time Fuel Time 

Total 
Annual 
User 

Costs* 
($) 

o 8.9 EA-1 0.017 0.028 0.089 0.085 131,700 
Red Book 0.026 0.028 (0.106) (0.112) 143,000 

w 11.2 EA-1 0.018 0.028 0. 099 0.107 132, 600 
Red Book 0.026 0.028 (0.106) (0.112) 144,000 

ow 10.5 EA-1 0.018 0.028 0.093 0.113 134, 000 
Red Book 0,027 0.028 (0.108) (0.112) 144, 500 

ÂDT = h,QOO} 10 percent trucks. 

In any case, both automobile fuel and time costs were relatively unimportant in this 
problem. This was not so true of truck fuel and truck time. Although there was almost 
no difference in truck fuel consumption as determined by the AASHO method, the com­
puter showed a difference of 3. 5 percent for Line OW and 10 percent for Line W when 
compared to Line O. Differences in truck time were even more significant. 

The last colunm in Table 2 shows the effect of these differences on user costs. The 
absolute difference between these alternatives reaches a maximum of $1,400 per year, 
but this difference is relatively insignificant. If the volume of trucks were higher, of 
course, this difference would have been greater. 

One can conclude from this test that the road user costs obtained by the Red Book 
are acceptable for ordinary analysis purposes. In cases where the make-up of a com­
posite grade is widely variant, where truck volumes are large, or where over-all 
gradients are large, the use of the computer programs might be preferred. 

AN INTERCHANGE RAMP PROBLEM 
A third mvestigation was concerned with the analysis of the user costs on two ramps 

of an existing interchange as compared to those that would be incurred on the ramps of 
a more elaborate replacement interchange. The objective of the investigation was to 
assess the amount of sensitivity needed for this type of problem. Here three different 
methods of obtaining road user costs were compared: the EA-1 Programs, the Red 
Book, and the techniques given in Woods' "Highway Engineering Handbook. " Both the 
manner in which each method treats one-way traffic (such as that encountered on ramps) 
and the methods over-all ease of application were of interest. 

Description of the Analysis 
Figure 3 shows the alignments selected for analysis. A and B are only two of the 

eight ramps of each of the new and old interchanges. For simplicity, the others are 
not shown. 

Traffic volumes through the present interchange are very high. Peak hour volumes, 
mcluding a tourist peak hour, already result in serious congestion. It is expected that 
the volumes wil l increase steadily until 1970 when a new route to the east wil l relieve 
traffic conditions at this facility. Large turning movements on both ramps A and B have 
a serious effect on the major routes. Congestion on the ramp often results in a total 
breakdown of through traffic. 
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Figure 3. Interstate ramp problem. 

TABLE 3 
TOTAL ANNUAL USER COSTS - 1970 

Cost (dollars) 
EA-1 Red Book Woods 

Present 
Proposed 

Table 3 shows total annual user costs 
in 1970 as computedby the three methods. 
The analyses used the same 1960 Ply­
mouth station wagon and the International 
Harvester tractor-semitrailer combina­
tion as in the previous examples. Speed 
profiles were obtained by considering 
several factors. The legal speed limit 
was assumed as the maximum speed for 
tangent sections. On curves, either the 
legal speed limit or the design speed 
(whichever was lower) was assumed to be 
the maximum speed. At the merge areas 
of the ramps, where congestion occurs 
f irs t , these maximum speeds were re­
duced by an appropriate amount after con-
sidering the difference between the ramp 
traffic volumes and the capacity of the 
merge areas. (For instance, the cost for 
present ramp B, as analyzed by the com­
puter, are relatively high. This figure reflects the serious congestion expected in 1970.) 

Results and Conclusions 

B: 
Present 
Proposed 

403, 000 
565,000 

679,000 
674,000 

426,000 
577,000 

496, 000 
763.000 

335,000 
437,000 

571,000 
620,000 

The results m Table 3 are reasonably close, so i t is difficult to draw sharp conclu­
sions. As a result of observations made during the analysis, however, a few points 
can be made: 

1. In very complicated situations, requiring the analysis of several alternatives and 
a consideration of small differences in grade, alignment, and time delays, the computer 
programs are almost as easy to use as the other two methods. (This statement must 
be qualified by the explanation that the use of the computer programs implies a famil i ­
arity with the programs and their use and also the ready availability of an appropriate 
machine.) 

2. Higher sensitivity is obtained with the computer programs. This is particularly 
true for ramps involving one-way traffic. The other methods have no way of handling 
this problem. 

3. The most difficult aspect of this problem is obtaining representative traffic 
volumes and speeds, including vehicle delays due to congestion. This must be care­
fully done before any of the methods considered wil l produce correct answers. 
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4. The results of the analysis for this particular interchange are inconclusive, be­
cause the effect of the ramp traffic on through-route traffic was not considered. In 
addition, only two of the eight ramps being considered were actually analyzed. 

THE OVER-UNDER PROBLEMS 
The fmal investigation dealt with a problem of a rather specialized nature. This in­

volved the decision between taking a nonconnectmg, secondary road over an expressway 
and taking the expressway over the secondary road. There are, of course, many factors 
to consider in such a problem. Entering grades, right-of-way considerations, and ex­
cavation quantities are only three of the important variables involved. In cases where 
the terrain is flat and other conditions are equal, however, the capital costs for the 
alternative alignments may be nearly the same, and the vehicle operating costs may 
therefore be decisive. 

The computer programs were used to carry out a user cost analysis of such a prob­
lem. The differences in road user costs for over and under conditions were then tabu­
lated for several different main and side road traffic volumes. 

Description of the Analysis 

Figure 4 shows the assumed profiles for the side road over and for the main road 
over. A 120-ft opening was assumed for the main road with the side road over; and a 
50-ft opening was assumed for the side road with the main road over. The speed pro­
file for the main road through was set at a constant 53 mph. The main road over speed 
profile was also set at 53 mph. On the side road a speed profile of 42 mph was assumed. 
In the case where the side road went over, the speed at the top of the bridge was dropped 
to 37 mph, then increased with a constant acceleration back to 42 mph for the remainder 
of the pass over the bridge. 

A summary of vehicle performance is shown in Table 4. The fuel costs for the main 
road were greater than those for the side road in all cases. This is due to the increased 
speed of vehicles on the mam road and the resulting higher fuel usage. The problem 
therefore becomes a study in time savings, not fuel savings. 

/SO' 

Sn9. 
I 

/o 
I I 

so 

Figiire U. Over-under problem. 



TABLE 4 
SUMMARY OF VEHICLE PERFORMANCE 

Car Truck 

Alignment Speed Fuel Time Speed Fuel Time 
(mph) (gal/trip) (sec/trip) (mph) (gal/trip) (sec/trip) 

Side road over: 
Side road 42-37 0. 028 66.0 37-32 0.145 75,6 
Mam road 53 0. 032 51. 5 53 0. 158 51, 5 

Mam road over: 
Side road 42 0. 027 64.9 37 0. 127 73.7 
Mam road 53 0. 033 51, 5 53 0. 166 52.2 

I 

I 

s-.ooo /0,oao eo,ooo so.ooo /oo,<9oo 

- Stf3? -/.96-0 - s;sso -/S, 7'SO rS3. 

s,ooo /.aes /eo. - s, /oo 

/o,ooo S,SOO 3,6SO S60 - 3,SVO -es.aoo 

P'SO - 2, S60 -/9.000 

Figure 5. Over^under problem, cost difference matrix. 

The results in Figure 5 show for various volumes of ADT, the savings made in road 
user cost by putting the mam road over. Assuming a normal configuration to be the 
main road over, then the matrix shows that for high volumes on the main road this 
normal configuration actually has a negative savings (or a cost). For those figures 
with negative values the side road and not the main road should be put over. For a 
side road volume of 5, 000 vehicles per day and a main road volume of 50, 000 vehicles 
per day, for instance, the value in the matrix is $12,960. This indicates that (for the 
conditions assumed) the annual savings from putting the side road over could be approxi­
mately $12,960. On a present worth basis (at 10 percent) this amounts to approximately 
$130,000. If the cost of putting the main road over is not $130,000 less than the cost 
of putting the side road over, the side road should be put over instead of the main road. 

Use of Results 

Although the results of the test were obtained by using simplified alignment and con­
figurations, the conditions are typical of those in many places across the U.S. Urban 
expressways as well as interstate routes in rural locations frequently do not connect 
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with the road over which they pass. With large differences in traffic volumes, the user 
cost differences can be significant. 

Tables for this sort of problem can be prepared quickly and easily using the com­
puter programs. This can be done for different percentages of trucks or for different 
configurations of over-under alignments. 

GENERAL CONCLUSIONS 
It is possible to draw a few general conclusions from the four investigations des­

cribed. The most important of these is that for usual alignment situations the Red 
Book offers a user cost analysis technique that is not only workable, but probably ade­
quately accurate as well. On the other hand, m alignment situations that are not usual 
and where user costs are a critical factor m the choice between design alternatives, 
the EA-1 Programs, though more expensive to use, may offer a superior analysis 
technique. Unusual situations in this sense would be those where an alignment was 
geometrically complex, where it involved widely varying or, more especially, steep 
gradients (say, over 5 percent), where vehicle speeds varied widely, and where heavy 
trucks comprised a large share of the total traffic. 

These conclusions derive from notions of the relative accuracy of the two analysis 
techniques. The Red Book technique is based, of course, on actual field data, albeit 
on fewer data than one might wish. The EA-1 method, though based on a conceptually 
derived model, has been tested out agamst empirical data with acceptable accuracy. 
As a result, the absolute accuracy of both techniques is subject to some doubt. It is 
only because the EA-1 technique is manifestly more sensitive to variations in alignment 
and vehicle operating conditions that one can reasonably infer it has greater relative 
accuracy. Given this conclusion, the authors feel such increased accuracy as the com­
puter method affords wil l justify the expense of its use under the special circumstances 
cited. 

Further, with regard to the question of relative accuracy, the grade tests reported 
suggest two specific deficiencies in the Red Book technique. The f i rs t of these involves 
the concept of average or composite grade, which apparently breaks down—insofar as 
fuel consumption is concerned—for profiles with grades widely variant around the 
average. At the least, this dictates care m the use of Red Book costs. A second 
problem, however, derives from the apparent errors in the fuel consumption vs grade 
curves used as a basis for Red Book fuel costs. The correction of these curves is a 
matter requiring additional study; meanwhile, the EA-1 Programs may be used as a 
check m alignment situations where this problem seems critical. 

The interchange ramp analyses described form the basis for the suggestion that the 
EA-1 Programs may be superior to other techniques m. treating geometrically complex 
alignment situations. Where the Red Book techmque would require many separate de­
tailed analyses, the computer would provide higher sensitivity at little more expense. 
It should be made clear, however, that this is predicated on the availability of a com­
puter and a working familiarity with the EA-1 Programs. Though relatively simple to 
apply, these programs can involve the unfamiliar user in the same sort of frustrating 
minor difficulties that characterize the use of computers in general. 

A final, very general conclusion is that, quite apart from production highway 
design problems, the EA-1 Programs can be a valuable research tool. Under-
takmg the needed revision of the Red Book fuel consumption curves just mentioned 
would be an excellent example of such an application of the programs. The 'bver-
under" grade separation investigation is an exaiiq>le of a study with even more 
direct payoffs. Though the results presented in this paper may not, in themselves, 
be applicable to the problems of any particular state, the programs could provide 
this sort of information for any desired set of geometric conditions and do so at 
very httle e^ense. 

Other research studies that come immediately to mind are a general investigation 
of the relationships between profile and the performance of trucks (supplementing the 
empirical work heretofore done on this problem) and an investigation of the general 
effect of interchange geometry on vehicle performance. Specialized studies of traffic 
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congestion on operating costs are also z possibility, though the problems involved in 
simulating these conditions wil l be extremely difficult to overcome. 

ACKNOWLEDGMENTS 
The authors gratefully acknowledge the sponsors of the project, the Bureau of Public 

Roads and the Massachusetts Department of Public Works. 
The Division of Traffic Operations^o'f the Bureau of Public Roads, and m particular 

Carl C. Saal and F. W. Petring were particularly helpful in developing the equations 
and supplying much of the required data. 

K. A. Stonex of the General Motors Proving Grounds and C. F. Taylor and A. R. 
Rogowski were all helpful in supplying input parameters for the vehicle data. 

The M. I . T. Computation Center is gratefully acknowledged for the 709 and 7090 
computer time and for the assistance and cooperation lent by its staff and personnel. 

Also the Civil Engineering Systems Laboratory and its staff are thanked for their 
assistance in testing and running the programs. 

The authors wish to acknowledge gratefully the contributions of Earl Ruiter, who 
carried out the investigation of user cost computation methods for interchange ramps 
and assisted in the preparation of data for the remaining investigations reported. 

SELECTED BIBLIOGRAPHY 
1. Miller, C. L . , and Laflamme, R. A . , "Digital Terrain Model System Manual. " 

Photogrammetry Lab., Dept. of Civil Engineering, Mass. Inst. Tech. (Jan. 1959). 
2. Saal, C., "Operating Characteristics of a Passenger Car on Selected Routes. " 

HRB Bull. 107, 1-35 (1955). 
3. Fiala, E. , "Der Kurvenwiderstand von Kraftfahrzengen. " Automobiltechnische 

Zeitschrift, 56: No. 1 (Jan. 1954). 
4. "Automobile Aerodynamics. " Soc. Automotive Engineers (March 1960). 
5. Beakey, J. , "The Effect of Highway Design on Vehicle Speed and Fuel Consumption. " 

Oregon State Highway Comnussion Tech. Bull. (1937). 
6. Saal, C., "An Evaluating of Factors Used to Compute Truck Performance. " SAE 

Trans. Vol. 3 (1949). 
7. Saal, C., "Hil l Climbing Ability of Motor Trucks. " PubUc Roads, 23: No. 3 

(May 1942). 
8. "Truck Ability Prediction Procedure, TR-82. " Soc. Automotive Engineers, 

New York. 
9. Peters, R.S., "General Engine Specifications and Drive Train Ratios for 1959 

General Motors and Competitive Cars. " General Motors Technical Center, 
Detroit. 

10. Rogowski, A. R., "Elements of International Combustion Engines." McGraw-
HiU (1953). 

11. Taborek, J. , "Mechanics of Vehicles. " Machine Design (May 30-Dec. 26, 1957). 
12. "Informational Report by the Committee on Planning and Design Policies on the 

Road User Benefit Analyses for Highway Improvements. " AASHO, Washington 
(1960). • 

13. Lang, A. S:, and Robbins, D. H . , "A New Techmque for the Prediction of Vehicle 
Operatmg Costs in Connection with Highway Design. " MDPW-BPR Res. Proj. 
Rep. (Nov. 1960). 

14. Miller, C. L . , Lang, A.S., and Robbins, D .H. , "Research Report on the Vehicle 
Simulation Cost System. " Mass. Inst. Tech. "(July 1961). 

15. Miller, C. L . , Lang, A.S. , and Robbins, D. H . , "650 Program Manual, Vehicle 
Simulation and Operating Cost System. " Mass. Inst. Tech. (May 1961). 

16. Miller, t . L . , Lang, A.S. , and Robbins, D. H . , "Fortran Manual Vehicle Simulation 
and Operating Cost System. " MDPW-BPR Res. Proj. Rep. (Aug. 1961). 

17. Roberts, P.O., "Highway Location Evaluation." P roc , Electronics Committee, 
AASHO, Boston (Aug, 1961). 



An Economy Study Aimed at Justifying 
A Secondary Road Improvement 
C. H. OGLESBY, Professor of Civil Engineering, and ROBERT SARGENT, Graduate 
Student in Civil Engineering, Stanford University 

The highway system of the United States contains many miles 
of secondary and feeder roads. Many of these roads, built in 
the first quarter of this century, had narrow gravel surfaces 
and poor vertical and horizontal alignment. Subsequently, the 
surfaces may have been upgraded by adding a bituminous surface 
treatment or blanket. In most instances surface maintenance 
costs and accident frequency are high. Many of these roads are 
now being reconstructed to high standards. Roadways and 
shoulders are wide and paved; vertical and horizontal alignment 
are designed for speeds of 60 or 70 mph. 

In most instances, however, highway officials plan and exe­
cute these improvements without determining whether or not the 
expenditures represent the best use of the funds at their disposal. 
This paper presents the findings of such an examination. 

The road segment under study was opened to traffic after re­
construction in September, 1959. Findings indicate that this road 
improvement cannot be justified solely on the basis of savings in 
market costs, including accidents and time costs of commercial 
vehicles. The improvement was easily justified if time costs of 
non-commercial vehicles at currently recommended values were 
added. The most valuable result of the study, however, has been 
to pinpoint gaps or weaknesses m present sources of data that 
must be corrected. 

• THE HIGHWAY SYSTEM of the United States contains many miles of secondary and 
feeder roads which connect small towns with each other or with larger cities, or pro­
vide service between town and country, or city and semi-rural residential areas. In 
many instances, initial construction was carried out in the first quarter of this century. 
Commonly, surfaces were narrow and of gravel, vertical and horizontal alignment 
were poor. In later years the surfaces may have been upgraded by adding a bituminous 
surface treatment or blanket. However, few features of these roads meet modern 
standards and, with today's traffic, maintenance costs and accident frequency are high. 

Since World War II many of these roads have been reconstructed to high standards 
with roadways and shoulders wide and paved and vertical and horizontal alignment de­
signed for speeds of 60 or 70 mph. This modernization program is continuing as fast 
as money becomes available. In most instances the agencies that plan and execute these 
improvements employ no formal economy studies as a means of determining whether or 
not these expenditures represent the best use of the funds at their disposal. 

This paper offers a post-mortem analysis of a high priority secondary highway proj­
ect. Its aim I S to discover by means of an economy study whether or not other similar 
improvements can be justified on a money basis. Furthermore, it indicates several 
areas where basic data for economy studies are questionable or entirely lacking. 

PROJECT DESCRIPTION 
Sand Hill Road is a 2. 935-mi link between Santa Cruz Ave. and Whiskey Hill Road 

m San Mateo County, Calif. Reconstruction, with financing by Federal-Aid Secondary 
12 



13 

and matching State funds began October 20, 1958, and was completed September 4, 1959. 
It consisted of right-of-way acquisition, grade and alignment improvement, widening 
the roadway, and asphalt paving. The area through which the road passes is now rela­
tively undeveloped grazing land of gently rolling hills. However, it has a high potential 
for residential development. Since the project has been completed, suggestions have 
been advanced that it is best suited for research-oriented, non-nuisance industrial use. 
For this analysis, however, i t was assumed that the area would remain rural in charac­
ter with little change in land use along the length of the project. 

Sand Hill Road has primarily served as a corridor connecting a large but scattered 
semi-rural residential area and a few small farms to the cities of Palo Alto and Menlo 
Park. It also provides access to recreation facilities both distant and close by. The 
current traffic volume is about 3, 500 vehicles per day. On weekdays i t is used by 
persons commuting to work, or making home-to-market and similar home-oriented 
movements. Weekend peaks of traffic result from trips to recreation areas and driving 
for pleasure. 

SOURCES OF DATA 
One purpose of this study was to discover whether or not sound economy studies 

could be made from data currently available to the engineers of a well-managed county 
road agency, or if not, to determine what added data were needed. In this instance, 
construction plans and related construction cost information, maintenance costs, and 
accident records were made available by the office of the County Engineer. Data on 
construction costs were complete and satisfactory. Maintenance costs were available 
on the old road, but were lumped in as part of a larger road unit and could be segregated 
only by proportion. Maintenance costs for the reconstruction section were of too short 
duration to be meaningful and there was not in the county a comparable road of longer 
life to give a longer maintenance cost record. Before and after maintenance costs 
were therefore built up from the before records on the basis of assumptions that ap­
peared reasonable. 

Accident information came from the county copies of the confidential reports filed 
by officers of the California Highway Patrol. From these reports it was possible to 
determine the approximate time and location of each accident and its classification; 
that is, whether the accident involved fatahties, personal injuries, or property damage. 
Other data useful to an economy study were not available from the report form. As 
example, some estimate of an accident's relative severity or of the damage caused 
might lead to more refined methods for estimatmg accident costs. Again, more detailed 
information as to whether or not the highway itself was one of the contributing factors 
leading to the accident would give a better measure of the effect of proposed improve­
ments on accident costs. For this study, the number and classification of accidents 
was determined from the accident reports. Unit costs assigned to each type were those 
developed in the Utah Accident Cost Study, since conditions there seemed more repre­
sentative than those developed in other states U). 

Traffic count data were meager, consisting of an average of one pertinent count per 
year for the last five years. Projection of these counts and classification of traffic 
was purely an estimate. It is to be anticipated that means for bettering these predictions 
wil l be available soon. San Mateo County has only recently adopted a master plan for 
land use and is just now implementing a highway needs study based on i t . For the pur­
poses of this study, the assumption was made that traffic volume will double over the 
20-yr study period. Traffic composition will remain constant at an estimated 92 percent 
non-commercial passenger cars, 5 percent light commercial vehicles, including pickup 
trucks and salesman's cars, and 3 percent single-xmit trucks. Vehicle running cost 
data and suggested values for time saving have been taken from data prepared by 
Winfrey (2). 

Al l of the cost items except the value of time for passenger cars are market costs 
(those for which the market provides a measure of value). Highway economists generally 
agree that i t is appropriate to include them in economy studies even though their numer­
ical values are uncertain. However, there is argument as to whether time costs for 
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non-commercial vehicles (which is an extra market item) should be included at al l . 
For this reason, these time costs have been reported separately. 

COMPUTATION OF ECONOMIC CONSEQUENCES 
The primary economic factors considered in this analysis are: (1) capital invest­

ment in the improvement, (2) costs to traffic durmg construction, (3) change in vehicle 
ninning costs, between, before and after conditions, (4) value of time savings to com­
mercial and non-commercial vehicles, (5) accident costs, and (6) maintenance costs. 

Capital Investment in Improvement 
The costs of the project are as follows: 

Contract construction items $241,627 
Acquisition of rights-of-way 99,909 
Survey and design 27,147 
Construction engineering 39,761 

Ttotal $408,444 
The analysis period for all elements of the improvement has been set at 20 yr. Salvage 
value is the cost of right-of-way purchased, less an estimated charge of $75,000 for 
pavement removal and leveling; therefore, the salvage value at the end of year 20 equals 
$99,900 - $75,000 = $24,900. Admmistrative costs of the participatmg highway agen­
cies and charges for preliminary planning are not included in the analysis inasmuch as 
they would have been spent whether or not the project was built. 

It has been common practice in highway economy to use service lives considerably 
longer than 20 yr for all roadway elements but pavement. The authors are of the 
opinion that to do so for projects such as this is unrealistic. It is true that many 
secondary roads have been m service considerably longer than 20 yr. However, there 
are many instances where before 20 yr have elapsed, major adjustments in vertical or 
horizontal alignment have been made or where the existing roadway has been almost 
completely changed in adapting i t to a four- or six-lane design. In other cases changes 
in land use patterns have caused entire roadways to be abandoned or converted to some 
secondary use. Overriding even these considerations is technology changing so rapidly 
it seems unwise to assume that highway use as presently known wil l continue in its 
present form for an extended period. 

Cost to Traffic During Construction 
For a portion of the construction period, some traffic was diverted around the project 

over Alpine Road, a route some 5 mi longer. Actual operating details of this diversion 
plan are not now available. Neither were actual observations recorded as to delays 
suffered by traffic passing through the project during construction. However, i t seemed 
appropriate to recognize traffic delay costs in an exploratory analysis because they 
should be incorporated in any real-life studies. 

Assumptions were as follows: Ten percent of the traffic bypasses the project by 
taking the longer route. The travel speed of the remaining 90 percent that traversed 
the project is reduced from 35 mph to 20 mph for 166 days or slightly more than one-
half of the construction period. For these vehicles, i t is assumed that running costs 
remain about the same as if they were traveling the old road. This assumption is con­
servative, but data were not available to support any other conclusion. However, be­
cause of the lower speeds, time costs are increased. 

Based on these assumptions, the increase in cost to road users during the construc­
tion period, over and above the cost of driving through on the old road, can be computed 
as follows: 

1. Added running costs for vehicles traveling through project at 20 rather than 35 
mph = 0. 

2. Added running costs on 10 percent of vehicles using detour. 
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Added total vehicle miles = 350 veh per da x 10 mo x 30 ̂  X 5 mi 525, 000 
mo 

Added vehicle miles for passenger cars and light commercial 
vehicles = 525,000 x 0.97 509, 250 

Added vehicle miles for single unit trucks = 525,000 x 0, 03 15,750 
Runnmg conditions on the extra 5 mi are as follows: 

Nominal speed, 45 mph; running speed, 35 mph. 
Grade, a composite 3 percent. Added horizontal 

curvature, equivalent to 20 percent of the 5 mi 
road being on a 10-deg curve. 

Passenger Car and Single-Unit 
Running Costs per Mile Light Commercial Truck 

Running cost on paved level tangent at 
35 mph average if nominal speed is 
45 mph cents/mile 4.224 7,547 

Increased cost due to 3 percent composite 
grade cents/mile 0.124 0.723 

Increased cost due to 20 percent of the 
road bemg on a 10 deg horizontal curve 
cents/mile 0.034 0.044 

Total cents/nule 4.382 8.314 
Running costs on detour 

Non-commercial and light commercial - -
509,250 mi (4.382 cents/mile)/100 $22,300 

Single-Unit Truck 15,750 mi (8. 314 cents/mile)/100 1,300 
Total added running costs on detour $23,600 

3. Time costs for vehicles travelmg through the project at 20 mph rather than 35 
mph during 166 days of construction period. 
Total added time, mm = 2.935 mi | ^ - | ^ x 166 da x 3,150 veh/da 1,980,000 
Time costs, light commercial = 0. 05 x 1,980,000 x 0. 03 $2,970 
Time costs, single-unit trucks = 0. 03 x 1,980,000 x 0.03 5 2,080 

Total market time costs $5,050 
Time costs (extra market), non-commercial vehicles 

0.92 x 1,980,000x 0.0225 $41,000 
4. Time costs for vehicles usmg detour (at 35 mph) 

fin 
Total added time, min = 525,000 mi x ^ = 900, 000 mm. 
Time costs, light commercial = 0. 05 x 900,000 x 0.03 $1,350 
Time costs, single-unit trucks = 0. 03 x 900, 000 x 0. 035 950 

Total market time costs $2,300 
Time costs (extra-market), non-commercial veh = 

0.92 x 900,000x 0,0225 $18,600 

Running Costs on New Road vs Old Road: 
Running costs are based on an assumed average speed of 35 mph and a nominal speed 

of 45 mph on the old road, and an average speed of 45 mph and a nominal speed of 50 mph 
on the new road. Grade and curvature data were roughly calculated from the plan-profile 
sheets. These calculations are given in Tables 1, 2, and 3. Since the improvement 
followed the existing alignment very closely, except for flattening the curves, change in 
length was small and was ignored in the calculations. 



TABLE 1 
COMPOSITE GRADE CALCULATIONS 

Station 

New^ 

Elevation 

Oldb 

Station Estimated Elevation 

54 + 53 

90 + 00 

120 + 00 

130 + 00 

138 + 00 

149 + 00 

210 + 06 

302 
+ 124 

426 
133 

293 
+ 31 

324 
20 

304 
+ 28 

332 
- 180 

152 

516 

^Composite grade = ^ ^ ^ ^ ^ ^ j ^ * ^ = 3.32^. 

54 + 53 

90 + 00 

120 + 00 

130 + 00 

138 + 00 

149 + 00 

175 + GO 

178 + 50 

191 + 00 

194 + 00 

206 + 00 

208 + 00 

210 + 06 

302 

440 

286 

330 

296 

332 

236 

250 

190 

196 

164 

167 

152 

+ 138 

- 154 

+ 44 

- 34 

+ 36 

- 96 

+ 14 

- 60 

+ 6 

- 32 

+ 3 

- 15 

632 

b„ ^ J 632 X 100 I Composite grade = j ^ ^ ^ ^ ^ j — = h.07%. 

Running costs per mile for old and new road are as follows: 

Old Road 
Running cost on paved level tangent at avg 

35 mph, nominal 45 mph, (//mi 
Increased cost of curves, f i / m i 

(See Table 3) 
Increased cost of 4. 07 percent composite 

grade (z!'/mi (See Table 1) 
Total ^/mi 

Passenger Car and 
Light Commercial 

4.173 

0.0791 

0.242 
4. 4941 

Single-Unit 
Truck 

7 456 

0. 2017 

1.447 
9.1047 



17 

Passenger Car and Single-Unit 
New Road Light Commercial Truck 

Running cost on paved level tangent atavg. 
45 mph, if nominal 50 mph 4. 366 8. 0205 

Increased cost of curves 
(See Table 2) 0.0272 0.0391 

Increased cost of 3. 32 percent composite 
grade (See Table 1) 0. 222 1.1400 

Total 4.6152 9.1996 

The change in running costs for passenger cars and light commercial vehicles is an 
increase of (4. 6152 - 4. 4941) = 0.1211 cents per vehicle mile resulting primarily from 
higher driving speeds on the new road. For single-unit trucks the increase is 
(9.1996 - 9.1047) = 0.0949 cents per vehicle mile. No attempt was made in these 
computations to recognize increased running cost resulting from the congestion brought 
on by increased traffic volumes in the later years of the study. 

Present annual traffic (year 0) equals 3, 500 vehicles per day x (365 days per year) 
X 2. 935 miles = 3,750,000 vehicle miles. Of these: 

Non-commercial and light commercial = 97% = 3, 637, 500 veh mi. 
Single-unit truck = 3%= 112, 500 veh mi. 
In year zero, the increase m vehicle nmning costs because of the road improvement 

is: 

Non-commercial and light commercial: ^'^QQ^ (3, 637, 500) = $4, 400 

Single-unit trucks: 5 ^ ^ ( 1 1 2 , 5 0 0 ) = 100 

Total added running cost (year 0) = $4, 500 
The annual increase in running costs of 5 percent per year from year 0 through 

year 20 = 4, 500 x 0.05 = $225. 

Savings in Driver Time: 

Time saved per vehicle mile by increasing average speed from 35 mph to 45 mph is 

(|| • |5) = 0.382 min. 

TABLE 2 

COMPUTATION OF COST INCREMENT ATTRIBUTABLE TO CURVES, NEW ROAD 

Curve Data Degree Computation of Curve Costs (cents per avg. mile) 
Radius Degree Length Curve h Car Cost Truck Cost 

(ft) of Curve* (ft) 
Curve 

2 L ° Factor Factor-2 L Factor Factor 2 L 

2,177 2.63 1,269 1% 672 0. 0377 25.3 0.0532 35.7 
1,477 3.88 890 2 2,684 0. 051 136.8 0. 0705 189.2 
1,423 4,03 660 2% 1,269 0. 066 83.8 0. 0932 118.3 
2,577 2.22 1,048 4 1,550 0.114 176.8 0.1705 264.3 

422.7 607. 5 
3,523 1.62 672 
3,023 1.90 1,636 422.7 607.5 

5280(2.935 " 5,280(2.935) 
0.027 2ff /mi . 0.039 lizC/mi 

= Sum of lengths of curves of approximately this sharpness. 
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Dollar values of time savings in year zero are as follows: 
Light commercial: 0.030 x0.382x 0.05 x 3,750,000 = $2,150 
Single-unit truck: 0.035x0.382x 0.03 x 3,750,000 = 1,500 

Total market time savings in year 0 = $3, 650 
The annual increase in market time savings of 5 percent per year f rom year 0 

through year 20 = $3,650 x 0.05 = $182. 

Non-commercial (extra-market) time savings in year 0 = 0.0225 x 0.382 x 0.92 x 
3,750,000 = $29,600 

The annual increase in extra-market time savings of 5 percent per year from year 
0 through year 20 = $29, 600 x 0.05 = $1,480. 

Accident Costs: 
The accident records for the old road, adjusted to a traffic volume of 3, 500 vehicles 

per day, indicate a probable rate of 24,9 accidents per year (Table 4). Direct cost 
per accident, based on studies in the State of Utah(l.), has been set at $1,060 (Table 5). 
Although "direct" costs as defined for the Utah study and "market" costs include some­
what different elements, the Utah data seem to better f i t this study than do those from 
Massachusetts, the other State where such a study has been made. Assuming that the 
improvement wi l l bring a reduction of 50 percent in accidents in all classes and at an 
average market cost of $1,060 per accident the savings in year 0 = 

^ (1,060) = $13,200/year. 

Assuming that accident costs are proportional to traffic volumes, the annual reduction 
in accident costs brought by the improvement is 0.05 x 13,200 = $660. 

TABLE 4 
ANALYSIS OF ACCIDENT RECORDS 

(Years 1955 through 1960) 

Roadway Condition Before During After Roadway Condition 
Constr. Constr. Constr. 

Time period, months 46 10 16 
Number of accidents 54 15 7 
Fatal accidents 2 1 1 
Number of fatalities 2 1 3 
Accidents per month, average 1.17 1.50 0.44 
Total traffic during periods, millions 2.76 0.75 1.35 
Accidents per 1,000,000 vehicles 19.5 20.0 5.2 
Accidents per 1,000,000 vehicle miles 6.6 6.8 1.8 
Accidents occurring in vicinity of Sta. 130 12 10 2 

For an ADT of 3, 500; average accident e^qpectancy per year before reconstruction 
19. 5 X 365 X 3, 500 „ . -

1,000,000 24.9. Apparent reduction in accidents per vehicle-mile 

6.6-1.8 
6.6 X 100 = 73 percent. For the purposes of this study, a 50 percent reduc­

tion in accidents was assumed. 

the old road at this location, the beginnings of a relatively sharp horizontal oiirve 
occurred in conjunction with a crest vertical curve of limited sight distance. Although 
locations are poorly defined on the accident reports (speedometer readings to 0.1 mi from 
some point that may not be well-defined), the evidence is strong that some 20 percent of 
the accidents before construction and a majority during the construction period occxu-red 
on this road segment. 
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Maintenance Costs: 
The average cost of maintenance on the old road from 1950 to 1958 was about $4, 000, 

divided as follows: 
Patching $1,400 
Ditching 800 
Weeding and brushing 400 
Clean-up 400 
Other 1,000 

Maintenance savings are estimated as follows: 
Patching. —In year 1, reduced 90 % or by $1, 260. In subsequent years, patching 

costs increase uniformly by $66. 30 per yr, to equal present costs by the end of year 
20. 

Ditching, Weeding, and Brushing. —Reduced by 50 percent or $600 per yr because 
ditches are better designed and more area is paved. 

Clean-Up and Other Items. — No change. 
Savings in maintenance from the improvement then total $1, 860 m the first year but 

decrease at the rate of $66. 30 (3. 56 percent) per year from year 1 to year 20. 

COMPUTATION OF PRESENT WORTHS 
To make the various estimated present and future costs and cost reductions compara­

ble, they have been converted to present worth employing a time-risk factor (interest 
rate). A rate of 7 percent has been adopted for this study (2, 3, 4). Results are given 
in Table 6. 

DISCUSSION OF RESULTS 
Table 6 indicates that, for the conditions assumed, the investment in this secondary 

road improvement is not fully returned in benefits that can be measured by market 
standards. (A similar computation, at 0 interest rate, would indicate that the market 
returns are substantially greater than the costs). An important contributing factor to 
this result is that improving alignment, sight distance, and roadway surfaces permits 
higher vehicle speeds which m turn raise running costs substantially. On the other 
hand, savings in direct accident costs are large, even when a conservative interpreta­
tion IS placed on the before-and-after accident experience. 

When the extra-market item of savings to non-commercial vehicles is considered 
the analysis indicates that the ejqienditure is justified. These time savings were com­
puted at $1. 35 per hour, which is 85 cents per occupant hour. 

TABLE 5 
ACCIDENT COST ANALYSIS^ 

Accident Type Number Average Direct Cost''($) Total Cost ($) 

Fatal 7 $3,690 $ 25,800 
Injury and property 

damage 75 1,277 95,800 
Property damage only 46 299 13,700 

Total 128 — $135,300 
$135 300 

Average cost per accident = —j-^g—= $1, 060 

^rom records on f i l e with San Mateo County Engineer; i n c l u d e s a comparable s e c t i o n out­
side l i m i t s of p r o j e c t under study. 
''Total average d i r e c t c o st f o r each c l a s s of accidents as reported i n HRB B u l l 263 f o r 
the 1955 Utah accident study (without i n c r e a s e s to r e f l e c t i n f l a t i o n ) . 



T A B L E 6 
COMPUTATION OF PRESENT WORTH (AT 7%) O F COST DIFFERENCES RESXn^TING FROM PROJECT IMPROVEMENT 

Item 
Position 
in Time 
Sequence 

Conversion 
Factor 

Present Worth at 7% 
Market Extra-Market 

Reconstruction costs - 408,400 End yr 0 1.000 408,400 
Salvage value of R/W + 24, 900 End yr 20 0. 2584' 6,400 

408,400 

Costs occurring during construction 
Running costs through project 0 End yr 0 
Running costs on detour - 23, 600 End yr 0 1 000 23,600 
Market time costs through project - 5, 000 End yr 0 1 000 5,000 
Extra-market time costs through project - 41,000 End yr 0 1 000 41,000 
Market time costs, detour - 2,300 End yr 0 1.000 2, 300 
Extra-market time costs, detour - 18, 600 End yr 0 1 000 18, 600 

New vs old. 
18, 600 

Running costs - 4, 500 
5%/yr 

End yr 0 
-

4, 500 
5%/yr for 20 yr 15.0" 67, 500 

Market time savings + 
+ 

3, 650 
5%/yr 

End yr 0 
for 20 yr 

15.0* 54,700 

Extra-market time savings + 29, 600 End yr 0 15 0 444,000 Extra-market time savings 
+ 5%/yr for 20 yr 

Accident cost savings + 13,200 End yr 0 15.0 198,000 Accident cost savings 
+ 5%/yr for 20 yr 

Maintenance savings + 1,860 End yr 1 7.82* 14,600 

Total - 66. 30 yr for 19 yr 
Total 273,700 506, 800 444,000 59 , 600 
Net total 233,100 384,000 

59 , 600 

Computed as follows: For a present sum of 1.0 and an 0.05 increase for each year for 20 years. 
a. " • " " - - - - - -
b. 

c. 
d 
e 

Note. 

Determine amount at end of year 1, 1 00 + 0.05 = 1.05. 
Determme present worth of a series of 20 end of year payments of 1.05 each. 
1.05 (uniform annual series present worth factor) = 1.05 x 10 . 594 = 11.12. 
Determme present worth gradient factor for n of 20, i of 7 percent = 77. 51 (See Ref. 3, p. 562). 
Multiply factor by annual increase 77. 51 x 0.05 = 3. 87. 
Sum IS desired factor, 11.12 + 3. 87 = 14 99. 

The same result can be obtained by solving formula 2, P- 66 of "Highway Engmeenng", by Hewes and Oglesby, John Wiley, 
^ 1954 and multiplying the result by 10. 594 (the uniform annual series present worth factor). 
Extra-market accident costs might include such items as future lost earnings of persons killed and possibly some measure for 

pain, discomfort, and inconvenience. No suggested dollar values are now available. 
^Factor determined by methods paralleling items b, c, d, e, of footnote 2. 
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With the higher unit values proposed by some highway economists, the justification of 
the improvement would have been even stronger. 

As indicated earlier, there are many uncertainties or voids in the data now available 
for an analysis such as this. Among the areas where research is needed are the follow­
ing-

1. Better estimates of future traffic volumes and of the components of the traffic 
stream. Such information may come from O-D studies if they are made with highway 
economy studies in mind. 

2. Better maintenance cost records. 
3. Accident reporting aimed at securing engineering and economy study data as 

well as that needed to fulfill legal and law enforcement needs. Specific weaknesses of 
present reports include inaccurate location of accident sites and the assignment of 
accidents solely to such causes as excessive speed or drinking. Although driver be­
havior or condition is unquestionably a major link m the chain of events leading to 
accidents, engineers need other information if they are to consider remedial design 
measures or are to take account of accident reduction as a factor in economy studies. 

4. More nearly complete and reliable data on vehicle operating costs, particularly 
on various types of roadways and under different driving conditions. Vehicle operating 
costs make large differences in economy-study results. In this analysis, for example, 
a difference of 0.11 cents per vehicle mile accounts for a cost difference in the analysis 
of some $60,000. Is this a reliable figure? 

5. Better measures of the value of time for both commercial and noncommercial 
vehicles. 

6. Development of means for predicting motor vehicle operating and time costs 
during construction. 

7. Better means for predicting the ejqiected accident experience of roadways con­
structed to different standards. As a case in point, emergency reconstruction of short 
sections of road might have strong justification. 

8. Better measures of accident costs. 
9. Further study of the extra-market item of comfort and convenience to determine 

whether or not it has a place in economy studies and if so, how it shall be appraised 
and valued. Because of these uncertainties, it was omitted from this analysis. 

CONCLUSIONS 
This paper has proposed a method for measuring the economy of rebuilding low 

standard secondary roads. The example has purposely been oversimplified to empha­
size the techniques of analysis. Results are inconclusive. They indicate, for this 
particular situation, that the market value of returns to users are less than the capital 
costs, including interest. However, if a value for non-commercial time is included in 
the benefits, the investment then is warranted. 

The study develops a procedure for analysis that can easily be applied to similar 
situations. However, better arrangements for data collection and research to provide 
greater knowledge must be implemented before such economy studies become entirely 
reliable tools for decision making. 
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Total Annual Cost Analysis 
J . AL HEAD and R. C. BLENSLY, Respectively, Assistant Traffic Engineer and 
Planning Survey Engineer, Oregon State Highway Department 

For many years, Oregon has used the benefit quotient as a tool 
for administrative decisions in selecting the best of alternate 
route locations. This tool, however, has some disadvantages 
which prohibit its use in all areas where an economic tool is 
desirable. Over the course of years, considerable thought has 
been given to this problem, a review of all methods proposed 
indicates that the concept of minimum annual cost would have 
the most universal application to satisfy the needs of the Oregon 
State Highway Department. 

The use of a minimum annual cost for economic analysis does 
not limit itself to the normal analysis of alternate route locations. 
This paper discusses its application to interchange justification 
as it relates to location and alternate design. 

• THE GREATEST public works program in history was launched by the Federal-Aid 
Highway Act of 1956. The transportation services and the traffic pattern that develop 
will have a tremendous impact on local zoning, land values, business and commerce, 
residential development, and community customs. Highway administrators, realizing 
the enlarged and far-reaching responsibilities of this new legislation, are depending 
today more and more on economic studies to guide them in making decisions regarding 
the proper location and economic desirability of highway improvements. 

The Oregon State Highway Department recognized the need for economic studies in 
route selection 25 years ago. In 1937, the Oregon State Highway Commission published 
a technical bulletin (1.) that contained procedures for evaluating proposed projects. 

Fundamentally, the objective of the bulletin was to develop a formula whereby the 
earning capacity and the benefits of a project could be combined and evaluated in rela­
tion to the project cost, thus providing a composite measure (composite quotient) of the 
desirability of the project. These procedures, though well documented and mathemati­
cally sound, were very complex. This complexity, coupled with the rather long period 
of time required to execute the analysis, discouraged widespread use. As a result, 
those portions of the procedures dealing only with road user benefits and highway costs 
were extracted and put into everyday use. 

The benefit quotient can be used for several objectives as outlined by Winfrey (2). 
The first specific objective listed by Winfrey was "to determine whether the facility is 
economically justified. " Common usage of this tool to measure economic justification 
has resulted m the misconception that any benefit quotient greater than unity indicates 
that the project under study is economically justified. Although the benefit quotient 
provides a measure of the relative desirability for alternate improvements, it does not 
in itself provide a complete measure of its economic desirability. The erroneous con­
notation applied to benefit quotients tends to lead the uninitiated to make improper appli­
cations of this important tool. It is extremely desirable in providing measures for 
administrators for their everyday use that the information be in as clear and concise a 
form as possible, and further the possibility of misinterpretation and misuse be reduced 
to a minimum. 

The analysis of alternate improvements is normally made comparing one or more 
proposed improvements to an existing facility. This type of comparison provides a di­
rect measure of the desirability of each of the proposed improvements to the existing 
condition. There are many instances, however, where the questionis not whether an im-

21* 
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provement wi l l be made but which of several alternates is the most desirable. The use 
of the benefit quotient generally implies that the benefits for each of the proposed im­
provements must be determined with the existing condition as the basis for these com­
putations. In comparing alternate improvements. Grant (3) has stated, 'Only the 
differences between alternatives are relevant in their comparison. " There are many 
times when it is desirable to compute only the differences between alternates and not 
attempt to compare them to an existing condition. 

Difficulty encountered in Oregon in the use of the benefit quotient has resulted in a 
critical analysis of its use. A review was made of the various alternate methods of 
making these comparative analyses. A comprehensive discussion of the various methods 
has been presented by Grant and Oglesby (4); therefore, no detailed discussion of the 
various methods wil l be included in this paper as they are well documented in other 
sources. 

The more common methods of comparative analysis are the equivalent uniform an­
nual cost, benefit cost ratios, and rate of return. Proper analysis of the data and use 
of these measures wil l indicate the same order of desirability for alternate projects. 
The procedure that must be followed to arrive at the final decision differs for each 
method. In the instance of the annual cost computation, it is necessary to add all costs 
that can be identified with each of the considered alternates. This is a straightforward 
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and direct approach. The benefit cost ratio and the rate of return method, however, 
require an incremental computation; that is, it is necessary to compute ratios and rates 
of return for increments of benefits to increments of cost. This incremental analysis 
I S difficult to explain to persons not well-versed in the principles of finance and may 
therefore leave the impression that the figures are being manipulated to provide the 
results desired. 

To provide a basis for selecting the most desirable of alternatives without including 
the implication that a project is economically justified and without the necessity of ac­
companying the results with a detailed explanation, the Oregon State Highway Depart­
ment has selected the minimum annual cost concept. 

For many years, the use of economic measures has been confined to a comparison 
of alternate highway locations, whereas there has no real reason for excludmg other 
types of problems from this type of analysis. The use of minimum annual costs has 
facilitated the application of economic measures to interchange location and design 
problems in the State of Oregon. The Oregon method of computing annual costs is 
similar to those recommended by AASHO (5). Figures 1 through 8 are the basic work 
sheets which are used m Oregon. Because the basic procedures are similar to those 
recommended by AASHO, a detailed explanation of the computations will be omitted. 

The remainder of this paper shows how economic measures have been used for inter­
change location and design studies m Oregon. 

Annual Costs 
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INTERCHANGE LOCATION 
The accelerated construction program of freeways resulting f rom the Federal-Aid 

Highway Act of 1956 and subsequent acts has increased the frequency of decisions re­
garding the proper location of an interchange. Among the items that must be considered 
in interchange location are design features such as acceleration and deceleration lanes, 
weaving sections and minimum spacing necessary to allow adequate signing, and the 
pattern of traffic flow and desires. These items do not measure economic feasibility 
for providing access. The final decision with respect to interchange location should 
consider economic as well as design and traffic service features. 

London Road Interchange 
The proposed London Road Interchange is located on I 5 south of the City of Cottage 

GSrove. Cottage Grove, a city of approximately 4,000 people, is located near the south 
end of the Willamette Valley approximately 22 mi south of Eugene (see Fig. 9). Its 
economy is based primarily on wood products, with the manufacturing of plywood and 
lumbering the basic industries. 

In 1956 and 1957, the State Highway Department constructed a bypass of Cottage 
Grove having two lanes and fu l l access control. Access to the Cottage Grove area was 
provided by an mterchange northeast of the city. The next closest interchanges were 
at Saginaw Road 2 mi north and at Divide 5 mi south. Al l intermediate county roads 
were separated from the Interstate route (see Fig. 10). Traffic usage and the Inter­
state highway program call for improving the bypass facility to four lanes. During the 
public hearing of the proposed improvement, i t was called to the attention of the State 
highway department that London Road, which is a county road crossing I 5 south of 
Cottage Grove, serves an area with a sizeable timber resource. 

Figure 10 shows that there is a direct 
route from London Road into Cottage 
Grove, and that such route would be the 
logical path for vehicles traveling between 
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route, however, was quite narrow and was not structurally adequate to carry heavy log 
trucks. The City therefore, had i t posted to exclude this heavy truck traffic. The post­
ing of this city street by the City of Cottage Grove required all log trucks to travel an 
indirect route in moving the logs from the woods to the mills to the north. In addition 
to the indirectness of the route, the log trucks had to travel through the city on exten­
sions of the State highway system and over city streets. These routings in the City of 
Cottage Grove carried relatively heavy traffic volumes and have signalized mtersections. 
The provision of access over London Road to I 5 would facilitate the movement of log 
trucks and other traffic traveling from the London Road area south of Cottage Grove to 
points to the north. This would also reduce congestion on local streets. 

The total annual cost analysis was based on the consideration of the cost of operating 
all traffic divertable to the proposed interchange. As is the casein most total annual cost 
analyses conducted in Oregon, traffic is projected to the midyear of the assumed life 
of the proposed facility. For most cases, this means a 15-yr traffic projection for 
a 30-yr service l ife. Table 1 shows that not all of the cost items have been included 
in this analysis. The procedure used in Oregon does not assign very much weight for 
the cost of operation for additional grades, poor alignment, traffic stops, and accident 
costs. The procedures are set up to provide for these costs, however, for the example 
cited herein, i t was felt that the differences were so slight that the resultant effect of 
these costs could be omitted from the analysis without any detrimental effects. The 
computations indicated that during the estimated service life of this proposed inter­
change, the divertable traffic would e^end $131, 600 per year for vehicle operating 
costs if they were required to use existing facilities. On the other hand, the provision 
of the proposed interchange would reduce the total vehicle operating costs to $102,600 
per year, or a reduction in vehicle operation costs of $29,000 per year. 

TABLE 1 
HIGHWAY P R O J E C T ANALYSIS, P A a F I C HIGHWAY, I 5, 

LONDON ROAD INTERCHANGE 

Annual B̂ Ĥ es 
Costs Existing Proposed 

Vehicle Operation: ($) 
Time element: 

Passenger vehicles 22, 566 14, 229 
Light trucks 293 185 
Heavy trucks "7, 142 4, 876 
Busses --
Total 30, 001 19, 290 

Mileage Element: ($) 
Dist. and surf. 101, 603 83, 326 
Rise and fa l l -- --
Alignment — — 

Traffic stop — — 

Accident — — 

Total 131, 604 102, 616 
Highway: ($) 

Capital — 3, 730 
Maintenance — 591 
Operation -- 266 

Total — 4, 587 
Total ($) 131, 604 107, 203 
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The proposed improvement would add, however, $4, 600 per year m capital, mainten­
ance, and operation costs, resulting in a total annual cost of $107, 200 per year. This 
compares to the $131, 600 per year for the existing system, or a net savings to the road 
user of $24, 400 per year. The use of total annual costs does not require the subtraction 
of differences in costs for the various alternates for a comparison of alternatives. In­
stead, all that I S required is a direct comparison of the total annual costs. In this in­
stance total annual costs with the interchange were less than the cost that would be 
incurred by using the existing facility, and therefore, they indicated that the provision 
of an interchange as requested was economically desirable. 
Donald Road Interchange 

The Donald Road crossing of I 5 is m a rural area approximately 24 mi south of 
Portland and 21 mi north of Salem (see Fig. 11). It directly serves an area predomi­
nately agricultural with some small concentrations of population in rural communities. 
The nearest interchange north of Donald is little more than 5 mi away and south mi 
away. Figure 11 shows that Donald Road has a somewhat peculiar location in that it is 
the f i rs t freeway crossing that can be conveniently used to provide a connection to the 
freeway for traffic on US 99E from the southeastern part of Portland, Oregon City, and 
eastern Clackamas County. Figure 12 shows an existing pattern of county roads which 
serves the area immediately adjacent to the Donald Road crossing of the freeway. 

To provide an indication of the potential traffic divertable to an interchange of the 
Donald Road Overcrossing, a roadside origin-destination study was conducted. The re­
sult of this origin-destination study indicated that there was a substantial volume of 
traffic originating from Aurora and points north along US 99E that had a desire to use 
the Interstate Freeway but that did not have an opportunity for access to the freeway 
until it reached the Woodburn Interchange ^^/z mi south of the proposed location. 

This analysis presented a unique problem in the computation of the average annual 
road user costs for the life of the facility because additional portions of the freeway 
system m the Portland Area would have an effect on the routing of traffic at about the 

midyear of the estimated period of service 
life for the interchange. For this reason, 
computations were actually based on two 
separate traffic assignments. 
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Table 2 shows vehicle operating costs for passenger vehicles only. This was done 
to facilitate the computations, inasmuch as the traffic studies indicated very few trucks 
or buses would be divertable over the freeway by the proposed interchange. For the 
reason cited under the London Road analysis, costs were omitted for changes m rise 
and fa l l , alignment, traffic stops, and accidents. Table 2 shows the resulting annual 
cost for traffic utilizing the existing system of roads and streets and traffic using the 
proposed interchange. The total annual vehicle operation costs were $969,200 via the 
existing highways, and $943, 500 via the proposed interchange. The annual vehicle 
operation costs resulting from mileage costs increased with the proposed interchange. 
The time costs, however, decreased, resulting in a composite reduction in annual 
vehicle operation costs with the proposed mterchange. Annual highway costs for capital 
improvements, maintenance and operation, were $6,800 resulting m a total annual cost 
of $950,400 for the proposed interchange. In this instance, the total annual costs were 
less for the proposed interchange than via the existing route. 

Although this proposed interchange would reduce the total annual costs, other factors 
such as the existing pattern of roads, duplication of service, and traffic flow desires 
must be evaluated to determine the desirability of the proposed interchange. The small 
reduction in annual costs at this location mcreases the importance of other factors in 
arriving at a fmal decision. At the time of writing, a detailed study of all factors was 
being made by the Oregon State Highway Department and the Bureau of Public Roads 
to deterimne the desirability for an interchange at this location. 

TABLE 2 
HIGHWAY PROJECT ANALYSIS, PACIFIC HIGHWAY, I 5, 

DONALD ROAD INTERCHANGE 

Annual 
Costs Existing Proposed 

Vehicle Operation: ($) 
Time element: 

Passenger vehicles 349,747 305, 582 
Light trucks 
Heavy trucks 
Busses 
Total 

Mileage Element: ($) 
Dist. and surf. 619,502 637,937 
Rise and fal l 
Alignment 
Traffic stop 
Accident 
Total 969,249 943,519 

Highway: ($) 
Capital - 5,959 
Maintenance - - 573 
Operation - - 322 

Total — 6,854 
Total($) 969,249 950,373 
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INTERCHANGE DESIGN 
The use of the minimum annual cost concept has been used to help determine the 

most desirable interchange design. The example used for this analysis involves alter­
nate designs for an interchange located on US 97 within the City of Klamath Falls and 
at the edge of its business district. Klamath Falls is a city with an urban area of 30, 000 
population located near the California border in central Oregon. It is the only center 
of population for a considerable distance both north and south along US 97, and there­
fore, it is a focal point of stops for a large portion of the approaching traffic. The 

INTERCHANGE 
PROPOSED KLAMATH FALLS f 

F i g u r e 1 3 . Area map, Klamath F a l l s I n t e r c h a n g e s t u d y . 
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interchange volume of anticipated traffic and the importance of Klamath Falls to the 
motoring public dictate that an interchange be provided giving easy access to the 
Klamath Falls business district. However, physical features require a special inter­
change design, and it was desirable to make an economic study of each of the proposed 
designs. 

i 

i 

F i g u r e l U . P l a n 1 , K lamath F a l l s I n t e r c h a n g e s t u d y . 
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Figure 13 is an aerial photograph of Klamath Falls showing the main traveled routes 
and the location of the proposed interchange. Although it may not be too readily appar­
ent from the figures, the section of US 97 north of Main Street (US 97 Business) 
rises at a rapid rate. On the west side of Link River and on the west side of US 97, 
shadows can be seen in a cut section which give some indication of the topography of 
the area. In order to obtain the present at-grade intersection with Main Street US 97 

mi 

F i g u r e 1 5 . P l a n 2 , K lama th F a l l s I n t e r c h a n g e s t u d y . 
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was constructed on a 6 percent grade for 800 ft to the north, followed by another 800 ft 
of 2 percent grade and a section of 4 percent grade. The restrictions due to land topog­
raphy, the Link River, and Lake Ewauna present a problem in the design of this inter­
change. Three alternate proposals are shown in Figures 14, 15, and 16. 

ft; 

I. 

F i g u r e 1 6 . P l a n 3 , K lamath F a l l s I n t e r c h a n g e s t u d y . 
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The predominate movement of traffic on the interchange ramps wil l be to and from 
the south. Traffic to and from the north has alternate routes to the central business 
district and, therefore, wil l make less use of the interchange ramps. The three alter­
nates have been designed to provide maximum service for the traffic to and from the 
south, which has resulted m some design inconveniences to traffic from the north. 
Plan 1 shows the original design for an interchange at this location. Southbound traffic 
from the freeway (US 97) was not provided with a direct access ramp to Mam Street 
because of adverse grades and the limited distance available for overcoming the grade 
differential. The local city street (Conger Street) on the west side of the freeway has 
a grade diametrically opposite from the grade on the freeway. Figure 14 shows that a 
relatively short distance north of Main Street is a major structure crossing an existing 
city street. There is insufficient distance between this structure and Mam Street to 
provide a direct off-ramp for southbound traffic. 

Consideration has been given to shifting the freeway line. There is a large motel on 
the east side of the freeway which precludes movement m that direction without adding 
substantially to the right-of-way cost. The residential property on Conger Street is 
located on select building sites because of the river frontage and consists of some of the 
more expensive dwelling units in the area. The additional right-of-way costs are esti­
mated to be about equal to the additional construction costs incurred under Plan 2. 

Plan 2 provides for a more direct approach to the city for the southbound traffic 
from the north; however, i t requires additional structure to carry it over Conger Street, 
the Link River Bridge, and under the freeway. In addition, i t is necessary to raise the 
grade of the freeway line so that fu l l clearance can be obtained on the off-ramp. 

Plan 3 reduces to a considerable extent the out-of-direction travel required of south­
bound vehicles leaving the freeway at the proposed interchange. 

TABLE 3 
fflGHWAY PROJECT ANALYSIS, DALLES-CALIFORNIA fflGHWAY, 

US 97, MAIN STREET INTERCHANGE, KLAMATH FALLS 

Route Plan 
Annual Cost 1 2 3 

Vehicle Operation: ($) 
Time element: 

Passenger vehicles 90, 301 87,008 81,301 
Light trucks 1,253 1,206 1,128 
Heavy trucks 16,780 16, 308 14, 872 
Busses 1,369 1,319 1,244 
Total 109,703 105, 841 98, 554 

Mileage Element: ($) 
Dist. and surf. 267,574 250, 749 252,907 
Rise and fall -- -- --
Alignment -- -- --
Traffic stop -- --
Total 377,277 356,590 351, 461 

Highway: ($) 
Capital 83,330 115,703 83, 599 
Maintenance 3,576 4, 349 2, 571 
Operation 1,260 1,414 966 

Total 88,166 121,466 87,136 
Total 465, 443 478, 056 438,597 
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For this analysis, operational costs resulting from changes in rise and fa l l , align­
ment, traffic stops, and accidents were assumed to be negligible and omitted from the 
computations. Plan 1 (Table 3) resulted in a total annual cost of $465,400, Plan 2 in 
$478,000; and Plan 3 in $438,600 which indicates that Plan 3 is the most desirable of 
the alternates proposed. 
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Procedures for Determining the Most Economical 
Design for Bridges and Roadways 
Crossing Flood Plains 
JAMES MORGALI, Assistant Professor of Civil Engineering, University of the Pacific, 
and C. H. OGLESBY, Professor of Civil Engineering, Stanford University 

Highways crossing the flood plains of major streams are combina­
tions of bridges and approach embankments. The decision as to 
which portion of the total roadway length shall be on bridge and 
which on f i l l involves engineering economy as well as bridge design. 
Bridges cost more per unit length than approach f i l ls so that, within 
reasonable limits, the combination of short bridge and long approach 
has lower f i rs t costs. On the other hand, this combination restricts 
the channel and during floods raises the water level upstream, which 
may cause damage from flooding. A second and interrelated decision 
concerns the roadway elevation of the approach f i l l . Lower f i l ls are 
overtopped by smaller floods, with damage to the f i l l and interruption 
of traffic during and after a flood. On the other hand, overtopping 
lowers the upstream water level, thereby reducing upstream flood 
damage. 

This paper presents a procedure for determining the most eco­
nomical combmation of bridge and embankment lengths and approach 
roadway elevation. The analysis takes account of the following costs: 
capital recovery on the mitial investment, mamtenance, embankment 
flood damage, traffic delay and detours, and backwater damage. Two 
separate examples are presented considering streams in flood plains 
900 and 5,000 f t wide. 

# FUNDS for highway improvement are limited and highway needs are great. Because 
a sizeable percentage of highway expenditures is for major drainage structures, econ­
omy in their design is highly desirable. In the case of bridges crossing streams having 
broad flood plains, the f i rs t decision probably is to determine how long the bridge is 
to be and at what height to place the approach embankments if they are to serve as over­
flow spillways during major floods. This paper proposes a method for determining the 
most economical combination of bridge and approach embankments for this situation. 

To demonstrate the proposed method, two E p i c a l examples are worked. The pro­
cedure is as follows: 

1. Based on an analysis of crossing conditions at the site in question, several 
bridges ranging from short to long are laid out and priced. The elevation of these 
structures is set sufficiently high to clear any anticipated flood. 

2. Approach f i l l s built to several heights are fitted to each of these bridges and 
their costs determined. It is anticipated that under extreme flows all but the highest 
of these approach f i l ls wil l be overtopped. 

3. By an analysis involving the predicted flood flows on the stream, the character­
istics of the site, the length of the bridge, and the height of the approach embankment, 
stream water surface elevations are determined for the several conditions. 

4. For each length of bridge, the most economical approach embankment height is 
determined. Factors taken into account include the capital costs of embankment and 
pavement, the statistically predicted annual costs of anticipated flood damage to the 

ko 
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particular site would, if possible, be based on past stream flow records. For more 
information on frequency curves see Lmsley et al (4, pp. 555-559). 

Number of days and times a given flow has been exceeded. — This information is 
given in two graphs; one, the number of days that a given flow is exceeded, and the 
other, the number of times various flows have been exceeded (see Figs. 7 and 8). On 
large streams, this information may be available from past records. 

Stage-discharge curve. —The stage discharge relationship is shown in Figure 9. 
The values for plotting this curve may be computed for any site by using conveyance 
and river slope described by Bradley ( J . ) . Normal stage represents the elevation of 
the water surface at the bridge site when the channel is unrestricted by any crossing 
at all. ' 

Stage-damage curve. —The stage-damage curve is a plot of expected damage to im­
provements lymg m or adjacent to the flood plain for a given stage (see Fig. 10). This 
must be constructed for each individual bridge site, recognizing future changes m flood 
plam use. In constructing the damage curve for the example problems, it has been 
assumed that damage is linear with stage to simplify the computations. Some of the 
U. S. Geological Survey water-supply papers give information on various flood magni­
tudes and damages. Also, the U. S. Army Corps of Engineers has made numerous 
studies on this subject. As yet, however, authoritative procedures for estimating flood 
damages are stil l lacking. 

Stage-damage relationships are, of course, dependent on bridge site location. 
Damages in unsettled areas would be extremely low; they would increase with the 
intensity of land use. Again, stage-damage relationships would vary depending on 
encroachment of developments mto the flood plain and the presence of dikes or levees 
that might be overtopped. 

Traffic detour costs. —The traffic detour cost is the added cost to vehicle owners 
who detour by way of another stream crossing or who defer an intended trip. A detailed 
presentation on detour driving costs is outside the scope of this paper. As is the case 
with flood damage costs, basic data and procedures for making such computations have 
not yet been fully agreed on. Their magnitude wi l l , of course, be dependent on such 
factors as the number of cars, the added distances traveled in using the detour, detour 
road configuration, expected speeds, and appropriate charges for added commercial 
and noncommercial time. 

Methods and cost data for reasonably approximating the cost of detouring by another 
crossing are found m Woods (5). On the other hand, economic measures of the cost 
of postponed travel are lacking. 

Costs of damage to embankment from flood overflow detour time during damage 
repair. —In the example problems, embankment damage is assumed to be proportional 
to the stage above the embankment roadway. The time for damage repair is assumed 
to be proportional to the embankment damage. These approximations were made be­
cause very limited information was available on how these damages might be evaluated. 
(It IS assumed that the bridge proper is designed to withstand a flood of any magnitude 
without damage.> 

Maintenance costs for bridge and embankment. — This information should come from 
cost records of the highway agency. It is to be ejqjected that bridge maintenance costs 
will vary with the type of bridge, climate, and region; embankment maintenance costs 
(exclusive of flood repairs") will be a function of rainfall and other happenings that bring 
erosion and parallel deterioration. In this study, these maintenance items have been 
charged as an annual cost per lineal foot of bridge or embankment. 

SELECTING LEAST COSTLY COMBINATION 
In this study, cost comparisons are made between bridges of several selected lengths. 

In turn the bridge of each length has several alternative approach embankments of dif­
ferent heights. The f i rs t step in the analysis is to determine, for each bridge length, 
the least costly embankment height. Then the total costs of bridges of different lengths 
are compared, each with its most favorable embankment arrangement. The tables ac­
companying the report show in detail how the various costs are computed. In an actual 
cost study some of the columns and tables can be combined to simplify the computations. 
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embankment, traffic detours or delays during and after flooding, and backward 
damage to upstream property. 

5. The total annual cost of bridge, approaches, and anticipated flood damage and 
traffic detours or delays for each bridge length is determined by combining the capital 
and maintenance costs of the bridge with those associated with the embankment. The 
bridge length of lowest total cost is the most desirable from an economic point of view. 

In certain instances irreducibles may assume such importance that economy alone 
should not govern the final decision. For example, it could be undesirable to have a 
strategic bridge on a major route completely out of service for even a short time. On 
the other hand, the possibility of a short loss of use should not be controlling in the de­
sign of a stream crossing for a secondary road carrying little traffic. Even where 
such irreducibles might appear important, however, an economy study provides a dollar 
measure against which such irreducibles can be weighed, thus narrowing the area of 
uncertainty and providing a valuable tool for decision making. 

Some of the costs employed in this paper are not based on actual situations. Rather, 
seemingly reasonable values have been taken from a variety of sources or, in some 
cases, assumed without detailed explanation. This was purposely done in order not to 
obscure the mam reason for the paper, which is to develop a procedure for the analysis. 
It is anticipated that the analyst following this procedure in a real-life situation wil l 
develop his own cost information from a study of the site coupled with data supplied by 
the various divisions of his highway agency. 

Another criticism of the proposed method concerns the considerable amount of data 
collecting and computation required to carry out the procedure as outlined. For many 
years design engineers have been attempting to weigh the factors included in this analy­
sis. Often this weighing could only be done in a qualitative way because data and pro­
cedures were lacking. What is now proposed is that these factors be quantified and 
converted to money terms to provide a more reliable appraisal of each situation. In­
vestments in major structures are large; i t would seem logical to apply an added incre­
ment of time and effort to prove that the design makes solid economic sense. 

DESCRIPTION ON EXAMPLE PROBLEMS 
Problem 1 

A two-lane bridge with approach embankment is proposed for crossing a river and 
wide flood plain. Five alternative bridge lengths are to be compared; these are 800, 
1,100, 1, 500, 2,000, and 2, 500 f t . With each bridge, approach embankments have 
been set at several levels. Bridges less than 800 f t in length were not considered be­
cause they would encroach on the natural channel of the stream (see Fig. 1). 

Background information and graphs necessary for the economy study are found 
in Figures 1 through 13. Tables 1 through 5 outline the method of computation. Table 
6 shows the resulting costs. A detailed description of the procedure is included in the 
text of this report. 

Problem 2 
This example shows the results of an economy study for a shorter bridge. Lengths 

considered are 100, 150, 200, and 300 f t . It was chosen because the lengths fal l within 
the range of field verification for the backwater method employed in the analysis. 

The proposed bridge and embankment are to carry a two-lane road across a river 
and flood plain whose cross-section at the bridge site is shown in Figure 14. Table 7 
summarizes the results of the analysis; Figures 15 through 20 supply a portion of the 
necessary data. The remainder comes from source documents. 

DATA SOURCES FOR EXAMPLES 
For an actual situation, much of the hydraulic and cost information for an economy 

study is developed as a part of the conventional design process; the remainder can be 
obtained with a reasonable amount of additional effort. For this paper, however, the 
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Figure 3. Total cost of embankment and paving (courtesy of J.N. Bradley). 
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Figure l i . Water surface elevation at upstream embankment slope (courtesy of 
J. N. Bradley). 

In an economy study such as this, cost comparisons should be between alternative 
bridge-roadway combinations of equal lengths. In cases where, because of differences 
m approach embankment height, the bridge plus embankment lengths differ among al­
ternatives, pavement lengths have been increased for the shorter alternatives to give 
each the same over-all length. Again, an economy stu'dy is concerned with differences 
between alternatives. It is differences in costs that are relevant. This means that 
costs common to all alternatives may be ignored as far as choosing the most attractive 
alternative is concerned. Furthermore, it is often proper to employ a "with" and 
"without" approach. For example, this is done with backwater damage costs for each 
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RECURRENCE INTERVAL, (yeors) 

/ » 2 2 

200 250 300 

Figure 5. Flow with lunited backwater fo r several bridge lengths (courtesy of 
J. N. Bradley). 
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Figure 6. Frequency curve (assumed). 

combination of bridge and embankment. With large floods, some damage will probably 
occur with no bridge at all; this is the base condition. Only the increment of damage 
resulting because of each bridge-embankment combination is pertinent and is computed. 

Costs Related to Embankment Height 
There are several annual costs included in most economy studies of approach em­

bankments: (a) capital recovery for embankment, (b) embankment maintenance. 
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Figure 8. Number of times a flow exceeded i n past 50 years (courtesy of J.N. Bradley). 

(c) e}q)ected flood damage to embankment, (d) ejqjected detouring, and (e) ejqjected 
increment of backwater damage. Any other variables that might affect vehicle-operating 
or other costs in a particular case should also be included. 

Method for Predicting Expected Average Annual Damage 
A numerical procedure suggested by B. Franzini (6) is used to evaluate the annual 

expected flood damage. A typical annual probability-damage curve is shown as Figure 
11. The probability axis is divided into elements PiP2 Pn- For each probability 
Pj there is a damage dj. The area of a typical element 1-2 is given by 

Di ^ D2 
Elemental area 1-2 = {• 5 ^ "-Pî " The sum of all elemental areas under 

the probability-damage curve is the ejqiected annual cost. A method for summing these 
elemental areas is shown m Table 1. 
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Figure 9. Stage discharge curve for river at bridge site (courtegy of J.N. Bradley). 

Method of Computing Embankment Costs 
Cost comparisons are made on an annual cost basis; each of the embankment costs 

IS listed with a brief discussion and e:q>lanation of how it is computed. 
Annual cost of capital recovery for embankment. —Annual cost = (first cost) x 

(crf-i-n), where First cost = Total cost of embankment and paving; (crf-i-n) = capital 
recovery factor for interest rate i and analysis period n. The example problems are 
solved at an interest rate of 7 percent, a period of 30 years for bridge and embankment 
and with zero salvage value (see Woods (5) or Grant and Ireson (7) for detailed proce­
dures for economy studies and for compound interest tables.) 

Annual embankment maintenance. —Embankment maintenance costs have been 
assumed to be proportional to embankment length. They were set at $0. 30 per lineal 
foot, based on maintenance cost figures supplied by G. S. Paxson of the Oregon High­
way Department. This figure is approximate and may be low because it is not neces­
sarily for embankments subject to flooding. 

Annual e:q)ected embankment damage. — These costs are for repairing damage 
caused by flood flows overtopping the embankment. Anticipated annual costs decrease 
as embankment heights increase because overtopping of higher embankments is less 
frequent. For Example 1 damage costs were assumed to be 5 percent of the total 
embankment cost for each foot of flow energy head above the embankment roadway 
elevation. 

Very little has been published concerning damage to embankments from overtopping. 
Kindsvater (8) reports how embankment damage by flood waters occurs and Yarnell and 
Nagler (9) give some examples of damages from flood flows. 

The computation for embankment damage is an ̂ plication of the method described 
earlier for evaluating annual expected damage. The embankment damage computation 
can be set up as shown in Table 2. (A sample calculation for this item combined with 
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Stage-demand curve (assumed). 

background information of Example 1 has 
been taken, for the most part, from ma­
terials supplied to the authors by Bradley 
(1.). Example 2 employed the same meth­
ods; however, the specific problem was 
assumed by the authors of this paper. 

The following items of information 
are needed before the economic analysis 
can be made. 

1. Cross-section of the river and 
flood plain at the bridge site (see Figs. 1 
and 14). 

2. Bridge costs for the various bridge 
lengths. For preliminary studies such 
as these, cost might be roughly approxi­
mated as the sum of a fixed cost, plus a 
constant times the bridge length; e. g., 
for a bridge length L, bridge cost = a+bL, 
m which a = the sum of all fixed costs 
(abutments, etc.) and b = the cost per 
unit length for piers and superstructure. 
Bridge costs for Example 1 are plotted 
on the right-hand ordinate of Figure 2. 
For Example 2 they were assumed as 
$6, 300 + $420 X bridge length (see Fig. 
18). 

3. Embankment costs for various 
bridge lengths and embankment elevations. 
Estimated costs have been plotted against 
embankment elevation with bridge length 
as a parameter (see Figs. 3 and 17). 

4. Water surface elevation at the up­
stream embankment slope. Figure 4 
shows this as a plot of water surface ele­
vation discharge using length of bridge as 

a parameter. The method for calculating values for this plot is found in Bradley (1). 
5. Bridge backwater. This is recorded in a plot showing bridge backwater without 

embankment overflow for a given river discharge and bridge length (see Fig. 2). The 
method for calculating values is found in Bradley (1). 

6. Flow with limited backwater for bridges of several lengths. This is shown in a 
plot of backwater vs river discharge, with bridge length as a parameter (see Fig. 5). 
The data for the curves of backwater vs discharge without embankment overflow are 
the same as are found in Figure 2. To develop the portions of the curves to the right 
of their peaks, it is first necessary to choose a specific value for backwater height, 
which is the rise in the water surface resulting from the presence of bridge and embank­
ment. The river discharge corresponding to that backwater height represents the flow 
at which the approach embankment is first overtopped. At higher discharges, the road­
way acts as a broad crested weir with a head equal to the difference m elevation between 
the water surface (flow energy line) and the roadway elevation. The backwater height 
decreases after overtopping. 

Most of the data on Figure 5 was supplied by Bradley. However, the authors approxi­
mated the curves sweeping downward to the right for backwaters at overtopping of 1.0, 
1. 5, and 2.0 ft. Further information on the flow of water over roadway embankments 
can be found m Sigurdsson (2) and Bradley (3). The backwater computation method is 
based on model tests conducted at Colorado State University for the Bureau of Public 
Roads. 

Figure 11. Probability-damage curve. 
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Figure 12. Embankment cost, 1,100-ft bridge. 
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Figure 13. Combined annual cost of bridge and embankment. 

Limitations 
A few of the limitations of backwater computations, taken from Bradley (1), should 

be noted: 

1. The method of computing backwater is intended for use with relatively straight 
reaches of streams with approximately uniform cross-section and slope. 

2. The U. S. Geological Survey field measurements which were used to verity the 
^plication of the laboratory data to field conditions were limited to single bridges up 
to 220 ft in length on streams with a maximum width of Va mi at flood stage. Verifica­
tion for flood plains of much greater widths is lackmg at the present time. 
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Figure l U . Section of river at bridge (example 2, short bridge). 
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Figure 1$, Stage-discharge curve (example 2, short bridge). 

3. The computations for backwater assume no scour occurs at the bridge or em­
bankment. 

Frequency curve.—The frequency curve gives the probability of an equal or larger 
mean daily flow occurring in a given year. Figure 6, the assumed frequency curve for 
Example 1, is developed on Gumbel probability paper. However, any comparable 
method for finding probabilities is acceptable. In actuality, flow probabilities for a 
particular site would, if possible, be based on past stream flow records. For more 
information on frequency curves see Linsley et al. (4, pp. 555-559). 

Number of days and times a given flow 2ias been exceeded. — This information 
is given in two graphs; one, the number of days that a given flow is exceeded, and 
the other, the number of times various flows have been exceeded (see Figs. 7 and 8). 
On large streams, this information may be available from past records. 

Stage-discharge curve.-The stage discharge relationship is shown on Figure 9. 
The values for plotting this curve may be computed for any site by using conveyance 
and river slope described by Bradley (1). Normal stage represents the elevation of 
the water surface at the bridge site when the channel is unrestricted by any crossing 
at all. 

Stage-damage curve. - The stage-damage curve is a plot of expected damage to im­
provements lying in or adjacent to the flood plain for a given stage (see Fig. 10). This 
must be constructed for each individual bridge site, recognizing future changes in flood 
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Figure 16. Frequency curve (example 2, 
short bridge). 

Figure 17. Total embankment costs in­
cludes embankment and paring (example 2, 

short bridge). 
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Figure 18. Bridge cost;s (example 2, short bridge). 

300 

plain use. In constructing the damage curve for the example problems, it has been 
assumed that damage is linear with stage to simplify the computations. Some of the 
U. S. Geological Survey water-supply papers give information on various flood magni­
tudes and damages. Also, the U.S. Army Corps of Engineers has made numerous 
studies on this subject. As yet, however, authoritative procedures for estimating 
flood damages are still lacking. 

Stage-damage relationships are, of course, dependent on bridge site location. 
Damages m imsettled areas would be extremely low; they would increase with the 
intensity of land use. Again, stage-damage relationships would vary depending on 
encroachment of developments mto the flood plain and the presence of dikes or levees 
that might be overtopped. 

Traffic detour costs. - The traffic detour cost is the added cost to vehicle owners 
who detour by way of another stream crossing or who defer an intended trip. A de­
tailed presentation on detour driving costs is outside the scope of this paper. As is 
the case with flood damage costs, basic data and procedures for making such compu­
tations have not yet been fully agreed on. Their magnitude will, of course, be depend-
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Figure 19. Embankment cost, 300-ft bridge (example 2 ) . 
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ent on such factors as the number of cars, 
the added distances traveled in using the 
detour, detour road configuration, ex­
pected speeds, and appropriate charges 
for added commercial and noncommercial 
time. 

Methods and cost data for reasonably 
approximating the cost of detouring by ano 
another crossing are found m Woods (5). 
On the other hand, economic measures of 
the cost of postponed travel are lacking. 

Costs of damage to embankment from 
flood overflow detour time during damage 
repair. — Li the example problems, em-
damage is assumed to be proportional to 
the stage above the embankment roadway. 
The time for damage repair is assumed to 
be proportional to the embankment damages 
These approximations were made because 
very limited information was available on 
how these damages might be evaluated. 
(It I S assumed that the bridge proper is 
designed to withstand a flood of any magni­
tude without damage.) 

Maintenance costs for bridge and embankments. -This information should come from 
cost records of the highway agency. It is to be expected that bridge maintenance costs 
will vary with the type of bridge, climate, and region; embankment maintenance costs 
(exclusive of flood repairs) will be a function of rainfall and other happenings that 
bring erosion and parallel deterioration. In this study, these maintenance items have 
been charged as an annual cost per lineal foot of bridge or embankment. 

SELECTING LEAST COSTLY COMBINATION 
In this study, cost comparisons are made between bridges of several selected 

lengths. In turn the bridge of each length has several alternative approach embank-

• BRIDGE CAPITAL RECOVERY 
O OTHER COSTS (Embonkment) 
0 TOTAL COST 

Figure 
ment 

50 100 150 2 0 0 
BRIDGE LENGTH, (Feet) 

20. Coir.bmation-bridge 
costs (example 2, short 

and embank-
bridge). 
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ments of different heights. The first step m the analysis is to determine, for each 
bridge length, the least costly embankment height. Then the total costs of bridges of 
different lengths are compared, each with its most favorable embankment arrange­
ment. The tables accompanying the report show in detail how the various costs are 
computed. In an actual cost study some of the columns and tables can be combined to 
simplify the computations. 

In an economy study such as this, cost comparisons should be between alternative 
bridge-roadway combmations of equal length. In cases where, because of differences 
in approach embankment height, the bridge plus embankment lengths differ among 
alternatives, pavement lengths have been increased for the shorter alternatives to 
give each the same over-all length. Again, an economy study is concerned with dif­
ferences between alternatives. It is differences m costs that are relevant. This 
means that costs common to all alternatives may be ignored as far as choosing the 
most attractive alternative is concerned. Furthermore, it is often proper to employ 
a "with" and "without" approach. For example, this is done with backwater damage 
costs for each combination of bridge and embankment. With large floods, some damage 
will probably occur with no bridge at all; this is the base condition. Only the incre­
ment of damage resulting because of each bridge-embankment combination is pertinent 
and IS computed. 

Costs Related to Embankment Height 

There are several annual costs included in most economy studies of approach em­
bankments: (a) capital recovery for embankment, (b) embankment maintenance, 
(c) e3q)ected flood damage to embankment, (d) e3q)ected detouring, and (e) expected 
increment of backwater damage. Any other variables that might affect vehicle-operat­
ing or other costs in a particular case should also be included. 

Method for Predicting E?q)ected Average Annual Damage 
A numerical procedure suggested by Franzini (6) is used to evaluate the annual 

expected flood damage. A typical annual probability-damage curve is shown as 
Figure 11. The probability axis is divided mto elements Pi, P2 P^. For each 
probability P̂  there is a damage dj. The area of a typical element 1-2 is given by 

Elemental area 1-2 = ( ^ - ± ^ ) ( P 2 - pO. 

The sum of all elemental areas under the probability-damage curve is the ei^ected 
annual cost. A method for summing these elemental areas is shown in Table 1. 

Method of Computing Embankment Costs 

Cost comparisons are made on an annual cost basis; each of the embankment costs 
is listed with a brief discussion and explanation of how it is computed. 

Annual cost of capital recovery for embankment. —Annual cost = (first cost) x 
(crf-i-n), where first cost = total cost of embankment and paving; (crf-i-n) = capital 
recovery factor for interest rate 1 and analysis period n. The example problems 
are solved at an interest rate of 7 percent, a period of 30 years for bridge and embank­
ment and with zero salvage value (see Woods (5) or Grant and Ireson (7) for detailed 
procedures for economy studies and for compound interest tables.) 

Annual embankment maintenance. - Embankment maintenance costs have been 
assumed to be proportional to embankment length. They were set at $0. 30 per lineal 
foot, based on maintenance cost figures supplied by G. S. Paxson of the Oregon Highway 
Department. This figure is approximate and may be low because it is not necessarily 
for embankments subject to flooding. 

Annual expected embankment damage. -These costs are for repairing damage caused 
by flood flows overtopping the embankment. Anticipated annual costs decrease as em­
bankment heights increase because overtopping of higher embankments is less frequent. 
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T A B L E 1 

C O M P U T A T I O N O F E X P E C T E D A N N U A L F L O O D D A M A G E 

Damage 
D 

Di + D , 
2 

P r o b a b i l i t y , 
P 

( P . - P i ) D , 
- P . ) 

D , P i 

D , + Da (Pa - P . ) ( D , + Da)(Pa - P . ) D , 
2 i 

Da P» 

D , + D , 
2 

(P3 - Pa) 

D , P3 

( P N - ^ N - " P N - I " ° N V N -

l = N - l D j + D j ^ , /-p _ p 
E x p e c t e d annual damage = E v i+1 l y 

T A B L E 2 

C O M P U T A T I O N O F E X P E C T E D A N N U A L E M B A N K M E N T D A M A G E 

B r i d g e E m b 
L e n g t h E l e v 

E m b B r i d g e F l o w Stage 
C o s t Stage (cfc) at 

No E m b a n k ­
ment 

(a) (b) (c) (d) (e) (f) 

Head 
Above 

E m b a n k ­
ment 

(g) 

P e r c e n t I n c r e ­ I n c r e ­ P r o b a ­ I n c r e ­ I n c r e ­

Damage ment of ment of bi l i ty ment ment 

to A v e r a g e A v e r a g e of f low P r o b a ­ E m b a n k ­

E m b a n k ­ P e r c e n t Damage O c c u r ­ bi l i ty ment 

ment Damage C o s t r i n g Damage 

(h) (i) (J) (k) (1) (m) 

T o t a l annual embankment damage cost = E (m) 

T A B L E 3 

C O M P U T A T I O N O F E X P E C T E D A N N U A L D E T O U R C O S T S D U R I N G E M B A N K M E N T R E P A I R 

B r i d g e E m b a n k m e n t F l o w I n c r e m e n t 
Length E l e v (cfs) A v e r a g e % 

Damage to 
E m b a n k m e n t 

(a) (b) (e) (j) 

I n c r e m e n t I n c r e m e n t I n c r e m e n t I n c r e m e n t 
P r o b a b i l i t y A v e r a g e A v e r a g e Detour 

T i m e to Detour C o s t 
R e p a i r C o s t 

(1) (n) (o) (p) 

A v e r a g e annual detour cost dur ing r e p a i r = E (p) 



TABLE 4 
COMPUTATION OF EXPECTED ANNUAL COST TO DETOURED TRAFFIC 

Bridge 
Length 

Embankment 
Elev. 

Flood 
Routing 
Stage 

Flow 
(cfc) 

Days 
Above 
Stage 

Times 
Above 
Stage 

Average 
Days per 

Time 

Cost 
per 

Time 

ProbabiUty 
of 

Occurrence 

Expected 
Cost of 

Detoured 
Traffic 

(a) (b) (c) (d) (e) (f) (g) (h) (i) (i) 

TABLE 5 
COMPUTATION OF EXPECTED ANNUAL INCREMENTAL OF BACKWATER DAMAGE CAUSED BY BRIDGE 

Bridge 
Length 

Embankment 
Elev. 

Stage 
No. 

Bridge 

Flow 
(cfc) 

Increment of 
Backwater to 
Cause Damage 

Incremental 
Backwater 
Damage 

Average 
Incre­
mental 

Damage 

Probability 
of 

Occurrence 

Incre­
mental 
Proba­
biUty 

Incre­
mental 
Damage 

(a) (b) (c) (d) (e) (f) (g) (h) (i) (j) 
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BriiJge length (ft) 
Max backwater (ft) 
E m b a n k elev (ft) 
E m b a n k length (ft) 
E m b a n k a n d p a v i n g c o s t ( $ ) 
Length of paving for equal length (ft) 
P a v m g cost (at 50, 0 0 0 / m i ) ($ ) 
T o t a l cost embankment pavmg ( $ ) 

E x p e c t e d Annua l C o s t s , embankment ($ ) 

C a p i t a l r e c o v e r y , embank a n d paving 
E m b a n k maintenance (at $0 30/ft) 
F l o o d damage to embankment 
Detour dur ing r e p a i r 
Detour dur ing f lood 
I n c r e m e n t backwater damage 
T o t a l 

T A 

S U M M A R Y A N D R E S U L T S O F E X , 

R o w 
800 800 800 800 1,100 I . I O C 

(B) 0 5 1 0 2 0 2 5 0 5 
(C) 887 5 890 5 893 7 895 2 888 9 89: 

(D) 4 ,400 4, 500 4, 600 4, 625 4 ,150 4 ,25( 

( E ) 61 ,000 76 ,000 92, 500 103 ,000 64 ,750 82, 70( 
( F ) 225 125 25 175 7! 

(G) 2 ,131 1,184 237 1,657 71( 
(H) 63 ,131 77 ,184 92 ,737 103 ,000 66 ,407 83, 41( 

(I) 5, 088 6 ,220 7 ,474 8 ,301 5 ,352 6 ,72 ; 

(J) 1, 320 1 ,350 1,380 1 ,388 1 ,245 1,27! 

(K) 1, 221 605 239 167 777 27( 

( L ) 3, 876 1 ,846 728 463 2 ,698 93' 

(M) 4, 995 3 ,042 1,261 764 4 ,004 1,80( 

(N) 866 2 ,132 3 ,394 3 , 7 2 5 1 ,055 1,851 

( 0 ) J ; 17, 366 15 ,195 14, 476 14 ,808 15,131 12 ,85 ' 

E x p e c t e d annual c o s t s , embank and br idge 
B r i d g e length (ft) 
B r i d g e cost ($ ) 
Length of combination (ft) 
L e n g t h of pave f o r equa l length (ft) 
C a p i t a l r e c o v e r y of br idge inves t ( $ ) 
Added pave (capi ta l r e c o v e r y ) ( L e n g t h x 9 4 , 7 9 7 / f t x 

0 08059) (erf - 7% - 30) 
B r i d g e maintenance at $0 $ 0 / t t 
Emtjankment ($ ) 
T o t a l ( $ ) 

P r e s e n t worth (pwf - 30 - 7%) = 12 409 

(P) 800 1 ,100 1, 500 2 ,000 
(Q) 460 ,000 525 ,000 680, 000 875 ,000 
(R) 5 ,400 5 ,350 5 ,375 5 ,400 
(S) 0 50 25 0 
( T ) 37 ,071 42 ,310 54, 801 70 ,516 

(U) 0 38 19 0 
(V) 160 220 300 400 
(W) 14, 476 12 ,857 11 ,518 9 , 7 3 0 
(X) 51,707 55 ,425 66, 638 80 ,646 

( Y ) $641,632 687 ,769 826 ,910 1 , 0 0 0 , 7 3 6 

2,1 
1,070,1 

5 , ' 

8 ,; 

9 5 , 1 

1 , 1 7 8 , 1 

S U M M A R Y A N D R E S U L T S O 

B r i d g e length (ft) 
Max backwater (ft) 
E m b a n k e l e v (ft) 
E m b a n k , length (ft) 
E m b a n k m e n t cost ( inc luding paving) ($ ) 
P a v i n g needed f o r equal length p r o j e c t s (ft) 
P a v i n g cost (at $ 5 0 , 0 0 0 / m i ) ($) 
Total cost emljankment and paving ($ ) 

E x p e c t e d annual c o s t s , embankment ( $ ) , 

C a p i t a l r e c o v e r y (embankment and paving) 
( c r f - 7 % - 3 0 = 0 08059) 

E m b a n k m e n t maintenance (at $0 30/ft) 
F l o o d damage to embankment 
T r a f f i c in terrupt ion during embankment 

r e p a i r (based on $ 5 , 0 0 0 tor detour/day) 
T r a f f i c in terrupt ion dur ing f lood (l>ased 

on $ 5 , 0 0 0 p e r detour/day) 
I n c r e m e n t backwater damage 
T b t a l 

E iq iec ted annual c o s t s , embankment and br idge 

B r i d g e length (ft) 
B r i d g e cos t ($ ) 
Combinat ion length (ft) 
L e n g t h of pavement for equal length (ft) 

added pavement ($ ) 
B r i d g e capi ta l r e c o v e r y 

( c r f - 7 % - 3 0 = 0 08059) ($ ) 
Added pavement cap i ta l r e c o v e r y ($) 
B r i d g e maintenance (at $0 50/ft) 
Emtiankment ($ ) 
T o t a l ($) 

P r e s e n t Worth (pwf-30-7%) = 12 409 ($ ) 

Row 
(A) 100 100 100 10 
(B) 0. 5 1 .0 1. 5 
(C) 834 .7 837 3 839. 7 84 
(D) 490 600 690 75 
( E ) 7, ,750 10 ,700 13, 500 15 ,50 
( F ) 310 200 110 5 

(O 2, ,939 1 ,896 1,043 47 
(H) 10, ,689 12, 596 14, 543 15 ,97 

(B 861 1 ,015 1,172 1,28 
(J) 117 180 207 21 
(to 214 109 64 5 

( L ) 1 ,265 573 285 19 

(M) 3 ,400 1, 530 712 29 
(N) 1 ,733 3 , 1 8 9 3 ,740 3 ,94 
(O) 7, 590 6, 596 6 ,180 5, 98 

(P) 100 150 200 30 

(CS 48, 300 69 ,300 90, 300 123, 30 
(R) 900 950 960 91 

(S) 

( n 
(U) 
(v) 
(W) 
(X) 

60 
569 

3 ,892 
46 
50 

5 ,989 
9 ,977 

10 
95 

5, 585 
7 

75 
4 ,012 
9 ,679 

5 
47 

7 ,277 10,^6 
3 

15 
1 ,43 

100 
2 , 8 3 9 

10 ,216 12 ,28 

123 ,805 120,107 126 ,770 152,44 
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6 

£ P R O B L E M 1 ( L O N G B R I D G E ) 

1 ,500 1 ,500 2 ,000 2 ,000 2 ,000 2 ,500 2 , 6 0 0 2 ,500 2 , 5 0 0 
1 .0 1 5 0 5 1 .0 1 1 0 23 0 5 0 75 1 

8 9 3 . 4 8 9 5 . 6 891 9 8 9 4 . 5 896 0 890 0 893 2 895 0 896 
3 , 8 7 5 3 , 9 5 0 3 , 3 5 0 3 , 4 0 0 3 , 4 5 0 2 , 7 7 5 2 ,850 2 ,900 2 ,950 

84 ,000 98, 500 67, 750 81 ,750 9 1 , 0 0 0 53, 500 65, 200 74, 000 82, 000 
75 100 50 175 100 50 

82, 000 

710 947 473 1,657 947 473 
84 ,710 98, 500 68, 697 82, 223 9 1 , 0 0 0 55 ,157 66 ,147 74 ,473 82 ,000 

6 ,827 7 ,938 5 ,536 6 ,626 7 ,334 4, 445 5,331 6 ,002 6 ,608 
1,162 1,185 1 ,005 1 ,020 1,035 832 855 870 885 

159 82 238 82 59 371 112 59 44 
566 249 800 234 154 1,592 423 214 133 

1,040 470 1,604 576 246 3 , 0 4 2 930 333 SO 
1,764 2 ,026 976 1,192 1,204 462 726 800 832 

11 ,518 11 ,950 10 ,159 9 ,730 10, 032 10, 744 8 ,377 8 ,278 8 ,582 

100 
1 

893 
275 
750 

50 
473 
223 

1 ,100 1 ,500 
2 0 0 

8 9 5 . 5 890 
4, 325 3 , 800 

103, 000 

103 ,000 

352 8 ,301 5 ,494 
282 1,297 1 ,140 
205 105 445 
691 356 1,568 
225 576 3 , 0 8 9 
410 2 ,682 1,386 
165 13 ,317 13 ,122 

66 ,750 
150 

1,420 
68 ,170 

B L E 7 

J U P L E P R O B L E M 2 ( S H O R T B R I D G E ) 

100 
2. 

842. 
800 

1,700 

1,700 

150 
1.0 

8 3 9 . 3 
620 

11 ,800 
180 

1 ,706 
13, 506 

150 
1 

841 
710 

14 ,250 
90 

853 
15 ,103 

150 
2 . 0 

8 4 3 . 7 
800 

16 ,900 

16 ,900 

200 
0. 

838 
530 

9 , 3 0 0 
230 

2 , 1 8 0 
11 ,480 

200 
1 .0 

841 .8 
670 

13 ,300 
90 

853 
14 ,153 

200 
1 .5 

8 4 4 . 0 
760 

15 ,700 

15 ,700 

300 
0 .1 

8 3 7 . 0 
380 

5 ,500 
230 

2 ,180 
7 ,680 

300 
0 . 2 

8 3 9 . 5 
480 

7 ,750 
130 

1,232 
8 ,982 

300 
0. 

841. 
560 

9 ,300 
50 

474 
9 ,774 

300 
0 . 4 

842 .7 
610 

10 ,700 

10 ,700 

, 3 4 6 1 ,088 1,217 1 ,362 925 1, 141 1, ,265 619 724 788 862 
270 186 213 240 159 201 228 114 144 168 183 

56 37 24 25 35 20 8 41 15 9 8 

175 193 88 71 226 65 23 303 81 36 24 

178 510 157 46 690 83 20 1 ,160 284 88 32 
i , 0 8 9 2 , 1 2 4 2 , 3 1 3 2 , 3 6 3 1 ,166 1, 329 1, ,346 258 326 346 403 
1 ,114 4 , 1 3 8 4 ,012 4 ,107 3 ,201 2, 839 2, ,890 2 , 4 9 5 1,574 1 ,435 1,512 
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SAMPLE COMPUTATION FOR PROBLEM 1 (1,100-FT BRIDGE), COST OF FLOOD TO EMBANKMENT 
AND OF DETOUR COSTS DURING REPAIRS' 

Water %of Ave % Ave Ave Prob Incre­ Incre­ Incre­
Bridge Embank­ No Q Stage Head Damage Damage Damage Time to Ave of ment ment ment 
Length ment Bridge (000 cfs) at over Em-• to to Costs Repair Detour Occur­ Proba­ Emb Detour 

(ft) Elev. Stage Embank­• bank- Embank­ Embank­ ( « (days) Costs rence bility Damage Costs 
(ft) ment ment ment ment 

bility 
($) ($) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) 

377 
1,100 888 9 

891 0 

140 

205 

888 0 

891 22 

0 

2 32 

0 

11 6 
5 8 3,756 0. 58 5,800 

0.10 

0 035 
0.065 244 

(15) 

377 

14 05 9,097 1 405 14,050 

18,950 

0 005 45 70 
892 0 235 892 20 3 30 16 5 

18 95 12,270 1 895 

14,050 

18,950 
0 030 

0 013 160 246 
893 0 270 893 18 4 28 21 4 

23 9 15,475 2 39 23,900 
0 017 

0 008 124 191 
894 0 310 894 18 5 28 26 4 0 009 

28 9 18,713 2 89 28,900 

33,900 

0 005 94 144 
895 0 360 895 18 6 28 31 4 

33 9 21,950 3 39 

28,900 

33,900 
0 004 

0 003 66 102 
896 0 450 896 18 7 28 36 4 0 001 

68 2 44,159 6 82 68,200 0 001 44 68 
largest - - 100 0 

68,200 
0 0 

'Embankment cost = $64,750 

TABLE 9 
SAMPLE COMPUTATION FOR PROBLEM 1 (1,100-FT BRIDGE) DETOUR COSTS DURING FLOOD 

Bridge Embankment 
Length Elev 

(ft) (ft) 

(a) 

1,100 

(b) 

Routhig Days Times Average Cost per Probability Cost of 
Stage Flow Above Above Days Time of Detoured 

of Bridge (000 cfs) Stage Stage per Time ($000) Occurrence Traffic 
($) 

(c) 

887 9 

(d) 

129 

(e) 

18 2 

(1) 

5 

(g) 

3 64 

(h) 

3 64 

(1) 

0 11 

(1) 

4,004 

TABLE 10 
SAMPLE COMPUTATION FOR PROBLEM 1, (1,100-FT BRIDGE), mCREMENT OF BACKWATER DAMAGE CAUSED BY BRIDGE 

Bridge 
Length 

(ft) 

Embank­
ment 
Elev 
(ft) 

No 
Bridge 
Stage 

Flow 
(000 cfs) 

Increment of 
Backwater to 

Cause Damage 

Incremental 
Backwater 
Damage 

Average 
Damage 

($) 

Probability 
of 

Occurrence 

Incremental 
Probability Incremental 

(a) (b) (c) (4 (e) (f) (g) (h) (i) (I) 
1,100 888 9 883 0 80 0 1 0 0 20 

2,600 0 06 156 
886.0 110 0 26 5,200 0 14 

7,600 0 04 304 
888 0 140 0 5 10,000 0 10 

7,200 0 065 468 
891 0 205 0 22 4,400 0 035 

4,200 0 005 21 
892 0 235 0 20 4,000 0 030 

3,800 0 013 50 
893 0 270 0 18 3,600 0 017 

3,600 0 008 28 
894 0 310 0 18 3,600 0 009 

3,600 0 005 18 
895 0 360 0 18 3,600 

3,600 
0 004 

3,600 0 003 10 
896 0 450 0 18 3,600 0 001 

Estimated Annual Backwater Damage = $1,055 
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TABLE 11 
SUMMARY OF E F F E C T OF EMBANKMENT HEIGHT ON VARIOUS 

EMBANKMENT COSTS 

Embank­ Mainte­ Damage to Traffic Increment 
Embank­ ment nance Embank­ Routing Backwater 

ment Cost Cost ment Costs Costs 

High Higher Higher Lower Lower Higher 

Low Lower Lower Higher Higher Lower 

TABLE 12 
COMPARISON OF ESTIMATED COSTS FOR BRIDGES VARIOUS LENGTHS 

Percent 
Bridge Total Present Savings 
Length Expected Worth of Most 

(ft) Annual Cost 
($) 

($) Economical 
Bridge 

Exan^ile 1: 
800 51,710 641,630 0.00 

1,100 55,430 687,770 
826,910 

7.20 
1,500 66,640 

687,770 
826,910 28.9 

2,000 80,650 1,000,740 
1,178,970 

56.0 
2,500 95,010 

1,000,740 
1,178,970 83.8 

Exanqjle 2: 

1,000,740 
1,178,970 

100 9,980 123,810 3.1 
150 9,680 120,110 0.0 
200 10,220 126,770 5.5 
300 12,290 152,450 26.9 

For Example 1 damage costs were assumed to be 5 percent of the total embankment 
cost cost for each foot of flow energy above the embankment roadway elevation. 

Very little has been published concerning damage to embankments from overtopping. 
Kindsvater (8) reports how embankment damage by flood waters occurs and Yarnell 
and Nagler (§) give some examples of damages from flood flows. 

The computation for embankment damage is an ^plication of the method described 
earlier for evaluating annual expected damage. The embankment damage computation 
can be set up as shown in Table 2. (A sample calculation for this item combined with 
detour costs, appears as Table 8.) E:q)lanation of Table 2 where the headings may not 
be fully descriptive are as follows: 

Col, (c) Embankment costs taken from Figure 3. 
Col, (d) No bridge stage. These are waiter surface elevations without the bridge 
and embankment. They are computed for selected values of Q (flow) as given in 
Col. (e) see Fig, 9). 
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Col, (f) Stage at embankment is found in two steps. First, the rise m the water 
surface resulting from backwater after the fill is overtopped is read from Figure 
5, for this appropriate roadway (approach fill) elevation and bridge length. This 
value is added to the water-surface elevation, without bridge, as shown m Col. (d). 
It I S an approximation of the flow energy line because Figure 4 is computed without 
embankment overflow. 
Col, (g) Head above the embankment is the stage at the embankment minus the 
embankment elevation: 

Col. (g) = Col. (f) - Col. (b). 
Col, (h) Percent damage to embankment is an assumed constant stated as percent 
damage per foot of energy head above embankment times the head above the embank­
ment (Col. g). 

Col. (h) = k. Col. (g) in which k = percent 
damage per foot energy head above embankment. 

Col, (i) Increment of average percent damage is the average between the successive 
rows in Col. (h). 

Col. (i)i „ = Col. (h)i + Col, (h) 2. 
"̂̂  2 

Col, (j) Increment of average embankment damage cost is the average percent 
damage times the cost of the embankment. 

Col. (j) = Col. (i) X Col. (c). 
Col, (k) Probability of flow occuring is taken from the frequency curve (Fig. 6) 
for the flows found in Col. (e). 
Col. (1) Incremental probability is the difference between successive rows of flow 
probabilities. 

Col. (l)i-2 = Col. (k)i - Col. (k)2. 

Col, (m) Incremental embankment damage is the product of the increment average 
damage times the incremental probability. 

Col. (m) = Col. (j) X Col. (1). 
Ejected annual flood damage to the embankment is the sum of all incremental 

embankment damages. 

Annual n 
Embankment = Col. (m)̂  

Damage i=l 
Annual expected detour costs. -Detour occers when flood waters are of sufficient 

stage that traffic cannot cross the bridge and embankment. The delays caused Dy 
flood are divided into three types: (a) flood detour, (b) recession detour, and (c) repair 
detour. 

Traffic rerouting is assumed to occur when the flood waters reach an elevation 
somewhat below the embankment roadway elevation. Any time that a flood is above 
this stage traffic is to be detoured. The cost of routing vehicles during these flood 
stages is computed separately under the heading of annual ejq)ected detour cost during 
flood. 

If the flood has a stage above the roadway elevation, it is assumed to cause embank­
ment damage. If damage occurs, traffic will be detoured during the time the flood 
recedes from the flood detour elevation to the elevation where repair can take place 
(recession detour) and also during the time of repair (repair detour). Recession and 
repair detours are closely related so both are included in the computation of annual 
expected detour cost during embankment repair. 
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Annual expected detour costs during embankment repair. - The detour cost during 
embankment repair is the added cost for vehicles and drivers caused by the detour 
plus detour set-up and maintenance costs. The detour time in this paper was assumed 
to be directly proportional to the damage. For instance, in Example 1, the detour 
time was assumed as 1 day for each 10 percent embankment damage. The traffic de­
tour cost per day was set as a flat sum; no detailed computations were made for it. 

Repair detour costs and embankment damage costs can be computed in the same 
table. The detour cost computation columns are shown separately in Table 3 in order 
that the procedure can be followed more easily. Table 8 is a calculation from Ex­
ample 1; this shows how Tables 2 and 3 look when combined. 

The computation procedure for Table 3 is described as follows: 
Columns (a), (b), (e), (j), and (1) are taken from Table 2, Annual Expected 
Embankment Damage. 
Col, (n) Incremental average time to repair is the product of the incremental 
average percent damage to the embankment times the time to repair for a given 
percent damage. 
Col, (o) Incremental average detour cost is the product of the incremental average 
time to repair times the cost per day of detour. 
Col, (p) Incremental detour cost is the product of the incremental probability 
times the incremental average detour cost. 

Col. (p) = Col. (1) X Col. (o). 
Total annual expected detour cost is the sum of all figures in Col. (p) plus the annual 

expected cost of detour while the flood causing damage is receding before repair (re­
cession detour). 

The recession cost was assumed to be the product of the detour costs during the 
time the flood recedes multiplied by the annual probability of having a flood of magni­
tude to cause damage. The recession time is the time for the flood water to recede 
from' flood detour elevation to an elevation where embankment repair can begin. This 
time was assumed as constant m the examples. 

A Recession ^ _ ( time for ^ r cost/unit for ^ annual probability of >, 
V Cost J V recession J ^ detour time ^ v damage occurring J 

For instance, in Example 1 of this paper, the time to recede is assumed as I'A days 
at a cost for detouring of $10,000 per day. Thus the e:q)ected annual cost of detour-
ing is $15,000 times the probability of a flood of stage above the embankment roadway 
elevation. For example, the $2, 698 shown in Col. 5 vmder Item (L) in Table 6 equals 
the sum of $1,198 from Col. (15) of Table 8 and $15,000 x 0.10. 

Annual expected traffic detour costs during floods. - The annual cost of detouring 
during floods is the product of the annual probability of having a flood equal to or higher 
than the flood routing stage times the cost per occurrence of detouring for the days 
above this stage. The number of days a flow has been exceeded (see Fig. 7) and the 
number of times a flow has been exceeded (see Fig. 8) and the detoiir cost per day will 
be available. 

The computation form for annual expected detour cost during floods is shown in 
Table 4 and Table 9. The columns are described as follows: 

Col, (c) Flood routing stage is the flow when detourmg begins. This detouring 
begins when the water surface at the embankment is some assumed distance be­
low the elevation of the embankment. 
Col, (d) Flow is taken from the water surface elevation at the upstream embank­
ment slope curve (Fig. 4). 
Col, (e) Days above stage is taken from Figure 7 for the flow given in Col. (d). 
Col, (f) Times above stage is taken from Figure 8 for the flow given in Col. (d). 
Col, (g) Average days per time is the ratio of days exceeded per flow to times 
exceeded per flow. 

Col. (g) = Col. (e) - Col. (f). 
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Col, (h) Cost per time is the product of detour days per time (Col. g) times the 
cost of detouring per day. 

Col. (h) = c times Col. (g), 
where c = cost/day of detouring. 

Col, (i) Probability of occurrence is taken from the flood frequency curve (Fig 6) 
for the flow in Col. (d). 
Col. (]) E:q)ected annual cost of detouring traffic because of flood is the product 
of the cost per time (Col. h) times the probability of occurrence. 

Col. (i) = Col. (h) X Col. (i). 
Annual expected incremental backwater damage cost. - This cost is the difference 

in damage costs between the annual e}q}ected flood damage that would occur with a given 
bridge and approach embankment and the annual expected flood damage in the natural 
stage without the bridge. 

Calculation of the backwater damage cost is another evaluation of the annual expected 
damage by numerical integration. The calculation form for backwater damage cost is 
shown in Table 5 (see Table 10 also). The various columns in Table 5 are described as 
follows: 

Col, (c) Stage without bridge is the normal stage (see Fig. 9). 
Col, (d) Flow I S for the stages found in Col. (c). 
Col, (e) Increment of backwater to cause damage is foimd from Figure 5, After 
the flood stage reaches embankment elevation, the backwater effect will follow 
the receding curve for increased flows. 
Col, (f) Incremental backwater damage is the difference between the damage for 
the stage with incremental backwater Col. (e) plus normal stage Col. (c) and the 
damage at normal stage Col. (c). These damages are found from the stage-damage 
curve (Fig. 10) for the respective stages. 
Col, (g) The average incremental damage is the average of successive rows in 
Col. (f). 

col. (g) , - .= C o M f W C o l ^ 

Col, (h) Probability of occurrence is the probability of the flows in Col. (d). 
This is taken from the frequency curve (Fig. 6) for the respective flows. 
Col, (i) Incremental probability is the difference between successive rows of 
flow probabilities. 

Col. i = (Col. h)i - (Col. h)2 

Col, (j) Incremental damage is the product of the average incremental damage 
(Col. g) times the incremental probability (Col. i). 

Col. (j) = Col. (g) X Col. (i). 
The total incremental backwater damage caused by the bridge and embankment is the 
summation of incremental damages found in Col. (j). 

n 
Backwater damage = 2 Col. (j)j 

i=l 

Method for Finding the Most Economical Embankment Height 
The procedure for finding the most economical embankment height for a given 

bridge length is to choose the embankment heights to be compared, evaluate the various 
embankment costs for these heights (see Table 6), and plot embankment height vs cost 
(see Fig. 12). The most economical embankment will be the minimum point on the 
summation curve. If the most economical embankment height is not included in those 
for which costs have been developed it may be necessary to compute the costs of other 
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embankment heights. Finally, the costs of the most economical embankment height 
are evaluated as a check, by using the normal calculation methods for finding embank­
ment costs. To illustrate, for the 1,100-ft bridge in Example 1, embankment costs 
for an elevation of 892.2 can be computed to be $12,860, which checks Figure 12. 

Costs Affecting the Most Economical Combination of Bridge Length and Embankment 
Height 

There are two bridge costs that will be common to all economy studies: (a) annual 
capital recovery cost of bridge and (b) annual bridge maintenance cost. Methods for 
evaluating these have already been outlined. 

Total costs for a given alternative bridge length are the sums of embankment costs 
plus bridge costs. Because the total length of bridge plus embankment roadway for the 
compared alternatives must be the same, a length of roadway must be added to the 
shorter alternatives to make the compared project lengths equal. The capital recovery 
cost of extra pavement is added to the other bridge costs. Often the added pavement 
cost is small and may be ignored. 

Selection of the Most Economical Alternative 
The lower portion to Table 6 summarizes total and annual costs for the most eco­

nomical combination of bridge and embankment. In it the annual costs of the least 
costly embankment for each bridge length is combined with the annual costs associated 
with the bridge (and added pavement length). The combination with the least total 
annual cost is most desirable from an economy point of view. 

ANALYSIS 
Findings of this study favor the 800-ft bridge in Example 1 and the 150-ft bridge in 

Example 2. As stated earlier, there well may be "irreducibles" that cannot be put in 
money terms. The final choice of bridge length will be made by weighing both the 
"dollar considerations" outlined here along with other important factors. 

The graphs for embankment costs (Figs. 12 and 19) show that costs increase quite 
slowly with small departures from the economical embankment height. This indicates, 
for these examples at least, that embankments a foot or so higher or lower than the 
"most economical" represent acceptable alternatives. Table 11 summarizes the effects 
of embankment height on the individual cost items that make up total embankment 
costs. Such a table may prove useful in selecting embankment height for the final 
design. 

Bridge length, the other principal variable in the analysis, makes a significant 
difference in total annual cost. This is indicated clearly by Table 12. Results of 
both examples favor short rather than long bridges. It would seem that in spite of 
the many uncertainties in the data on which the analysis is based, such a study warrants 
the time and effort it requires, particularly if it questions present practices. 

In the two examples, the effects of channel scour resulting from high velocities 
were not considered in the calculation of bridge backwater nor m the economy study. 
This might be an important design or cost factor in some instances. For example, 
velocities under a short bridge with high approach embankments might be so great as 
to reqmre ejqpensive channel and slope protection. The overtopping of low approach 
fills reduces the velocities under the bridge and therefore reduces scour. Even so, 
where velocities are high enough to threaten stream bed or embankment erosion, the 
analysis must be modified to recognize design changes and cost factors. Bradley (1) 
has a discussion on the effects of scour and how to allow for it in backwater computa­
tions. 

The authors have concentrated on developing an economy-study procedure. They 
recognize that this procedure involves a considerable amount of routine computation. 
Ifowever, with electronic computers readily available to carry out such manipulations, 
computation time becomes of little importance. 
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CONCLUSIONS 
An economy study, basically the same as the one in this paper, could be used to 

good advantage m the design of many bridge and approach embankment combinations. 
The writers acknowledge that some of the methods proposed here for evaluating costs 
are at best approximate. Often they were assumed without supporting data. It is to be 
presumed that other more direct and accurate ways of obtaining them are available to 
engineers in the various highway agencies; if so, these better methods should be used. 
However, the principles for the economy study remain the same. 

A literature search indicates that research is needed at least in three areas before 
reliable cost data will be available for studies such as these-

1. A sound basis on which to evaluate flood damages so that reliable stage-damage 
curves can be constructed. Joint efforts with other agencies concerned with this 
problem should be fruitful. 

2. More knowledge of the behavior of embankments when they serve as spillways 
so that reliable estimates of first cost and damage can be made. 

3. Better measures for determining the market and extra market costs that ac­
company rerouting of or delays to traffic. Considerable work is currently under way 
in this field and results should be forthcoming in the near future. 

It I S to be observed that the importance of items 1 and 3 is minimized on low-volume 
highways in rural areas. Thus, an analysis such as proposed here, supported by the 
underlying hydrologic and hydraulic studies, seems particularly appropriate for major 
bridges on rural farm to market and other secondary roads. 

All things considered, efforts towards collecting the supporting data and in making 
economy studies such as proposed in this paper should lead to better grounds for deci­
sion making by highway engineers. 
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Discussion 
GENE E . WILLEKE, Hydraulic Research Engineer, Division of Hydraulic Research, 
Bureau of Public Roads. -It is refreshing to have a highway problem in which hydrology 
is less uncertain than some of the other factors. 

One point that stands out very clearly is the insensitivity of change in backwater to 
a change in bridge length. A considerable change in bridge length has a small effect 
on the amount of backwater. The experimental errors inherent in the development of 
the procedure for computation of backwater would lead one to question a bridge length 
determination based on such a procedure. This is especially true in the case of the 
examples given in this paper in which all costs other than capital recovery and routine 
maintenance for the long bridge amount to less than 11 percent of the total cost. The 
same figure for the short bridge is less than 27 percent. 

Although all the figures are quite fictitious, the evidence presented would certainly 
indicate that backwater computations are a poor criterion for bridge length determina­
tion and that a search for better criteria is in order. 



THE NATIONAL ACADEMY OF SCIENCES—NATIONAL RESEARCH COUN­
CIL is a private, nonprofit organization of scientists, dedicated to the 
furtherance of science and to its use for the general w^elfare. The 
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Receiving funds from both public and private sources, by contribution, 
grant, or contract, the ACADEMY and its RESEARCH COUNCIL thus work 
to stimulate research and its applications, to survey the broad possibilities 
of science, to promote effective utilization of the scientific and technical 
resources of the country, to serve the government, and to further the 
general interests of science. 

The HIGHWAY RESEARCH BOARD was organized November 11, 1920, 
as an agency of the Division of Engineering and Industrial Research, one 
of the eight functional divisions of the NATIONAL RESEARCH COUNCIL. 
The BOARD is a cooperative organization of the highway technologists of 
America operating under the auspices of the ACADEMY-COUNCIL and with 
the support of the several highway departments, the Bureau of Public 
Roads, and many other organizations interested in the development of 
highway transportation. The purposes of the BOARD are to encourage 
research and to provide a national clearinghouse and correlation service 
for research activities and information on highway administration and 
technology. 
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