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Research on Motor Vehicle Performance Related 
To Analyses for Transportation Economy 
ROBLEY WINFREY 

Chief, Economic Research Division, Office of Research and Development, 
U. S. Bureau of Public Roads 

The need for additional and up-to-date running costs of motor vehicles 
for use in highway engineering economy studies is stressed in this paper. 
Suggestions are given on what data are needed and on the research 
methods that could be used to achieve the desired results. Detailed 
discussion is given on fuel consumption, tire tread wear, engine oil 
consumption, maintenance and repair, and depreciation as related to 
vehicle speed and speed changes, and to highway design factors. Specific 
fuel consumption curves and detailed running costs for fuel, tires, oil, 
maintenance, and depreciation are given for a typical passenger car for 
speeds up to 80 mph on a level tangent highway. Fuel and time con
sumption curves for speed change cycles are given for a full range of 
initial speeds for a diesel 2-S2 tractor-semitrailer. The paper con
cludes that researchers need to plan the whole project of study of motor 
vehicle cost for economy studies before starting test operations on any 
one factor, so that all data useful to other phases of study and analysis 
can be recorded from the very beginning of the research work. 

•BEGINNING in the 1920' s, research was undertaken on the performance of motor ve
hicles with respect to highway design. This early research gave major attention to 
fuel consumption and tractive resistance. Research on tire wear on roadway surfaces 
followed. In these pioneer days, the research objective was to find monetary values 
for the factors (mainly fuel consumption) involved in the relative economy of bituminous 
and concrete pavements as opposed to earth, gravel, or st.one surfaced roads. 

Research and interest in the economy of highway transportation were quiet from 
about 1940 to 1950. Part of this relapse was due to the war, and part was due to lack 
of interest on the part .of research individuals, State highway departments, and educa
tional institutions. About 1950, interest began to pick up with studies of the cost of 
running motor vehicles with respect to certain features of highway design. This re
newal of interest was stimulated by the expansion of highway construction, and from 
the impetus of greater traffic volume and higher travel speed. 

Early highway construction, beginning in 1920, was primarily for the purpose of 
getting an all-weather roadway surface, with little attention to traffic capacity and 
sustained speed. Later, as traffic volumes became heavier and the mixture of traffic 
between types of passenger cars and types of freight-carrying vehicles became more 
widespread, the objective of highway construction was no longer "to get the farmer out 
of the mud, " but to determine the most economical method of serving large volumes 
of traffic . This change in viewpoint brought attention not only to highway cost, but also 
to motor vehicle running cost. The objective has been to achieve the lowest cost of 
transportation-highway cost plus motor vehicle cost. 

The whole range of highway design, including geometrics and structural design, and 
those features which control traffic operation and speed, is subject to the analysis for 
economy so far as total transportation costs are concerned. With the increase in traf-

Paper sponsored by Committee on Highway Engineering Economy. 
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fie and the development of urban congestion, it has become desirable to study minutely 
the features of highway design as they affect the running cost of motor vehicles. 

The introduction of uphill truck lanes, the design of divided highways on a directional 
basis, the coming of urban expressways, and the adoption of a variety of traffic control 
devices, all have brought on the desirability of improving the procedure used in studies 
of the economy of highway design. In addition, the large traffic volumes have made 
possible large amounts of dollar benefits which now justify features of highway design, 
whereas previously, these features could not be justified economically because of low 
traffic volumes. Increase in truck traffic, both in frequency and in vehicle gross 
weight, has brought about the necessity of studying the effect of minus and plus grades 
on the cost of operating motor vehicles. 

It is desirable that research on the performance of motor vehicles be a continuing 
research because motor vehicles change in their operating characteristics, perfor
mances, and running costs. The high horsepower passenger automobiles of today can 
negotiate practically any gradient up to 8 percent grade at speeds as high as 60 mph in 
high gear. On the other hand, there has been introduced to the traffic in recent years 
the lower horsepower cars, both domestic and foreign, which do not have high top speed 
or low ratio of weight to horsepower. 

It becomes necessary, then, to give more attention to the selection of vehicles on 
which the running cost should be determined than has been desirable heretofore. 

This paper is based primarily on the author's personal study and experiences in the 
field of the running cost and performance of motor vehicles as viewed from the objec
tives of economy studies of highway design geometrics and highway location. 

A few specific results are presented, but the main objective of this paper is to dis
close the shortcomings of existing literature on the performance of motor vehicles with 
respect to economy of highway design, and to suggest how these shortcomings can be 
overcome by concentrated, organized research directed to this purpose. 

THE PROBLEM 

Despite the years of research and testing of the performance of motor vehicles, the 
literature is still seriously lacking in the effect of highway design and traffic operations 
on the running cost of motor vehicles. The information for heavy trucks is especially 
lacking; therefore, a serious analyses in depth to determine just what information is 
needed, followed by a carefully planned research program to get the desired informa
tion is necessary. 

Motor Vehicle Running Cost 

It is frequently remarked, "Do we not know what it costs to operate motor vehicles?" 
The answer to the question is yes and no. Commercial operators, particularly the 
major transport lines, do know overall what it costs them to operate their freight ve
hicles. Sometimes these companies know the answer for specific kinds of vehicles 
with respect to axle arrangement or gross vehicle weights, but more particularly, they 
know their cost only on a fleet basis. 

A few owners of passenger cars keep complete operating cost records. They know 
what it costs them to operate their specific vehicle in overall general usage, but not as 
affected by highway design. Tables 1 and 2 comprise one such record for a 1949 model 
car retained in the same ownership during the period of this record. 

Tables 1 and 2, however, are accurate records of the overall ownership cost of 
only one vehicl€. These records are probably not representative of the 66 million pas
senger cars in use. Also, these records are practically worthless when applied to the 
analysis of economy of highway design. It becomes essential, therefore, to take spec
ific vehicles of known specific characteristics, design elements, and performances and 
to operate these as test vehicles over specific highways such that the effect on the 
running cost of the vehicle of each element of highway design can be measured. 

Table 3 shows a subdivision of the general maintenance and other cost items for 
passenger cars. Records of maintenance cost by some such classification are helpful 
in allocating maintenance cost to speed, speed changes, and grades. The total process 
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TABLE 1 

OPERATING COST OF A 1949 4-DOOR SEDANa 

Cost($) 

Date Cents 
Cost Item per 

Nov.• mile 
Dec. 1952 1953 1954 1955 1956 1957 1958b 1959 1960 1961 1962 Total 
1951 

Mileage 
Body 1. 50 7. 75 43. 54 11. 50 14. 55 7. 39 7. 50 5. 25 9. 30 0.00 1. 20 0.00 109.48 0.128 
Brakes 0.00 2. 25 27. 77 0.00 2. 25 0.50 61. 55 2. 50 5. 20 18. 65 1. 00 0.00 121. 67 0.142 
Chassis 0.00 1. 85 32.42 2. 75 14.40 16. 80 0.00 15. 28 0 . 00 39.45 9 . 00 0.00 131. 95 0 . 154 
Electrical 0.00 25.56 8. 25 8.00 26. 75 o.oo 12. 75 0.00 0.00 o.oo o.oo 15 . 95 97. 26 0 . 114 
Engine 4.10 17. 55 16. 47 27 . 15 14 . 75 188. 20 21. 40 7. 25 4. 35 1.00 4. 50 9. 20 315. 92 0.370 
Engine oil 1. 80 17 .14 20. 67 20. 87 21.00 12. 36 18. 27 18. 25 7. 50 3. 60 6. 45 9. 05 156. 96 0.184 
Gasoline 27 . 61 219. 55 219. 39 240. 36 249. 78 242 . 27 290 . 80 258. 97 94 . 93 108. 40 99. 37 108.61 2, 160.04 2. 526 
Greasing 4. 80 10. 75 11. 25 9. 50 7. 25 4. 45 5. 65 6. 05 5. 25 2. 00 3.00 3.00 72. 95 0. 085 
Power 

chain 2.05 15 . 15 1. 95 7. 05 0.00 40.18 0 . 00 o.oo 1. 70 0.00 0.00 0.00 68.08 0.079 
Tires 1. 50 30 , 39 46. 90 23. 56 61. 88 2. 70 2.00 70 . 26 o.oo 0.50 o. 00 0.00 239. 69 0 . 280 

Subtotal 43. 36 347 . 94 428 . 61 350. 74 412. 61 514 . 85 419.92 383. 81 128. 23 173. 60 124.52 145. Bl 3, 474.00 4 .063 
Time 

AAA 
member 0. 00 0.00 0 . 00 26. 00 26. 00 26 , 00 26.00 26. 00 26.00 26.00 26.00 26. 00 234. 00 0. 274 

Insurance 15 . 00 90 . 00 90.00 90.00 90 . 00 90 . 00 90.00 90.00 110.00 110.00 110.00 110.00 1,085.00 1. 269 
Licenses 1. 83 8. 50 8. 50 8. 50 15. 00 15. 00 15. 00 15 .00 18.50 18. 50 20.00 20.00 164 . 33 0.192 
Parking 7. 00 42.00 42. 00 42.00 42. 00 42 . 00 42. 00 42 . 00 48 . 00 48. 00 48 . 00 48. 00 493. 00 0. 577 
Tolls 6 . 10 36. 50 36. 50 36. 50 36. 50 36. 50 36. 50 36. 50 36.50 36. 50 36 . 50 36. 50 407. 60 0. 477 
Other 0. 50 0. 50 o. 50 4 . 50 2.00 1. 60 15. 55 25 .15 0.029 

Subtotal 29 . 93 177 .00 177 . 50 203 . 00 209.50 210.00 209. 50 210. 00 243 . 50 241. 00 242.10 256. 05 2, 409. 08 2. 818 
Total 

cash 73 . 29 524. 94 606.11 553. 74 622 . 11 724. 85 629. 42 593. 81 371. 73 414.60 366. 62 401. 86 5, 883. 08 6 . 881 
Depreciation 50. 00 380 . 00 356. 00 288.00 176 . 00 BO. 00 79. 00 41. 00 30. 00 25.00 25. 00 20 . 00 1, 550.00 l. 813 
Ownership 

Garage 
Interest 

a t 6~ 16. 55 96. 90 82 . 80 63 . 30 38. 40 20. 70 20. 40 16 . 20 12. 90 10. 50 8 .40 6.90 393. 95 0. 461 
Property 

tax 6 . 95 50 . 06 48. 30 39. 56 28.61 15 . 52 14. 59 11.85 9. 44 7. 61 6. 09 5.00 243. 58 0. 285 
Subtotal 23 . 50 146. 96 131.10 102. 86 67 . 01 36 . 22 34. 99 28.05 22.34 18 . 11 14.49 11. 90 637. 53 0. 746 

Grand total 146. 79 1,051.90 1, 093 , 21 944 . 60 865 . 12 841 . 07 743. 41 662. 86 424. 07 457. 71 406. 11 433. 76 8, 070 . 61 9. 440 

aEquipment with 6-cyli11der, 116-hp motor, Huid drive, semi-automatic transmission, and 7. 60 x 16 tire s 1 purchased Nov , 1951 for 
$1,650 and sold Dec. 1962 for $100 . 

l>Nov. 1958-became a lwo - i::a r family fo r remainder of this record. 

TABLE 2 

BASIC DATA AND SUMMARY OF THE OPERATING COST RECORD GIVEN IN TABLE 1 

Odometer Miles Market 
Cost Item (cents/mi) Total Value Gasoline Oil Gasoline Oil Gasoline Gasoline 

Date Reading Driven Beginning Consumed Used Consumplion Used Cents 
Cost Cost 

Beginning During 
Year Gal. (qt) (mi/qt) (mi/qt) Mileage Time 

Depreci- Owner- pe' (cents/mi) (cents/gal) 
Year Year ($) ation ship Mile 

Nov-Dec 1951 19, 719 1, 203 1, 650 107 , 2 6 11. 22 200 . 5 3.60 2 , 49 4 , 16 1 , 95 B. 04 2.30 25 .76 
1952 20,922 ll, 151 1.600 830, 4 48 13.42 232. 3 3. 12 1 59 3.41 1.32 9 . 44 1.97 26.44 
1953 32, 073 10. 027 1, 220 768.8 46 13. 04 218. 0 4. 27 I. 77 3_55 1.31 10, 90 2. 18 28.54 
1954 42, 100 10, 623 864 805 . 0 47 13 , 20 226 . 0 3 . 30 1. 91 2 . 71 0.97 8.89 2. 26 29.86 
1955 52, 723 11, 060 576 846 . 6 44 13 . 06 251.3 3, 73 I. 89 1. 59 0.61 7. 82 2. 26 29.50 
1956 63, 783 9, 678 400 800 . 5 33 12 , 09 312, 2 5.32 2. 17 0,83 0.37 8.69 2.50 30.26 
1957 73, 461 11, 088 320 934.2 31 11 , 87 357 . 6 3 , 79 1. 89 0.71 0 , 32 6.71 2.62 ~1-12 
195aa 84j 549 9, 364 241 860 . 6 30 10. 68 312.1 4 . 10 2 . 24 0 , 44 0.30 7. 08 2. 76 30. 09 
1959 93j 913 2, 750 200 312 . 2 12 8 .. 81 229.2 4.66 8. 85 1.09 0. 81 15 .. 41 3 . 45 30.40 
1960 96, 663 3, 086 170 303 . 0 6 10. 18 514.3 5.62 ~ . 01 0 . 81 0, 59 14. 83 3 . 51 35. 77 
1961 99, 749 2, 717 145 314.6 10 8.64 271. 7 4. 58 8. 91 0 . 92 0 . 53 14. 94 3.65 31.58 
1962 102, 466 2, 749 120 ~ 14 8.25 196.4 5 . 30 9 , 31 0. 73 0 . 43 15. 95 3.95 32 .61 

Total or Avg. 85, 496 7, 216. 2 325 11.85 263.1 4.063 2.818 1 .813 0. 746 9 , 440 2. 526 29.93 

aN'ov. 1958-became a two-car family for remainder of this record. 

necessitates controlled tests of specific vehicles under known highway and traffic con
ditions, laboratory tests, and an analysis of total operating cost records. 

The objective of research for the purpose of providing the necessary information by 
which the relative economy of proposed highway design factors can be determined, is 
to relate each of the motor vehicle running cost factors (fuel consumption, tire wear, 
oil consumption, maintenance and repair cost, depreciation cost, accident cost, and 
travel time) to each of the highway design and traffic factors (distance, plus grades, 
minus grades, horizontal curves, roadway surface, speed, and speed changes). 

Thus motor vehicle operation on horizontal curves needs to be studied to measure 
the effects of radius of curve, superelevation, and vehicle speed on the consumption 
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Body Brakes' Chassis 

Bumpers Adjusting Frame 

Doors Cylinders Front 
end 

Healer Drums Gas line 
and 
tank 

Instru- Fluid Mufller, 
men ts tail-

PLpe 

Fenders Lining Steering 

Glass Shoes Wheel 
and 
axles 

Hub caps 

Interior 
Keys, 

locks 
Paint 

Rattles 
Wash, 

polish 
Windshield 

wiper 

TABLE 3 

CLASSIFICATION OF COST ITEMS FOR MITTOR VEHICLE OPERATING COSTS 

Electrical 

Battery and 
cables 

Generator 
and belt 

Lamps and 
bulbs 

negulator 

Starter 
motor 

Turn 
signal 

Wlrlng 

Engine 

Air cleane r 

Antifreeze 

Bug screen 

Carburetor 

Distributor 

Fuel pump 

Fan and 
belt 

Intermll work 
Oil filter 

Radiator 

Spark plugs 

Steam clean 
Tuneups and 

parts 
Water pump 

Engine 
Oil 

Engine 
Fuel 

Creasing 
and 

Lubricants 

Chassis 

Di!fel'ential 

Universals 

Trans-
nnsslon 

Fluid drive 

Front 
wheels 

Grease 
filtinA°S 

Power 
Train 

Clulch 

Differential 

Drive shaft 

Transmission 

Tronsmission 
fluid 

Uni\'ersals 

Tires 

Bal<ince 

Chains 

Flats 

Rotating 

Snow 
tires 

Q.her Miscellaneous 

Safety in- Depreciation 
s[Jections 

Tow-in Insurance 

Radio Licenses 

Sm<itl tools Tolls 

Parking 

Accidents 

Auto club 
membership 

Garage 
Interest on 

investment 
Personal 

nrooo rty tax 

of fuel, the wear of tread rubber, the consumption of engine oil, the maintenance and 
repair of the vehicle, and on the mileage life of the vehicle. In addition, the effect of 
curvature on accident cost and on travel time needs to be determined to complete the 
picture. 

Consumption of fuel, tires, and engine oil can be measured on the roadway or in 
the laboratory, such that these elements of performance can be converted to running 
cost with reasonably reliable results. On the other hand, the maintenance cost of the 
vehicle and the depreciation cost of the vehicle are difficult to relate to specific ele
ments of highway design.. Work is progressing on the study of accident frequency and 
the cost of accidents, whereby eventually the highway design and traffic operation fac
tors can be fairly reliably related to the cost of motor vehkle a<:cidenl1::>. Travel lime, 
of course, is a direct result of vehicular roadway speed. Travel time can be determined 
by field observation of the traffic speed under different features of highway design; but 
to place a price on travel time is still a subjective process. 

Traffic Performance 

To aid the researchers in determining the performance of motor vehicles and their 
running costs for appli<;:ation to economy studies, it is desirable to make extensive ob
servations of the performance of vehicles in normal traffic . Highways of different lane 
design, geometric considerations, and traffic volumes should be observed in detail to 
determine the following factors of the performance of traffic: speed on plus and minus 
grades for a range up to 8 percent; speed on the horizontal curves of different radii and 
different superelevations; speed changes in magnitude and frequency under different 
kinds of driving; brake applications and pressure; braking time duration; and decelera
tion and acceleration time for stops from a range of initial speeds. 

Be(;ause vehicle speed is a critical fn.ctor iTI beth running ccBt and travel time, speed 
distributions are needed under a range of hourly traffic volumes and for 24-hr days, 
for at least a full week. A few control speed studies are needed for the full year. These 
speeds could be r·ecorded at the permanent traffic counting stations. 

Urban traffic is costly because of the continuously changing speeds and is also dif
ficult to describe in the manner needed to estimate the running cost of vehicles. Instru
mentation and recording devices are now available by which speed, speed changes, 
distance, time, and other factors can be collected by ,driving test cars in the traffic 
over a selection of typical urban streets. 
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METHODOLOGY 

There are three methods of research and testing that may be used in developing 
motor vehicle running costs and performance data necessary for the studies of highway 
engineering economy . These methods are : (a) driving test vehicles on the highway, 
(b) laboratory t esting, and (c) analysis of the records of the cost and of the use of 
motor vehicle operation as kept by vehicle owners. By combining these three methods, 
the desired results can be approached more closely than by using any single method 
alone. 

Use of Test Vehicles 

Most past researchers who have used any one of the methods have neglected to see 
the advantages of combining the three methods. A second neglect has been failure to 
see that information supplementary to the main objective of a particular test would be 
highly beneficial to other objectives not a part of the immediate goal. For instance, 
when measuring fuel and time consumption during speed changes, deceleration and ac
celeration distances and times have not been generally recorded. Yet these factors 
are helpful in estimating tire wear, oil consumption, and maintenance costs. Research 
on grades has been almost wholly limited to plus grades, yet fuel, tire, oil, and main
tenance costs on minus grades are equally important. All fuel consumption tests would 
be more useful if throttle opening, manifold pressure, and engine revolutions per 
minute were reported. Wheel revolutions per mile in all tests would be helpful in fuel, 
tire, oil, and maintenance analyses. Other factors could also be mentioned. 

Researchers on the cost and performance of vehicles need to outline the whole prob
lem at the outset, so all factors are identified and their interrelation recognized before 
test work begins. This approach is especially important to testing in the laboratory 
when road conditions need to be simulated. For instance, a few control tests of fuel 
consumption and tire wear on horizontal curves can be made in the field. By recording 
such items as throttle opening, manifold pressure, engine revolutions, wheel revolu
tion, steering angles, slip angles, horsepower at the drive wheels, off tracking, and 
other factors, the few field tests can be extended to a full range of speeds, radii of 
curves, and superelevations by laboratory simulated tests. In addition, these data 
would help in calculating oil consumption and maintenance costs. 

The full range of vehicle performance should be conducted with the same test ve
hicles, both in the field and laboratory . By planning the complete series of tests and 
observations initially, the most advantageous use can be made of on-the-road and lab
oratory tests. 

Cooperation of Industry 

The motor vehicle manufacturers, specialty manufacturers, petroleum companies, 
and tire companies carry on a large research and development program in connection 
with the development of new products and improved vehicles. Much of this work, how
ever, is not reported in the literature or much of that reported is not reported in the 
form usable in developing the necessary vehicular performances for use in the engi
neering economy studies of highway design. 

Inasmuch as these industrial organizations have available the necessary equipment, 
general facilities, and trained personnel, it is suggested that they might be willing to 
make certain determinations of vehicular performance for specific use in engineering 
economy studies. These industries might be willing to undertake both field and labora
tory tests for nominal fees, should some central organization, such as the Highway 
Research Board or the U. S. Bureau of Public Roads, approach them with definite 
proposals . 

The author endeavored to get specific information from these companies with refer
ence to fuel consumption, tire wear, and engine oil consumption. He received good 
cooperation, but the companies did not have the specific information requested. For 
example, three tire manufacturing companies indicated that they did not know the 
specific rates of tread wear for heavy transport vehicles operating at different specific 
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speeds. Likewise, the tire manufacturers were able to give only sketchy information 
on the rate of tire wear on horizontal curves. Although this subject has been investi
gated to a certain extent, the data on curvature, superelevation, and speed necessary 
for economy studies has not been reported. 

Petroleum companies through both field operation of vehicles and laboratory tests, 
have made certain determinations of the rates of consumption of engine oil. Here again, 
however, the desirable conditions similar to road conditions were not reproduced. The 
objective of such tests was to compare different oils or to determine certain other 
characteristics of engine performance or lubricating oil performance other than a rate 
of consumption under different engine speeds and horsepower outputs. 

It might be possible through a more thorough study of the operations of truck trans
port, to gain some useful information relative to truck performance and running cost 
than has heretofore been uncovered. This might necessitate the truck transport people 
keeping some specific records, particularly of fuel consumption, travel speeds, travel 
times, and tire wear wherein the same vehicle travels the identical route day after 
day. 

Use of the Literature and Cost 

As previously indicated, the performance of vehicles has been observed and the 
results reported, beginning in 1920. However, as of today, there is much needed in
formation that cannot be found. Helpful facts, isolated values, testing methods, and 
comparative factors are to be found in the literature upon careful and extensive search. 
The references in this paper are illustrative of what is available. 

Although the reported cost of operating vehicles in general service does not disclose 
unit costs that can be associated with specific features of highway design, such costs 
are helpful for controls and for relative costs. Maintenance cost of vehicles, engine 
oil changes, and depreciation costs are not measurable in ordinary test running. The 
b;:isis of alloeating these eosts to speed, speed changes, grades, and distance must be 
practice. A good comparison of the effects of rural driving as compared to urban 
driving could be made by analysis of the complete records of the cost of operation of 
vehicles driven mainly in these two areas. 

DESCRIPTIVE INFORMATION NECESSARY 

In determining the performance and running cost of motor vehicles for purposes of 
engineering economy studies, it should be kept in mind that a full description of the 
test vehicle and of the operating data should be reported. This information is desirable 
because of the many variations in vehicular design and performance which affect running 
costs. One of the objects of reporting detailed information is to make it possible for 
the performance of one vehicle to be converted reasonably well to the performance of 
other vehicles. Furthermore, with full information available certain theoretical calcu
lations may be possible as to running cost under conditions which were not measured 
in the fi eld. 

Test Vehicle Information to Be Reported 

The test car used on the highway and in the laboratory to measure the consumption 
of fuel, tire tread rubber, and engine oil, and for determining maintenance and de
preciation charges, should have a complete description given of its characteristics. 
'T'hi.:: rlP<:f"'Y'intirm VJrn1lrl inf"'lnrlP f':llf'.h itPms ::is wei!J'ht on each wheel. irear ratios. ----- ---~---J..------ ·· ------ ---------- ---- - -- - -.._, ~ ........ ~ 

steering ratios, tire sizes, engine revolutions per minute-horsepower curve, specific 
fuel consumption against revolutions per minute and horsepower output, bore and stroke 
of the engine, center of gravity, type of front end suspension, gear transmission ratios, 
speed at which gear ratios shift with automatic transmissions, and many other items. 
The type of front end suspension is important in connection with analysis of slip angles 
on horizontal curves. 

Table 4 is illustrative of the type of information that should be reported along with 
all test data. 



TABLE 4 

DESCRIPTION OF 4-KlP PASSENGER CAR 

Curb weight (tare weight), lb 
Maximum rated pay load, lb 
Gross road weight used in running cost 

tables, lb 
Gross weight rating, lb 
Gross road weight (c ost tables) per net 

horsepower, lb 
Body type 
Height, ft 
Width, ft 
Length, ft 
Frontal projected area, sq ft 
Wheel base, power unit, ft 
Numbe r of axles 
Number of wheels 
Size of tires 
Ply rating of tires 
Rear a.."le ratio 
Transmission gear ratios: 

First 
Second 
Third 

Number of cylinders 
Bore and stroke, in. 
Displacement, cu in. 
Type of fuel 
Gross horsepower and rpm 
Net horsepower and rpm 
Idling speed, rpm 
Engine oil capacity, qt 
Cost new, with tires, power unit, $ 
Cost, complete set tires (no spare), $ 

3, 500 
900 

4, 000 
4, 400 

18. 6 
4- door sedan 

4 .8 
6 . 5 

17 . 0 
26.0 
9. 7 
2 
4 

7 . 50 X 14 
4 
3. 92 

2. 78 
1. 62 
1.00 
8 

3.625 x 3.66 
302 

Gasoline 
187/ 3800 
163/ 3600 

450 
5 

2, 510 
92 

7 

Test Information to Be Reported 

Reporting full conditions prevailing 
during the testing of the vehicle on the 
highway should make it possible to simu
late certain of these conditions in the lab
oratory for measuring fuel consumption, 
tire wear, and oil consumption. One ex
cellent application in this respect is in 
determining the fuel consumption on down
hill operations. Under certain conditions 
of downhill operation, the engine may be 
at low horsepower output or it may pro
duce negative horsepower output when 
used to brake the forward movement of 
the vehicle. Under these conditions, the 
manifold is under a lower pressure; this 
lower pressure will affect fuel consump
tion and engine oil consumption . 

It is desirable to report at least the 
following items determined concurrently 
with measurements of fuel consumption 
for the highway design factor being con
sidered: roadway speed, horsepower at 
rear wheels, manifold pressure, throttle 
opening, engine revolutions per minute 
and the revolutions per mile of the rear 
wheels and front wheels, tire pressure 

and temperature, crankcase temperature ; other factors would be altitude, barometric 
pressure, wind velocity, and air temperature. 

RUNNING COST FACTORS 

Discussion of factors of running cost is helpful in disclosing possible difficulties 
and the interrelationship of these factors when testing vehicles. 

Measurements of Fuel Consumption 

Fuel consumption of a motor vehicle engine is a factor of internal design of the 
engine, engine speed, engine temperature, gear ratio, gross weight of the vehicle, 
altitude, air temperature, relative humidity, and other factors. Fuel , however , is a 
cost element that can be measured and priced, though some difficulty is still being ex
perienced in measuring minute quantities of fuel consumption with the necessary degree 
of precision. For instance, fuel consumption rates for speed changes (including stops) 
on horizontal curves and on minus grades are difficult to measure because of the small 
quantities of fuel consumed in the traveling distance available for the moving vehicle 
under test conditions. 

Figure 1 shows three fuel consumption curves for a 1957 V-8 sedan with a road 
weight of 4, 450 lb. The gallons-per-hour curve has not been used much in economy 
studies. It is, however, a convenient curve to use in plotting and smoothing field data. 
It has two main advantages over either the curve for miles per gallon or gallons per 
mile . The gallons-per-hour curve is concave upward throughout its range, and it 
may be projected to zero speed to indicate the idling engine fuel consumption. 

The two families of fuel consumption curves in Figure 2 are for the same vehicle 
as for Figure 1. Here the fuel consumption curves in gallons per hour are given for 
minus and plus grades (-6 to +7 percent) . Note that the consumption on the minus 
grades reaches down to the idling consumption rate when the grade and speed together 
create the situation that no engine horsepower is required to maintain the r oad speed. 
This condition is indicated by th.e inset curve (straight line) for the floating speed- that 
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consumption curves for a 1957 4-door sedan equipped with a v8 engine 
automatic transmission, and power steering, and weighing 4,450 lb in

cluding driver and observer. 

downhill speed at which the force of gravity exactly equals the rolling resistance, air 
resistance, and chassis resislance of the vehicle. 

There is some uncertainty whether or not the fuel consumption curves for all plus 
grades (lower family of curves of Figure 2) intersect at the point of idling fuel con
sumption at zero speed. The fuel meter used to develop these curves was not suffic
iently precise to establish this relationship for certain under the test conditions pre
vailing. 

Tire Tread Wear 

Tire tread wear is difficult to measure. Current tires are of high quality and, 
therefore, it takes thousands of miles to produce enough wear to give reliable meas
urements. This means that it is difficult to measure tire wear resulting from speed 
changes or travel around horizontal curves. Here, laboratory tests under simulated 
conditions should be made. 

Tire wear may be measured by determining the depth of tread worn off, or the loss 
in weight or volume of tread rubber. In most of the researches reported in the litera
ture, tire wear was measured by the depth of tread rubber or by weighing the tire. 
Each of these methods has cel'tain advantages and disadvantages, but between the two 
and with the proper research technique, it is possible to get reliable tire wear as 
affected by the features of highway design and traffic operation. 

Generally, the rear wheels and front wheel revolutions per mile have not been re
ported and temperature and weather conditions may not have been reported. The wheel 
revolutions per mile are important because of the slippage effect of the wheel under 
higher speeds or horsepowers which in the end increase the rate of tire wear. Here 
again, it wou.1C1 be aesirabie to record the engine revolutions per minute as well as the 
horsepower at the rear wheels in all measurements of tire wear. 

Tire wear on horizontal curves can be as much as one thousand times the rate of 
wear at the same speed on a level tangent. In operating around the curve, the cornering 
force developed by both the front tires and rear tires in order to change the direction 
of travel of the vehicle may become quite high under certain conditions. This high 
cornering force results in the tires being skidded sideways, which, in effect, subjects 
the tires to a grinding action as compared to a rolling action when the tires are moving 
forward longitudinally with the direction of travel. 
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Figure 2 . Gallons -per-hour fue l consumption on plus and minus grades for same car as 
Figure 1. Floating speed is the constant coasting speed maintained going do,mhill with 

closed throttle. 

9 

The operation of vehicles on horizontal curves should be accompanied by accurate 
measurements of the steering angle, the superelevation and radius of the curve and 
the slip angle developed at both the front and rear wheels. This slip angle is the angle 
of actual travel of the vehicle with respect to the angle it would travel should there be 
no requirement for understeering or oversteering to negotiate the particular radius of 
curvature. This oversteering or understeering which causes the development of the 
slip angle is necessary to create the resisting force necessary to alter the direction 
of the vehicle. 

The slip angle can be zero, positive, or negative depending on whether the super
elevation of the curve with reference to the speed of the car is just sufficient to balance 
the centrifugal force or whether it is deficient or in excess. A negative slip angle would 
be introduced at slow speed on a highly superelevated curve such that it is necessary 
to steer away from the center of the curve (against the superelevation) in order to 
keep the car from slipping down toward the center of the circle. A positive slip angle 
on a curve is introduced when negotiating the curve at a speed higher than for which 
it is superelevated. In this case, the cornering force developed by the slip angle is 
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required to turn the vehicle around the curve instead of allowing it to move in the 
straightforward direction. 

Here again, it would be highly beneficial to researchers on tire wear if many dif
ferent radii and superelevated curves could be driven by a test vehicle which would 
measure primarily the steering angle, slip angle, horsepower at rear wheels, and the 
revolutions per mile of each wheel when negotiating curves at different speeds and 
different superelevations. With this field information at hand, tire wear could be de
termined in the laboratory under simulated conditions. 

The U. S. National Bureau of Standards (85) has done limited work in this area, 
but the results are not extensive or reportedin the form suitable to highway economy 
studies. Certain of the rubber manufacturers have al so done work using laboratory 
techniques of determining tire wear. 

Engine Oil Consumption 

Although engine oil is not a major cost item in the running of motor vehicles, it is 
one item which is possible to measure on a quantitative basis, and thus, reduce un
trnow11 costs to 

Engine oil consumption, like tire wear, is not observed in large quantities. It is 
somewhat difficult to measure for specific elements of highway design. On the other 
hand, if the performance of the vehicle is fully catalogued at the different conditions of 
highway design, engine oil consumption can be determined fairly reliably by laboratory 
test. Certain recent tests of oil consumption have been aided materially in the labora
tory by use of isotopes or tracers to determine the relative amount of oil consumption 
(82). 
- Engine oil is consumed through a process of oxidation under heat; it is evaporated 

to a certain extent under heat and pressure; and it is washed down the cylinder walls 
into the crankcase to disappear through crankcase ventilation. Oil which is forced up 
into the combustion chamber of the cylinder is burned along with the burning of the 
engine fuel . 

Engine oil consumption varies with manifold pressure, throttle opening, horsepower 
output, gear ratio, revolutions per minute of the engine, engine temperature, and 
other factors. The engine under heavy load as compared to light load, generates more 
heat and operates at a higher temperature, thus inducing more rapid rate of engine oil 
consumption. At these high temperatures, the engine oil is at a lower viscosity and 
this thin oil has greater tendency to leak out through joints and bearings as well as to 
move into the combustion chamber where it is burned. Laboratory testing of engine oil 
consumption is probably preferable to field testing of engine oil consumption because 
of the engine hours required to consume enough oil such that measurements of quantity 
are reliable. On the other hand, there are certain types of current highways, particu
larly the four-lane divided Interstate or toll highway, in comparatively level country 
which could be used as check test courses for measurement of engine oil consumption 
at high speed <l_s well <l_s for fuel and tire consumption. 

Engine oil consumption is more a factor of engine speed on a time basis than it is 
of road speed. As the vehicle engages lower gears in order to develop the required 
horsepower, the piston travel is more in feet per hour than it is in the higher gears. 
Oil consumption in the engine is a factor, therefore, of the bore and stroke of the 
engine and number of revolutions . For these reasons, it is highly desirable that the 
engine speed in revolutions per minute be recorded simultaneously with a recording of 

One of the difficulties in reporting engine oil consumption is how to account for 
crankcase oil changes. It is one thing to measure lubricating oil consumption during 
the time the engine is operating, but when it comes to making overall consumption rates 
meaningful, some consideration must be given to the changing of crankcase oil. Rec
ords now available on miles driven per quart of lubricating oil and the number of miles 
driven per oil change, show a wide variation in practice. Furthermore, the probability 
is that, even though records of the addition of makeup oil are available on a reliable 
basis, true consumption of oil while the vehicle is in motion may not be obtained. 
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This situation could result from the fact that, generally, vehicles will have an oil 
change when the oil is low rather than when it is up to the full mark. Reported make
up oil then is probably less than the actual oil consumed during the observation period. 

In general, lubricating oil is changed at shorter mileage intervals for slow speed 
and urban driving, where there are many speed changes per mile, than at high speed 
driving. At high speed, rural type of long distance driving, crankcase oil changes oc
cur at greater mileage intervals because of the more favorable conditions under which 
the engine is operated . A hot engine keeps itself clean and performs in good function. 
The fact that the equivalent of a partial oil change is obtained by the addition of a larger 
amount of makeup oil p-er mile of high speed driving than is experienced at slow speed 
driving, is also a factor resulting in high mileage between oil changes. 

Maintenance and Repairs 

The maintenance and general repair work of the vehicle represents a fairly high 
percentage of the total cost of operating the vehicle. On the other hand, the allocation 
of maintenance and repair cost to specific conditions of operation and factors of high
way design is most difficult. 

The maintenance of the vehicle can be roughly divided into lubricants, the engine, the 
chassis, the body, the electrical s ystem, and the braking system. 

Just how each of these general categories of maintenance of the motor vehicle is 
affected by highway design and vehicle operation is difficult to determine. However, it 
is reasonable to expect that the wear and tear on the engine and the electrical system 
might be somewhat related to either fuel consumption, to horsepower output, or to 
hours of use, or to all three items. There is general evidence as reported by com
mercial users that slow speed driving, particularly under a high number of speed 
changes, is conducive to increasing the maintenance cost of the engine over driving at 
constant and somewhat higher speeds. A vehicle that is used daily at low speed with 
a large number of speed changes develops a dirty, gummy engine condition which re
sults in a high amount of mechanical wear and disorder in the engine and lubricating 
systems. On the other hand, extreme high speed driving generates a greater amount 
of strain on many parts of the vehicle including higher pressures on bearings and 
higher general vibration and resisting forces, particularly when changing speeds or 
changing direction of travel. It is probable that the more moderate speeds (between 
30 and 40 mph) produce the minimum rate of wear and tear on the vehicle. 

Except for parking, brake wear is wholly attributable to decelerating the vehicle 
and holding a constant speed on downhill operation. The total cost of brake maintenance 
can be determined fairly accurately by cost keeping devices . Furthermore, the braking 
pressures and braking times in vehicular operation on the highway can be measured. 
It should be possible, therefore, to make a reasonable allocation of the overall expense 
of maintaining the braking system of a vehicle to the conditions of speed changes of a 
vehicle on the highway. 

There is some evidence that the electrical system providing ignition to the engine 
wears much more rapidly at high speed than at low speed. The spark plugs and dis
tributor seem not to withstand the higher pressures, temperatures, and rapidity of 
function as well as they do at lower vehicular speeds. 

In some pre-World War II work by Professor Moyer (at that time at the Iowa State 
University), there is good evidence of the effect on the general maintenance of the ve
hicle of operations over gravel roads on a year-round basis as compared to operating 
over bituminous or concrete pavements (54). These measurements of cylinder wear, 
brake drum wear, and general condition of the car indicate that both the dustiness of 
operation as well as the amount of vibration and overall strain on the car as a result 
of rough road surfaces, materially increases the maintenance expense of the vehicle. 

Depreciation Expense 

Motor vehicles in the long run are relegated to scrap. At this time, or at least at 
the time they are no longer used on the highway, they can be said to have been fully 
depreciated. That is, the original cost less their scrap value is wholly chargeable to 
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the operation of the vehicle during its period of life. The depreciation expense could 
be allocated on a mile basis or on a time basis. Either method will produce comparable 
results in the end. 

On a time basis, however, the vehicle, using market price as an index of deprecia
tion when compared to the cost new, decreases more rapidly in the earlier years of 
use than it does in subsequent years. The vehicle on the market value basis may re
duce to practically scrap value in six or seven years. On a use basis, the passenger 
cars on the average are maintained in use about twelve years. These figures pertain 
to passenger cars and light commercial delivery vehicles rather than to the freight 
transport vehicles. It is known also that passenger cars have a higher average annual 
mileage when new than they do when they get older. The new vehicles probably are 
driven an average of 13, 000 miles a year the first year of service, and in the last year 
of service, it might be as low as 3, 000 to 4, 000 miles. 

Regardless of the time element or mileage element, the car ultimately becomes 
fully depreciated from a cost concept. This dAprP.r.iat.ion is wholly chargeable to the 
service rendered by the vehicle. For engineering economy studies, the problem is to 
find a basis of allocating the depreciation expense of a vehicle to its conditions of opera
tion and use. It ts logtcal to a ssum e U1at a vehicle driven high mmaal mileage s will iu 
the long run be used a greater total number of miles during its service life than will a 
vehicle driven low annual mileages. This is because the factor of age of the car affects 
its desirability of ownership. As a car gets older, newer cars are available which are 
more attractive to the motoring public and, therefore, in greater demand. New cars 
are also more reliable than older cars and people willhesitatetobuyareallyoldcarfor 
fear of not getting a reliable transportation machine. Using speed as an index to car 
miles driven in the course of a year, it would be logical to depreciate a car driven at 
high speed over more total miles of useful life than a car driven at low speed. 

And similarly, because of the greater wear and tear on a car under urban conditions 
of low speed driving, it is reasonable to depreciate the car at a higher rate per mile 
than it would at the same speed of driving in rural areas. 

The conditions of operation conducive to high maintenance and repair cost probably 
also would result in higher rates of depreciation, all other conditions being equal. 
After all, only so much maintenance and repair can be done until further repair be
comes uneconomical. 

The frequency and extent of speed r.h::ine;P.s and of horizontal resisting forces 
probably have an effect on the depreciation of the vehicle as well as on the maintenance 
and repair cost of the vehicle. 

Accident Costs 

This paper will dispose of accident cost as rP.lated to economy studies in two brief 
sentences. Accident costs are a real road-user cost, the reduction of which could 
justify much higher highway and traffic control investments. Up to this date, the 
extensive literature on accident costs and highway safety does not contain a single pub
lication which puts accident costs in the proper light or proper units for appiication to 
economy studies. 

ILLUSTRATIVE RE SUL TS 

It may be helpful to present two results of the author's work (96) on motor vehicle 
running cost to illustrate the type of answers desired, in additionto the foregoing curves 
on fue( consumption (Figs. 1 and 2). 

Time and Fuel Consumption with Speed Changes 

In the works by Claffey (15) and Sawhill (77) on fuel consumption and time consump
tion during speed changes, the distance overwhich the speed change occurred was not 
recorded. It is, therefore, not possible to determine the rates of acceleration or de
celeration from the reported results. It is desirable that the full data be obtained on 
fuel consumption, time consumption, tire wear, and decelerating and accelerating 
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Figure 3. Additional fuel and time consumption over travel at uniform speed for a 2-82 
diesel tractor semi-trailer with a gross weight of 57,800 lb (77). 
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Figure 4. Additional time and fuel consumed for speed change cycles reductions for a 
2-82 diesel tractor semi-trailer weighing 57,800 lb. The abscissa speed scale is the 

initial speed and the speed returned to for any specific reduction in speed. 
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TABLE 5 

DOLLARS RUNNING COST AT UNIFORM SPEED ON 
LEVEL TANGENTS BY COST ITEMa 

Speed 
(mph) 

Fuel Tires 

5 23 . 55 0 . 18 
71/2 17 . 50 o. 28 

10 14 . 56 0 . 38 
121/2 12 83 0 . 49 
15 11. 75 0 . 60 
17

1/2 11.04 0 . 71 
20 10 . sc a. s2 
22 1

/2 10 . 21 1) , 94 
25 10 . 01 1. 06 
27'/2 9 . 89 1 . 19 
30 g 84 1. 32 
321/2 9 89 1. 46 
35 9 . 0G I , GO 
37L/2 lQ , lQ I. 75 
40 10 28 l. 90 
4i/2 10 49 2. 06 
45 10. 76 2 . 23 
47 1

/o 1 l OR 1 41 
50 11 41 2 . 61 
521/2 11 . 80 2 . 81 
55 12 24 ~ . 03 
57l/2 12 72 3 . 27 

~:... :;.: n~ 
65 L4 51 ~. t.2 
67'/2 15 25 >1. -iG 
70 16 . 10 -1 , 85 
72L/;>. 17 04 1),30 
75 18. 10 UI~ 
77 1

/2 19 34 0 . 4i5 
80 20 . 79 7 .IQ 

Running Cost by Hem (S) 

Engine 
0,1 

4. 22 
3 . 20 
2. 64 
2. 27 
2. 03 
1.86 
1.75 
l . 67 
l . 64 
1. 61 
l . 60 
1. 59 
1.59 
1. 58 
1 , 58 
1.56 
l. 55 
1.52 
1. 49 
1.43 
1 , 37 
1. 38 
I. m 
1.50 
1 61 
l . 76 
1.93 
2 . 13 
2 . 36 
2 , 64 
2 . 96 

Maintenance 

~ . 38 
5. 43 
;, 49 
~. 57 
~. 67 
s. 79 
~ .93 
R. 09 
a, 25 
o. 42 
ij. 60 
o. 78 
0. 97 
7. lG 
'i. 3G 
7 .56 
1 , 77 
l. 9S 
Ii . 18 
8 .41 
,IJ . 04 
8. 88 
Y. ID 
9 , 40 
9 . 69 
10 01 
10 37 
10 . 78 
11 . 25 
11 . 79 
12. 41 

Depreci<ition 

26 , 03 
23 . 45 
21. 86 
20 . 66 
19 _68 
18 . 81 
18. 03 
17 32 
16. 67 
16 . 08 
15 ~ 55 
15 . 07 
14. 64. 
14 . 25 
13 . 91 
13 . 60 
13 32 
13 ~ 16 
12 . 83 
12. 62 
12 . 43 
12 . 25 
1i.ee 
ll , 93 
11 . 78 
11 . 64 
11.51 
11 . 38 
11 . 25 
ll.12 
11 . 00 

Tolal 
Cost 
($) 

59 , 36 
49 . 86 
44 , 93 
41.82 
39 . 73 
38 . 21 
37 . 09 
36 . 23 
35 . 63 
35 , 19 
34 , 91 
34 . 79 
34 . 76 
34 , 84 
3r:J , 03 
35 , 27 
35 , 63 
36.13 
36 . 53 
37.07 
37 71 
38. 50 
19 . Ii 
40 , 49 
41. 71 
43 12 
44 . 76 
46 . 63 
48 . 79 
51. 34 
54 . 35 

aVehicle; 4-kip passeng-et• cat•; unit, dollars per 1, 000 vehicle-miles; and 
roadway surface, high type p<1veme11t in good condHion 

distances for speed change cycles. With 
full reporting of the distances, times, and 
rates of speed change, it would be possible 
to duplicate such performance in the lab
oratory, and to translate the ultimate re
sults from one condition of operation to 
another. 

For instance, in allocating brake cost 
to slowdowns and stopping, it would be 
most helpful to know the braking distance 
and braking time for each condition of 
speed reduction and similarly for speed 
increases. 

Each of these gentlemen reported fuel 
and time consumption for slowdowns of 10 
mph from a range of initial speed; Sawhill 
reported values for a slowdown of 15 mph, 
also. It is des irabl e to make Held detel' 
minations of slowdowns for the full range 
of travel speeds at 10-mph intervals down 
to a stop from each initial speed. 

Figures 3 and 4 show how diagrams 
could be plotted from such information. 
Figure 4 was interpolated for a 57, 800-lb 
2-S2 tractor semitrailer using the data 
from Sawhill in which the fuel and time 
commmed was given for the full stop and 

for speed reductions of 10 and 15 mph. This generalized figure is applicable to all 
ranges of speed changes from all initial speeds. 

Total Running Cost of a Passenger Car 

Table 5 is the computed dollar running cost of a typical passenger car at uniform 
speed on level tangents by cost item. Gasoline cost is computed at 23 cents a gallon 
without fuel tax. Comparison tables in the original publication (D6) include the running 
costs on plus and minus grades, horizontal curves, and for speed changes for the 
following vehicles: 4, 000-lb passenger car, 5, 000-lb commercial delivery, 12, 000-lb 
single-unit truck, 40, 000-lb gasoline powered 2-S2 tractor-semitrailer, and 50, 000-lb 
diesel powered 3-S2 tractor-semitrailer. 

This extensive set of tables was prepared by reference to the literature (highly 
scattered), by personal testing and recordkeeping, by theoretical calculations, and by 
just plain judgment. Among the striking conclusions resulting from this detailed work 
was the realization that by prior study and planning of the whole area of the relation
ship of motor vehicle performance to highway de::;ign and to eL:onomy sludies, U1e pasl 
researchers could have produced much more of the required information at a very 
small additional cost. 

CONCLUSIONS 

Concentrated study of the literature on the running cost of motor vehicles as re
lated to highway design and traffic operations reveals the tact that much yet remains 
to be done through testing of vehicles to produce the desirable results. These de
sirable results can be achieved by research, but only when the researcher studies 
the whole problem through and then plans a completer research program to supply 
each factor. Past researchers have failed to see the entire picture; the result is 
scattered and uncorrelated bits of information. 

Vehicle running costs combined with the heavy volumes of traffic warrant further 
detailed and complete study because of the high ratio of vehicle cost to highway cost. 
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Highway economy studies are important to highway design, but they are not fully re
liable now because of the lack of reliable information on vehicle running cost. 
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Link Analysis for Route Location 
PAUL 0. ROBERTS, JR., and JOHN H. SUHRBIER 

Respectively, Assistant Professor of Civil Engineering and Research Engineer, 
Department of Civil Engineering, Massachusetts Institute of Technology 

•THE IMPORTANCE of transportation systems, particularly highways, to the develop
ment and continued growth of a region is widely recognized. The transportation engi
neer in his role as planner and designer of regional transport facilities is primarily 
concerned with the allocation of available resources in order to obtain the best such 
system. Such a problem is difficult to solve, yet a rational and well informed society 
cannot afford to leave the solution to pure chance. 

Much work has been done in the Civil Engineering Systems Laboratory at M. I. T. to 
develop new techniques and computer-oriented analysis methods for use in the location, 
design and economic analysis of highway systems. This paper illustrates the use of 
some of these new tools in the location analysis of a short segment of new interstate 
highway in eastern Massachusetts. The project was undertaken primarily to aid in the 
further development and testing of these recent developments, and in every phase of 
the project an attempt was made to use the most modern techniques and methods of 
analysis available. 

The purpose of this paper is to present the most significant findings of this study, 
as follows: (a) develops the decision-making scheme so that certain interrelationships 
between the various cost-producing variables of the highway link location problem are 
clearly indicated; (b) demonstrates methods of maximizing computer utilization in the 
performance of economic analyses for the location and preliminary engineering design 
of highway links; (c) describes some of the computer models and data presentation 
techniques that are available for use in these analyses; and (ct) presents recently de
veloped methods of dealing with the uncertainty inherent in transportation systems 
problems. 

Description of Sample Problem 

The Interstate and Defense Highway System for the New England area radiates from 
Massachusetts, with Boston as the focal point. I-495, a major component of this sys
tem, is to be a circumferential route around Boston about 16 miles farther out than 
Route 128. This outer cordon will start near Lawrence, circle through Marlboro and 
Milford, and terminate at I-95 near Foxboro (Fig. 1). This project is conce1·ned 
specifically with a 7-mi portion located near the town of Franklin (Fig. 5). 

Some of the characteristics of the overall road network of eastern Massachusetts 
are of interest. The basic system is composed of major traffic-contributing nodes. 
In addition to the major system of links, there is a rather sizable minor system of 
highly interconnected local roads and streets (Fig. 1). This "subsystem" serves as 
both a collector and a distributor of traffic to the major system. The decision to build 
each individual link of this outer cordon route should be based on the future effect which 
that link will have on the operation of the entire system, both major and minor. It may, 
therefore, be decided that one or more links are not feasible or that they should be 
staged to correspond to the local demands for highway improvement. Because of sys
tems or "network" effects this can only be decided by analyzing the system as a whole. 
Although mathematical programming and systems analysis techniques appear promising, 
this analysis must presently be done using traffic prediction and assignment techniques 
and computing user cost and construction costs on each affected link for every alterna
tive under consideration. 
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Figure 1. Road system serving eastern Massachusetts . 

The decision to build any one link of a highway system is an extremely important 
one and one in which some present day work is being done and more is needed. How
ever, this is not the problem with which this paper is concerned. The problem studied 
here is rather one of ''link design.;; The decision to build this particular link, and Ior 
that matter each of the links making up I-495, has already been made . The effect which 
building this link has on the operating characteristics of the entire system should have 
been considered earlier. The economic, social, aesthetic, and political impact of 
each major link and its feedback effect on traffic generation must be considered in the 
macro system problem . In the more micro problem under examination here, traffic 
volumes, along with such subjective items as social and political impacts and indirect 
economic benefits, have been assumed to be equal on each of the alternative alignments. 

It should also be noted that since this is primarily a suboptimization problem, there 
is no "null alternative" in the usual sense of the term. The "do nothing" possibility has 
already been decided against in the regional highway or macro system plan. To make 
the decision in this suboptimization study, to use an existing local alternative, or to 
build an entirely new road would be incorrect as no local alternative exists at this 
decision level. 
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The Highway Engineering Process 

The process of engineering can be viewed as being essentially one of hierarchical 
decision making; each level of the hierarchy involving operations upon information to 
produce a selected course of action (1). These operations take the form of identifying 
goals and decision criteria, searchilig for a set of alternatives, predicting the physical 
consequences of each alternative, evaluating these consequences according to a value 
scheme, and deciding on the basis of the decision criteria to accept either an existing 
alternative or to continue the search process. In the solution of an engineering prob
lem, these basic operations are repeated at each of the "levels" of analysis. 

Examination of the transport system location and design problem indicates that it 
fits this hierarchical structure. Typical of the higher levels of analysis are decisions 
as to what areas the system should serve. Somewhat lower decision levels are con
cerned with the planning of specific projects and with the preliminary location of indi
vidual links within bands of interest. The lowest levels of the hierarchy are repre
sented by preliminary engineering design and by the preparation of design plans and 
specifications. Each of these levels can be broken down into the five engineering 
processes: identification of goals, search for alternatives, prediction of consequences, 
evaluation, and decision. Regardless of the exact hierarchical structure, it is clear 
the entire location and design process involves an extremely large number of alterna
tive courses of action. It is the purpose of engineering research to increase the ability 
of the engineer to make good decisions at each level of analysis. 

Method of Approach to the Location Decision 

In any engineering decision-making scheme which has as its purpose the rank 
ordering of alternatives, it is desirable that the alternatives be clearly defined (2). 
More is implied in this statement than merely a clear spatial definition. More precisely, 
each alternative should be defined in some detail according to its economic, social, 
aesthetic, and political consequences (3). Of these four, economic consequences have 
probably received the most emphasis in recent years. A variety of reasons can be 
stated for this. Profound changes in the economic activity level of areas surrounding 
many new, controlled-access highways have called special attention to this factor. 
Moreover, social, political, and aesthetic impact are intangible and consequently hard 
to define in objective terms. Also, some feel that these other types of impact can be 
expressed in economic terms alone. For these and other reasons, social, political, 
and aesthetic factors have frequently been slighted or ignored completely. This can be 
extremely dangerous. For urban areas and for rapidly developing regions, the social 
and political aspects of a location may frequently govern the decision, with economic 
considerations playing a lesser role. Aesthetic values, or the "view from the road" 
concept, are also beginning to be of greater importance, especially in scenic or his
toric areas. 

Grant advocates that economic analysis be given a respectable, yet not overbearing 
role: he states that in comparing investment alternatives, it is desirable to make the 
consequences commensurable with investments ( 4). At the same time, he makes al
lowance for the effect which other types of impact will have on the decision-making 
process. He adds that decisions among investment alternatives should give weight to 
any expected difference in consequences that have not been reduced to money terms. 
In other words, the "dollar" answers from an economic study do not dictate a final 
decision. However, they do provide a money figure against which other types of im
pact can be weighed, thereby decreasing the uncertainty with which the engineer-deci
sion maker is faced. Following this general approach, a study will consist of iden
tifying all of the relevant cost-producing variables in the particular problem under in
vestigation and then measuring the costs associated with these variables for each of 
the alternate alignments using computer models where appropriate. The costs for 
each alignment can then be combined either by hand or by a computer program into a 
single measure of effectiveness. The most easily used measure of goal achievement 
is total annual cost, although benefit-cost ratio, present worth, or rate of return are 
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also satisfactory when used correctly. 1 The sensitivity of this measure of effective
ness to changes in the value of the various cost-producing variables and to other types 
of impact should then be examined. 

If costs for an alternative are to be combined into a single measure, it is common 
to use one interest rate, one value of project life, one estimate of projected future 
traffic volumes, one estimate of user time costs, and one set of assumed salvage 
values. However, a decision is very much a function of the above parameters and will 
change as the above values are varied (5). For example, the rank ordering of align
ments may be completely different with- an interest rate of 11 percent from the way it 
was using a rate of 6 percent. The same computer program used to calculate measures 
of effectiveness for the project described herein was written so that the sensitivity of 
the decision to changes in the previously mentioned variables could be examined. By 
finding out at what values this rank ordering changes and how sensitive this ordering is 
to change, the engineer can select a most probable range of parameter values for his 
economic decision model rather than just a single value. 

Development of Economic Equations 

The mailiematicaI description of the equations used for the evaluation of the alterna
tive highway alignments is outlined. The variables used in the annual cost criterion 
function are defined, and it will be shown in subsequent sections how estimates of the 
values for some of these variables can be obtained. It is assumed that the same number 
of trips are taken on each of the routes under consideration. Since this is the usual 
condition for a typical link analysis, the effects of induced traffic can be neglected. 

The computation of annual cost for each alignment is based on the following equation 
relating initial capital costs, user time and operating costs, and maintenance costs 
(~, '!): 

TAC ACC + AUC + AMC 

where 

TAC 
ACC 
Aue 
AMC 

total annual cost ( $), 
annual capital cost ( $), 
annual user cost($), and 
annual maintenance cost ( $). 

Each of these three components of annual cost can be further broken down. Annual 
capital cost becomes: 

ACC (tee) x (CRF) 

tee total construction cost($), and 
CRF capital recovery factor. 

tee ec + sc + pc + de + ic + re + le 

where 

ec earthwork cost ( $), 
sc structures cost ( $), 
pc pavement cost ( $), 

(1) 

(2) 

(3) 

1 It is the purpose of this paper to demonstrate methods of estimating consequences and 
not to compare the different measures of effectiveness commonly employed in economic 
analyses. 



de drainage cost($), 
ic interchange cost ( $), 
re relocation cost ( $), and 
le land and right-of-way cost ( $). 

CRF 
i (1 + i)n 

( 1 + i)n - 1 

where 

i = interest rate per interest period ( $), and 
n = service life (years). 
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( 4) 

This relation for annual construction cost holds only for the simple case where the 
service lives of the various components are the same and where there is no salvage 
value. Where this additional refinement is justified, and it frequently is, the annual 
construction cost is the sum of the individual components: 

ACC 

where 

j total number of construction cost categories, 

k = category presently being considered, 

CRFk capital recovery factor for the appropriate life, 

eek = construction cost category under consideration, 

svk salvage value of this construction cost category, and 

PWFk present worth factor for the appropriate life. 

where 

PWF i 
( 1 + i)ll - 1 

Annual user cost becomes: 

AUC (EAT) x (doc + utc) 

where 

EAT equivalent annual traffic (vehicles/year), 
doc direct operating cost ($/vehicle), and 
utc user time cost ($/vehicle). 

These can be further broken down as: 

EAT vol + av + av T 
where 

(n) x (av) ( CRF - i) 
l 

(5) 

(6) 

(7) 

(8) 
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vol = present annual traffic volume (vehicles/year), and 
av = annual numerical increase in traffic volume (vehicles/year/year). 

Direct operating cost is 

doc (9) 

where 

total number of vehicle classes, 

ki percentage of vehicles of class i, 

fci fuel cost of a class i vehicle ($/vehicle), 

trq tire cost of a class i vehicle ($/vehicle), 

oci oil cost of a class i vehicle ( $ / vehicl e) , 

mtq maintenance cost of a class i vehicle ($/vehicle), and 

dpq depreciation cost of a class i vehicle ($/vehicle). 

For time cost : 

utc (10) 

where 

ti time for a class i vehicle to travel alignment (hours), 

ki Lime t:usL Iur a dass i vehicle ($/hour), and 

turi cost of time unreliability for a class i vehicle ( $). 

In cases where the assumption of a linear growth of traffic cannot be made, user 
operating and time costs may be computed for each individual year, then discounted to 
the present time and converted into an annual cost as follows : 

where 

atvi 

doci 

utci 

PWFi 

AUC 
n 

CRF x L: atvi x (doCi + utq) x PWFi 
i = 1 

annual traffic volume during year i, 

direct operating cost during year i, 

user time cost during year i, and 

present worth factor for year i. 

Maintenance costs, the third of the major components of annual cost, become: 

AMC = (mi) x (me) 

(11) 

(12) 
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where 

mi length of alignment (miles), and 
me equivalent annual maintenance cost of an alternative ($/mile). 

Eqs. 2, 3, 7, 9, 10, and 12 can now be combined into a single equation for total annual 
cost: 

TAC CRF x (cc + sc + pc + de + ic + re + le) + 

j ( EAT x L ki x fci 
i = 1 

dpci + (ti) x (tq) x turi) + (mi) x (me) 

(13) 

Note again that these equations are based on the assumption that the number of trips 
between each origin and destination is the same for all alternatives being compared. 
If one link induces more travel than another, the equations no longer hold and must be 
modified to reflect the influence of induced traffic. Another assumption implicit in 
these relations is that systems effects have all been accounted for within the portion of 
the system under direct study. Important changes in a transportation network fre
quently have effects which are widely diffused throughout the network. Needless to say 
these must all be accounted for in order to produce correct results. 

It is recognized that such variables as driver comfort and convenience and accident 
costs are ignored in the foregoing equations. Variables of this type could best be ac
counted for through use of a sensitivity analysis program. If by ignoring these vari
ables, line J is better than line K, the cost of line J can be increased until line J is no 
longer better than line K. The amount of increased cost necessary to change the de
cision gives a measure of the implicit value that would be placed on comfort and con
venience or driver safety if line K were originally chosen over line J. In this particu
lar study, it was assumed that no significant differences in levels of service existed 
between the alignment choices. For this reason, no effort was made to place a quanti
tative value on either comfort and convenience or driver safety. 

Mathematical Models and Computer Programming Systems Employed 

A value for each of the cost-producing variables detailed in the previous section was 
obtained for each alternative alignment using mathematical models. Most were in
volved enough to require the use of individual computer programs, written specifically 
for the cost variable or variables under consideration. However, some variables 
{notably land cost and such vehicle operating costs as oil and tires) were obtained 
from simple formulas and tables. This was done, not because they do not merit 
greater sophistication, but because better models were not available. 

Basic to the evaluation of costs for each alternative alignment is the determination 
of the spatial location of the alignment and its associated physical consequences. This 
role was filled by the DTM Location and Design Systems. In addition to their primary 
roles of location and prediction, these systems, by furnishing input to the other cost 
models, served as the basis of the entire study, from alignment selection to final 
drafting. The specific mathematical models that were used to evaluate each of the 
cost-producing variables are given in Table 1. 

Organizational Conduct of study 

It was evident at the outset of the project that good planning was essential if all 
work were to be completed on schedule. A relatively small amount of time had been 
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Variable 

Earthwork cost 
Structures costs 
Pavement costs 
Drainage costs 
Interchange costs 
Relocation costs 
Land costs 
Percentage vehicles of class n 
Fuel cost 
Tire cost 
Oil cost 
Vehicle maint. cost 
Depreciation. cost 
Time to travel alignment 
Unit time costs 
Time unreliability costs 
ADT volume 
Annual increase in traffic 
Interest rate 
Service life 
LengU> of rlllgnmont 

.arn cnn nee tos 

TABLE 1 

TABLE OF MATHEMATICAL MODELS 

Symbol Mathematical Model 

ec DTM design system 
sc Bridge cost study 
pc Mass. Dept. of Public Works 
de Drainage analysis system 
ic DTM design system or volumetric quantities program 
re Volumetric quantities program 
le Zone cost evaluation program 
k Mass. Dept. of Public Works 
fc Vehicle simulation & operat. cost program 
trc AASHO "Red Book" (16) 
oc AASHO "Red Book" (16) 
mtc AASHO "Red Book" (16) 
dpc AASHO "Red Book" (16) 
t Vehicle simulation & O perat. cost program 
tc Engineer1 s discretion 
tur Engineer's discretion 
vol Mass. Dept. of Public Works traffic data 
av Mass. Dept. of Public Works traffic data 
1 E ngineer 1 s discretion 
n Engineer's discretion 
mi DTM Location and Desi o sum1s 

allocated for the actual engineering efforts, thus making it imperative that this time 
be used efficient! y. The Critical Path Method of planning was employed to allocate 
time and manpower. It proved to be an invaluable aid in the scheduling of work and 
was one of the prime factors in the completion of the study on time. 

The actual link-node network used is shown in Figure 2. Although possibly some
what meaningless to those unfamiliar with the Critical Path Method, it was perhaps 
the most important single document used in this approach. It serves to illustrate that 
there was an interdependent and logical flow of jobs from start (node 1) to finish (node 
58). There is a total of 83 links, or jobs, and 52 nodes, or events. 

A simplified event network indicates (Fig. 3) the basic relations of the more com
plete diagram (Fig. 2). Examination of this simplified network shows the interrelation-

TEAM IDENTIFICATION 
LOC -LOCATION TEAM 
DES - DESIGN TEAM 
PLOT - PLOT TEAM 
WRIT - WRITE TEAM 
ECON - ECONOMIC TEAM 

Figure 2. Location study arrow diagram . 
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FINAL REPORT 

ship between the different mathematical models and serves as a graphical definition of 
the structure of the problem. A few of the more interesting of these arrows or events 
will be discussed. 

EVALUATION OF PHYSICAL CONSEQUENCES 

The Digital Terrain Model 

A convenient representation of the earth's surface is a requirement for many civil 
engineering problems. In the past, this has been done by such devices as the topo
graphic map, the physical model, and more recently the three-dimensional stereo
model. However, these are all essentially analog forms of terrain data, designed for 
human interpretation and utilization in mental and manual processes. They are not, 
at present, in a form that can be directly input to an electronic digital computer. Un
til this time comes, it will be necessary to put the terrain information into a form 
which the machine understands. At present, this must be some form of digital repre
sentation. 

A second requirement is introduced if the full benefits of electronic computation are 
to be realized in the use of computer methods for highway location studies. The digi
tized terrain data should be in a form which permits the efficient consideration of a 
large number of possible solutions to the problem. These two requirements prompted 
the initial formulation of the Digital Terrain Model concept (8). 

The Digital Terrain Model (DTM) is simply a sampling oCthe continuous surface of 
the ground by a number of selected points with known x, y, z coordinates in an arbi
trary coordinate system. Terrain data are defined relative to a baseline (x-axis) and 
are taken along cross-section or scan lines (y-axis) normal to this baseline (Fig. 4). 
The reason for relating terrain data to a fixed baseline rather than to an alignment 
centerline is that, for any new trial alignment, it is relatively easy to re-establish the 
relationship of the new trial centerline to the baseline. This satisfies the second re-

STATE COORDINATE AXES 

LIMITS OF BAND OF INTEREST 

ORIGINAL BASELINE 
STATION 

F igure 4. System nomenclature . 
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quirement for a terrain data representation; namely, a model that can be used re
peatedly for the rapid evaluation of many different trial lines without having to retake 
data. 

Before the terrain data are taken, a band of interest must be selected by the engi
neer. In general, the width of this band varies with the phase that the location search
selection process is in and the amount of latitude that the location affords. In this 
particular problem, it was chosen so as to include all seven alternative alignments. 
This band of interest was then digitized for use by the computer. 

r .. of!l"Ot11• 
1l1pM1 Fpt m 

Terrain Preooration Phase 

Alignment Design Phase 

iJ i__,'.> A ~l ••m1J11 ! D<' 1"t 
Q.ff:m1il1 +9hl 

HurhQll'l!itl Allv"mf.111 
l4'1PWI EP!_m 

Aw d··11y Dnlo'I! 
lrip.wlFMmtfHd2 

~mr~::t· I·· 
hlf•IDHrt 

Ma1erials Classification Phase 

Mass Houl Dlor;iram 

Material Clossiticolion I Volumes 

Figure 6. System flow chart . 
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The first step in this process is the definition of one or more baselines within the 
band of interest. These serve as the x-axis of the data coordinate system and can be 
composed of either straight-line segments or straight-line segm ents connected by 
curves, depending on the shape of the band of interest. Next, the surface of the ground 
is represented by a series of points. Sample points are taken from left to right across 
each cross-section and are referenced by giving the baseline station number (x-coordi
nate) of the cross-section line, their offset distanc e from the baseline ( y- coordinate) , 
and their elevation (z-coordinate). The spacing of the scan lines and the sample den
sity of terrain points along a scan line depend on the accuracy r equired, the maps 
available, and the nature of the terrain. The selected baseline along with the limits of 
the recorded terrain and the seven alternatives investigated are shown in Figure 5. 

Terrain data for the DTM can be taken directly from field notes, from topographic 
maps either by hand or through the use of special instrumentation, or directly from 
the stereomodel using automatic take-off equipment. Terrain data are taken only once 
and can be used for the evaluation of many lines. 

Two separate systems of computer programs based on the DTM were used in this 
study. These are the DTM Location System (9) and the DTM Design System (Fig. 6) 
(10, 11). The programs that compose each of the systems are integrated so that they 
supplement each other while paralleling the design procedure followed by the engineer. 
Output from each system includes horizontal and vertical geometry, ground profiles, 
a description of the roadway template selected by the computer, the location of the 
points (slope stake limits) where the roadway side slopes intercept the terrain, earth
work volumes, and slope stake and mass haul plots (Fig. 7). In addition, the Design 
System has the ability to output "as-built" terrain cross-sections. 

Although the two program systems are similar in structure and in input-output 
characteristics, there are some significant differences. The Design System uses a 

PROF I U -

- - --,...-------,!,---~ 

SLOPE STAl!.E 

KASS HAUL 

=1 
Figure 7. Profile, slope stake, and mass haul plots for line 2, southbound, produced by 

an on-line plotter . 
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twenty-one point roadway template and the actual terrain cross-section defined by the 
DTM, while the Location System employs a seven-point template and a five-point ap
proximate terrain cross-section. The reason for these differences, and indeed the 
most basic, is the original purpose or intent of each of the two systems. The DTM 
Location System is intended for use in the early phase.s of a location study, where the 
emphasis should be on the searching out and preliminary evaluation of alternatives. 
The DTM Design System is intended for use in later phases of the study, where a more 
exact analysis is required and where the emphasis should be on studying the effects of 
small changes in the various alternatives. It is here that the added sophistication and 
smoothness of the Design System is required. 

Final Alternative Selection 

Even with the most modern of computers and the most advanced programming systems 
available today, to do a complete economic analysis of each of the seven alternatives 
would be time consuming and, probably, unnecessary. In any study, preliminary in
vestigation would likely show that some alternatives are far better than others. By 

---- - - - el-i-ntina-t-i-Rg-s&m e-&f- th e-se-alte-1.'-!lati-V-e:>-ear.l-y--in-the-engin ee ring._ process,_ mo r_e_effor_t ____ _ _ _ 
could go into the analysis of remaining alternatives and even into the search for ad-
ditional alternatives. The DTM Location System is ideally suited to the process of 
preliminary location. Using this system, each of the seven lines was initially evaluated 
as to its effect on such items as balance of earthwork quantities, right-of-way require-
ments, drainage requirements, clearing and grubbing areas, and vehicle operating 
costs. The purpose of using the DTM Location System was not to reduce the number 
of alternatives from seven to exactly two or exactly three. Rather, it was to eliminate 
those alternatives that were obviously not the best, while at the same time searching 
for additional lines that might have been originally overlooked. 

Examination of Figure 5 shows that each of the seven trial lines starts at one com
mon JJOi11L aml 8J1ds at another. In between these two points, they branch off and di
verge, sometimes coinciding with another line, sometimes paralleling another line. 
It can be imagined that these seven alternatives compose a network (Fig. 8) with each 
P. I. being looked upon as a node. Each of the seven major alternatives can then be 
thought of as a composition of a number of different links in this network. 

This is the framework in which the output from the DTM Location System and the 
other preliminary investigations were analyzed. 'l'he actual analysis consisted of three 
parts. First, if two or more alternatives had a common link, it was determined which 
one of them was the best over just this one link. This was done for each link within 
the network. Second, by means of a simple least path algorithm, the best path through 
the network was determined. Third, the network was searched for other combinations 
of links which would form an alignment sufficiently close to the best path to merit ad
ditional investigation. 

By means of this analysis, it was decided that a lternatives 1, 2, and 5 were con
siderably better than the other four. The engineering location study of this poi·tion of 
I-495 then continued with these three alignments as the major alternatives to be evalu
ated. 

Figure 8. Simplified alternative link-node network . 
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Channel Relocation Problem 

Close examination of the alignment of alternative one in Figure 5 shows that, for 
approximately 1, 500 ft between baseline stations 135 + 00 and 150 + 00, the two barrels 
are separated by Mine Brook. In addition, the northbound lanes are shown passing over 
a small pond. If this alternative is chosen, portions of the brook will have to be re
located and parts of the pond will have to be filled in. The Volumetric Quantities pro
gram was employed to calculate the earthwork volumes associated with these hydraulic 
changes (12). 

The purpose of the program is twofold: (a) to aid the engineer by removing the bur
den of hand calculation; and (b) to be versatile enough to compute any volumes where 
average end area computations are acceptable. For example, it can be used to compute 
borrow pit, stockpile, roadwork, dredging, foundation, ditchwork, or any of the other 
types of volume computations which typically occur on engineering projects. 

The program is useful because of its ability to handle problems where slope inter
cepts are known as well as those problems where they are not known, and to do this 
with no extra work required on the part of the engineer. Further, the program treats 
every cross-section as a separate entity, thus eliminating the need for elaborate grid 
systems referenced to a single baseline (though such can just as easily be used if 
available or desirable). 

Because of the way in which Mine Brook encroaches upon the embankments of both 
barrels of the new road, it was decided to relocate the bed by means of a permanent 
channel north of both barrels and roughly following the highway alignment. A terrain 
cross-section in the area where the brook interferes with alternative one is shown in 
Figure 9. Computing the amount of earthwork to be moved in this relocation is a prob
lem ideally suited for this program. The template was simply one link 20 feet wide 
representing the width of the bottom of the channel. The desired slopes of the rip-rap 
embankments were given as input to the program, and the intersection of these slopes 
with the existing ground was calculated. Output at each section consisted of the lo
cation of these intersection points, the area of cut and fill, and the volume of earth to 
be removed. 

Structures 

A very important variable in the costing out of the various alignment alternatives of 
a study is the initial cost of structures or bridges. This can prove to be both difficult 
and time consuming. Most of the computer-oriented work that has been done in this 
area is more appropriate to design than to location. The engineer needs a technique 
which will enable him to quickly and accurately determine structures cost. Within the 
United States, if the location engineer has desired anything more reliable than a simple 
per-square-foot estimate, he has had to depend primarily on the bridge section. This 
usually entails a preliminary design for each structure. Such a technique is not only 
time consuming, but lacks the flexibility and speed required for the consideration of 
many alternatives. 

A recently completed study had as its goal the development of a method which meets 
these flexibility and speed requirements (13). The costs and configurations of a large 
number of bridges were statistically analyzed and a number of formulas developed. 
The results of this study were then used to estimate the structures cost for each alter
native under consideration. 

I DRY WATERCOURSE 

t:::: -y 

¢,OF NEW ROAD ~ OF RELOCATED 

~ 2"' + ~~+--
OLD BED 

Figure 9. Typical cross-section showing centerline of relocated channel. 
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Coefficients for more than 20 separate formulas were estimated from data for 126 
bridges by the method of least squares. 2 The terms of each of these equations involved 
simple expressions of length, L, width, W, clearance, H, number of spans, N, and 
cosine of the skew angle cos a. For example, an expression of WL represents the 

area of a bridge, while WL % or WL % is representative of the volume. The following 
equations are typical of those investigated: 

c Y: WH WH 
Ao + A1 WL 3 + A2 WL + A3 -- (N + 1) + A4 (N + 1) + 

cos a cos a 

Y: As L 3 
+ As L + A1 H + Aa.,/H (14) 

C Ao + A1 WL + A 2 WH (n + 1) (15) 
cos a 

( 16) 

where 

C cost of structure in dollars, and 
Ai = constants. 

Histograms showing the goodness of fit of Eqs. 15 and 16 are shown in Figure 10. 
Although the standard deviation of Eq. 16 is slightly higher than that of Eq. 15 (18. 57 
compared to 18.15), this equation was selected for use in this study because of its 
simpler form. 

The average per-square-foot cost of these same bridges was determined to be 
$20. 90. Using this unit price as an estimate of predicted cost, the results are signifi
cantly poorer (a standard deviation of 31. 35 <t) than with either of the other equations 
(Fig. 10). 

The use of this particular equation or any statistical analysis is not expected to be 
useful, nor is it intended, for the estimate of a single bridge at the design stage. This 
type of approach is useful primarily during the early stages of a highway location proj
ect where the cost of bridges is only one variable in a total economic analysis. It 
should be noted that the predicted total cost of all the bridges will have a higher prob
abilily oI being e::;timated L:urredly than the L:u::;t of a :::>ingle bridge. In statistical terms, 
the standard deviation, an, of the total cost of several bridges, N, will be equal to the 
standard deviation, a, of the cost of a single bridge divided by the square root of the 

a 
number of bridges, i. e., an = VN · 

Drainage Analysis 

Although the cost of providing adequate drainage facilities is not typically a major 
item in the initial capital cost of a highway project, the engineering effort to design 
properly these facilities is frequently quite large. The investment in engineering and 

2 The 126 bridges were selected from an original sample of 132 and consisted of 72 single
and 54 multi-span structures built by the Maine State Highway Commission between 1959 
and 1961. They ranged from 10 to 548 ft in length, 15 to 84 ft in width, 8 to 44 ft in 
clearance, and $4,965 to $324,634 in cost. 
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the cost of the facilities may be thought of as insurance against the large losses which 
may occur should the drainage prove to be inadequate. In some cases, both the ab
solute magnitude of the drainage cost and the cost differential between the drainage 
requirements of alternative alignments may be quite small. If this is the case, esti
mation of these costs may be deleted as irrelevant to the decision process. In most 
situations, however, some estimate of drainage cost is needed for comparing alter
natives at different levels of service. 

The design of drainage is basically an empirical process which is not easily adapt
able to electronic computation. Drainage areas, typically obtained by planimeter, are 
used to compute run-off quantities for the sizing of culverts and waterway openings. 
Where major structures on large, non-standard culverts are involved, detailed design 
may be necessary before costs can be completed. In the majority of cases, the bulk 
of the drainage design consists of the detailing of drains, inlets, ditches, collector 
systems, and culverts over the entire job and the summation of these quantities for use 
in the cost estimate. In this essentially bookkeeping operation, a computer can be quite 
useful. 

The DTM Location and Design Systems develop a large amount of geometric infor
mation concerning the relationship of the roadway to the terrain. This information is 
not, however, in a form readily usable by the engineer in the drainage design process. 
A program has been developed and was used in this study to organize and extend the 
basic output of the DTM Systems into a more useful form for drainage analysis. 

The output of this program is basically a station-by-station summary of the direction 
in which run-off water will flow at five points on the completed roadway cross-section: 
the two slope intercept points, the two hinge points, and the centerline. For presenta-



36 

tion, this information is plotted in both vertical and horizontal form by means of an on
line plotter (Fig. 11). The direction of water flow is indicated by arrows. The program 
also produces string length accumulations of ditch for a given flow direction. These 
figures, along with the gradient of the flow will enable the design engineer to size pipes 
quickly and to identify points where inlets, cross ditches, or downspouts should be 
located or where ditches should be paved to prevent erosion. The program will also 
identify slope change points, locate culverts and compute their lengths, indicate an 
interceptor ditch where water flows toward the road, and indicate those areas where 
guardrails may be required. 

The purpose of the program is not to machine design the drainage, but to accumu
late the information necessary for the designer to do the job quickly and accurately. 
Hand methods of design utilizing cross-sections and hand computation tended to famil
iarize the engineer with the job to a degree which is not possible using more rapid 
computer-oriented methods. The role of data organization and presentation is be
coming quite important to decision-making procc::wco. 
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Figure 11. Profile and slope stake drainage plots for a portion of line 2, southbound, 
produced by an on - line plotter . 
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User Operating and Time Costs 

In the typical route location problem, the costs associated with road users far out
weigh the initial capital expenditures. Road user costs are characterized by small unit 
costs multiplied by a large number of trips. The evaluation of these costs involves 
both an extremely sensitive measure of these unit costs and a realistic idea of the 
number of trips which will be affected by the building of a facility. In the usual case, 
this means that the engineer must accurately predict the amount of future travel, a 
very difficult task, especially if the primary purpose of the highway facility is to open 
up untapped resources. In the problem under discussion, it was assumed that the 
amount of future travel on each of the alternatives would be the same. This is not un
realistic as the level of service is essentially the same on all choices. 

The determination of the small unit costs consists of the calculation of direct operat
ing costs and of user time costs. Direct operating costs can be determined by the 
Vehicle Simulation and Operating Cost System (14, 15), the AASHO "Red Book" (16), 
or a number of other "handbook" procedures, whilea n accurate estimate of the travel 
time, praticularly that of trucks, can best be made with the vehicle simulation pro
grams. It was therefore decided to use the Vehicle Simulation and Operating Cost 
System to determine fuel costs and user time costs for each alternative. The latest 
AASHO estimates of tire, oil, maintenance, and depreciation costs were then added to 
the fuel cost to determine the total direct operating cost. 

The purpose of the Vehicle Simulation and Operating Cost System is to aid in the 
determination of unit costs by calculating the costs of fuel and of user time for each 
alternative. This is accomplished by modeling or simulating the operation of a vehicle 
over a specified highway alignment and determining the associated costs involved in 
this movement. Vehicle operating costs are a direct function of vehicle road speeds, 
engine RPM, vehicle tractive effort, and percent of full engine load. These four items 
are, in turn, directly related to certain highway design characteristics selected by the 
engineer. These characteristics include the vertical alignment or profile, the un
balanced side force caused by curves (superelevation), the pavement type, and the 
operational restrictions placed on speed. The programs within the Vehicle Simulation 
and Operating Cost System take these design characteristics and a description of the 
vehicle and calculate the consequences of these characteristics on engine performance. 
These consequences are then converted into associated costs. 

Input to the system includes vehicle data, control data (wind speed, pavement type, 
fuel cost, time cost, traffic volumes, etc.), desired speed profile data, vertical and 
horizontal alignment data, and a fuel performance table. Output includes the time and 
speed at which the vehicle passes each station on the roadway along with certain in
formation pertaining to both the cost and the amount of fuel consumption at each station. 
In addition, a summary table is output at the end of each run which includes a summary 
of all pertinent operating and cost information. 

Certain decisions regarding this input data had to be made before the actual produc
tion runs could begin. The more important of these decisions are summarized and 
discussed. 

It was decided that three types of vehicles would be run over each of the three final 
alternatives, once in the northbound direction and once in the southbound. A 1960 
Plymouth station wagon with automatic transmission was selected as being representa
tive of passenger vehicles, while a 1960 Ford 2-ton stake body truck with no load and 
1960 International tractor-trailer with full load were selected to represent truck traf
fic. Past data showed that the traffic volume split was approximately 95 percent cars, 
21

/ 2 percent small trucks, and 21
/2 percent large or heavy trucks. 

The estimation and prediction of future traffic volumes on any highway segment is 
both a very large and a very important problem. Unfortunately, much money has been 
spent in the construction of elaborate highway systems only to find either that they were 
totally inadequate and outdated within a few years or that there was little or no demand 
for such a facility. Work is presently going on within the Civil Engineering Systems 
Laboratory at M. I. T. and in other organizations as well to solve this problem. How
ever, the prediction of demand for the Franklin portion of I-495 was not, as such, 
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part of the problem under immediate con
sideration, and data provided by the 
Massachusetts Department of Public Works 
were relied on. Average daily traffic 
volumes of 7, 330 for 1958 and 26, 035 for 
1975 were selected. It turns out, as will 
be shown later, that the choice among the 
three final alternatives is independent of 
traffic demand. 

Fuel cost for all three vehicles was 
selected as $0. 30 per gallon (taxes should 
not be included in the cost of fuel). The 
selection of a unit value of time was a 
more difficult task since this is an ex
tremely controversial matter. While it is 
generally agreed that time is of value to a 
commercial vehicle and that $4 per hour 
is not too bad an estimate of this value, 
there is very little agreement on time costs 
for the non-commercial user. Estimates 
vary from $0 (no value) to as high as that 
of commercial vehicles. In an attempt to 
solve this problem, it has been postulated 
that the values of time be defined as a prob
ability distribution. Certainly this ex
planation would account for the range of 
values encountered. If this postulate is 
accepted, the cost of user time is then the 
product of the mean value oLthis distribu
tion and the time to make the trip. Lacking 
adequate data to construct such a distribu
tion, the mean value of time for passenger 
vehicles was arbitrarily selected as $1. 55 
per hour and that for commercial vehicles 
as $4 per hour. 

Past work has shown that the speed 
profile which results in average costs is 
only slightly different from the average 
speed profile ( 17). Accordingly a profile 
of 55 mph with no variations or stops was 
selected for this problem. This ignores 
any slowdowns or other problems due to 
congestion, but the projected volu1ne levels 
would indicate that these should not be 
serious. 

The vertical geometry data for the Ve
hicle Simulation and Operating Cost Sys
tem were obtained from the DTM Design 
System output. 

The :::;y:::;Lem wa:::; u:::;eu wiLi1 Lhe Iure~ui11g, 
input data to obtain estimates of fuel and 
time costs for each of the vehicle classes 
over each alignment. The results of all 
the output along with oil, tire, mainte
nance and repair, and depreciation costs 
are summarized in Table 2 . 

One thing is immediately obvious from 
an examination of these data. For both 
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time and fuel costs and for all three vehicle types, line 2 is better than line 5 which is, 
in turn, better than line 1. However, this is not the only information of value obtained 
from the vehicle simulation runs. Probably of greater importance to the quality of 
engineering being done is the information obtained from an examination of the speed 
and fuel profiles for each vehicle type over each alternative. These two profiles, along 
with the vertical profile, for the southbound barrel of line 2 are shown in Figure 12. 

The fuel profiles indicate that the rate of fuel consumption for all three vehicles in
creases markedly on the long uphill grades. In fact, it would appear that the heavy 
truck has a great deal of trouble. The speed profiles confirm this point. While the 
car and the small truck are able to maintain a speed of 55 mph, the speed of the heavy 
truck varies from the 55-mph limit to a low of 361/2 mph. This would have two effects 
on the operation of the facility. The fir st is the obvious point of high truck operating 
costs. The second effect would be on congestion. As the large trucks slow down and 
the traffic volumes increase, all vehicle classes will be slowed down appreciably. 
This overall slowdown tends to slow the large trucks even more. These problems 
could be solved by revisions in the vertical alignment or by provision for a truck 
climbing lane. Although the majority of the grades are in the range of 1-2 percent, 
their lengths may be too great. It is possible that shorter, higher grades would prove 
more satisfactory. 

The point to be made is that the Vehicle Simulation and Operating Cost System does 
more than merely predict fuel and time costs for the engineer. If used properly, it 
can serve as a very critical judge of the merit and worth of the various vertical align
ment possiblities. 

ECONOMIC SUMMARY 

Cost models for some of the variables comprising the basic annual cost equation 
have been discussed. It remains to summarize the costs for each alternative, com-

PROFILE 

-=------r.-.J .. 

Figure 12 . Profile, speed, and fuel consumption plots for line 2, southbound, produced 
by an on-line plotter. 
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bine them into equivalent annual costs by means of the cost equation, examine the ef
fect of variability of input through a sensitivity analysis, and finally present the re
sults of the location study in a graphical manner for analysis and decision. User costs 
have already been summarized in Table 2. A summary of the capital and maintenance 
costs is given in Table 3. 

Several of the variables given in these two tables, notably user time costs, annual 
traffic growth, interest rate, and service life, are probabilistic in nature. The values 
given for these items are their expected values. If these expected values are used in 
the annual cost computations, the following results are obtained: 

Line 2 

$3,842,900 

Line 5 

$3,885,354 

Line 1 

$3,923,452 

Although these three estimates are very close, l118 proper clwice, fru111 a pruLaLilisLic 
or expected value point of view, would be line 2. It should be noted, however, that the 
probable error of each of these estimates is almost certainly larger than any of the 
differences between them. 

It is interesting to look at the percentage breakdown of annual cost in terms of the 
three major variable classifications (Fig. 13). Road user costs contribute roughly 90 
percent in all three cases, of which roughly % is time and 1/3 operating cost. Initial 
capital costs account for 9 percent of the total, while in this problem highway main
tenance costs contribute only 1 percent to the total annual cost. 

It may be interesting to examine the cost summary of Tables 2 and 3 more closely. 
Although the costs vary from line to line, the following rough percentage breakdown of 
direct operating costs is found to exist: 

TABLE 3 

COST SUMMARY TABLE 

Total 
Cost Components 

Alternative 2 Alternative 5 Alternative 1 

Length of alignment (mi) 6.91 (l.97 7.04 
Existing traffic volume (veh/yr) 2,680,000 2,680,000 2,680,000 
Ann11<:>l .;,...,.....,.n<:>oo ;..., +- ... ,,.ff.;,... /.TTn'h / .. ,..../.,..'"\ An1 """ An1 """ 401,200 .&4UUU. ..... .._ .1.au ............ ._.._, &U ......................... \~""U/ J ... J :J.Lf cxv.a., ""vu -:1:v.1,, ""vv 

Interest rate ( '.!\) 6.0 6. 0 6.0 
Service life (yr) 20.0 20 . 0 20.0 

Construction ( $): 
Earthwork 1,696,628 1,813,114 1,807,041 
structures 801,257 867, 301 840, 138 
Pavement 1,035,200 1,045,400 1,056,900 
Drainage 58, 820 64, 060 87,400 
Land 301,000 153,000 200,000 

Total 3,892,900 3,942,900 3, 991, 500 

Maintenance ($/mi) 5,960 5,960 5, 960 

Equivalent annual user costs ($/yr): 
Automobiles 3,125,524 3,151,740 3, 186, 694 
Small trucks 150,627 152, 007 153,693 
Large trucks 191,254 194,703 197,309 

Total 3,467,408 3, 498, 450 3,537,696 

Total Annual Costs ( $) 3,842,900 3, 885, 354 3,923,452 



Fuel 
Depreciation 
Maintenance and Repair 
Tires 
Oil 

Total direct operating costs 

Construction costs break down approximately as follows: 

Earthwork 
Pavement 
Structures 
Right-of-way 
Drainage 

Total construction costs 

SENSITIVITY ANALYSIS 

30% 
29% 
23% 
11'16 

7% 

100% 

43% 
27% 
20% 

8% 
2% 

100% 

41 

Methods for estimating costs of items such as earthwork, structures, drainage, and 
direct operating costs of vehicles are definable and have been discussed, but these 
methods still produce only estimates. There is a definite distribution of values associ
ated with each of these estimates. Values for such items as user time cost, predicted 
traffic volumes, interest rate, and service life are considerably more difficult to esti
mate and will have a correspondingly wider range of possible values. A sensitivity 

ANNUAL COST 

$ 3.842.900. 

$ 4. 000.000. -

$ 3.000.000. -

AUC 
$ 2 000.000. -

$ I. 000.000. -

0 
ACC )AMC 

2 

$3.885,354. 

AUC 

ACC } AMC 

5 

ALTERNATIVE 

$ 3.923.452. 

AUC 

Figure 13. Breakdown of total annual cost into user, construction, and maintenance cost 
components. 
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analysis is a study of the relationships between changes in the value of the probabilistic 
input variables of the cost equation and the rank ordering of alternatives. By such 
means the engineer can determine how sensitive decisions are to intangibles, unexpected 
events, and to variations or error in input data. 

For the problem under consideration, it turned out that such an analysis did not re
veal much of interest. As can easily be verified from Tables 2 and 3, line 2 is better 
than the other two lines on all counts. For each of the three major variable classifica
tions, initial capital cost, road user cost, and maintenance cost, line 2 is lower than 
either line 5 or line 1. No matter how service life, interest rate, traffic volume, or 
user time costs vary, the answer will be the same; line 2 will have the lowest annual 
cost. 

However, suppose that three alternative alignments, A, B, and C, are to be com
pared. Suppose further that C has a low construction cost and high user costs, A has 
higher construction costs but a lower user cost and B has very high construction costs 
but very low user cost. If this case is typical, it might be interesting to investigate 
the sensitivity of traffic volumes, interest rate, and service life, as these are vari
ables to which it is commonly difficult to assign specific costs. In this problem it 
would probably be found that under low traffic volumes, low interest rate, and short 
service life, alternative C was preferred to A which was preferred to B. However, 
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Figure 14. Example plots from a typical sensitivity analysis. 
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Figure 15 . Variation of total annual cost as a function of interchange cost . 
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under a combination of high traffic volumes, low interest rate, and long service life, 
the rank ordering of the alternatives by annual cost might show B preferred to A pre
ferred to C (Fig. 14). It is now up to the engineer to decide what value of each of the 
variables he is to use. He is not relieved of the responsibility for making decisions; 
he is merely allowed to make them in full light of the consequences. 

The use of sensitivity analysis could improve the approach to the engineering of lo
cation. After a few rough cost estimates have been assembled, the engineer might in
vestigate their sensitivity to determine which elements need to be defined further. He 
might, for example, find that earthwork was not very important. It might vary by ± 
50 percent and still not affect the rank ordering of alternatives. He might also find 
that the equation was very sensitive to traffic volume figures. From the analysis, it 
could be determined that improvement was necessary in these traffic estimates before 
a decision between alternatives could be made. 

Another use might be in the determination of the effect of location on unusual struc
tures, particularly where it is difficult to arrive at estimated costs for these facilities 
during the location phase. By determining all the other costs for each of the alignments 
except those for the major structure, it is possible to determine what the difference 
in cost for these items would have to be in order to change the rank ordering of the al
ternatives. For the I-495 problem, this is the manner in which interchange costs were 
investigated. 

In the initial economic analysis, it was implicitly assumed that the cost of inter
changes would be the same on each of the three alternatives. If this were true, it is 
permissible to omit this item altogether since it contributes equally to all three align
ments. However, this is not the case. It had been decided that an interchange would 
be located at the junction of I-495 and West Central Avenue. Examination of Figure 5 
indicates that because of the New York, New Haven and Hartford Railroad, the cost of 
this interchange is likely to be higher for lines 2 and 5 than for line 1. By varying the 
initial construction costs of lines 2 and 5, it was determined that the additional cost of 
the interchange for these two choices could be as much as $920, 000 more than that of 
line 1 before the original decision to build line 2 would change (Fig. 15). It was as
sumed that the additional cost for this structure on lines 2 and 5 would probably not be 
this great so that the decision to select line 2 is unaffected. The decision was thus 
made without the expenditure of any time or effort in the actual design of interchanges. 

Figure 16. California Computer Product's incremental plotter attached to an IBM 1620 
Data Processing System. 
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If least annual cost is to be used as the criterion for selection, line 2 will be the 
choice. Differences between the three final alternatives in terms of number of people 
and businesses disrupted or in social, political, and aesthetic impact upon the com
munity were not felt to be sufficient enough to change the decision. 

PRESENTATION OF RESULTS 

For most highway location or design studies, the results are typically presented in 
the form of drawings. These drawings include the route plan, the centerline profiles 
of the roadway and the terrain, and frequently the terrain cross-sections and mass haul 
diagram. Several reasons can be stated for the desirability for such a graphical pres
entation. First, drawings permit relationships to be visually appreciated. The over
all picture is more readily apparent in a plot than in the obscurity of large masses of 
numerical information. Second, drawings tend to point out errors that otherwise might 
not be detected. Last, a graphical representation helps to convey to an engineer cer
tain design details. Without the benefit of a computer, an engineer is forced to do a 
complete design and evaluation analysis himself. In this process, a large amount of 
knowledge pertaining to the detailed relationships of the roadway and the terrain is 
gained, thereby permitting, on the basis of intuition alone, modifications which improve 
the alignment. The engineer who has made use of a computer, however, will not have 
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Figure l7. Examples of automatically prepared as-built cross-section plots . 
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the opportunity to gain such knowledge. He has merely specified certain general cri
teria, and the machine has handled many of the design details. Very often, the com
puter-aided engineer will be aware of general relationships, but he frequently does not 
gain the detailed knowledge which permits him to intuitively make alignment improve
ments. Here plots are of the utmost usefulness; they convey those details which per
mit the engineer to decide on modifications to improve the alignment layout. It is 
necessary, therefore, in a computer-aided analysis, to present results graphically not 
only for the final choice, but for each alternative under consideration. It is imperative, 
if high efficiency is to be achieved with today's high-speed data processing systems, 
that this plotting be done rapidly and automatically (18). 

An automatic plotting facility has recently been installed in the Civil Engineering 
Systems Laboratory. This facility is a California Computer Products incremental 
plotter, connected on line to the laboratory's IBM 1620 Data Processing System (Fig. 
16). Significant advancements in the visual conveyance of information to the engineer 
have resulted from the added flexibility and accuracy provided by this installation. 
Programs have been written to draw the limits of the band of interest (Fig. 5), the 
centerline profiles of the roadway and terrain (Fig. 7), the slope limits plot (Fig. 7), 
the terrain (either the original or "as-built") cross-sections (Fig. 17), the mass haul 
diagram (Fig. 7), and the sensitivity analysis results. If desired, individual plots 
can be combined into composites for use as preliminary design plans (Fig. 18). These 
sample plots emphasize the point that automatic on-line plotters are opening up en
tirely new areas of computer applications to the highway engineer. 

Figure l8. Typical sheet of a set of automatically prepared preliminary design plans. 
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CONCLUSIONS 

This paper has described, in the context of an actual study, the application of sev
eral computer-based methods to highway location and design problems. Most of the 
specific mathematical models that were used to evaluate each of the cost-producing 
variables presently exist as individual programs or integrated systems of programs. 
However, with the advent of disk storage for small- and medium-scale computers, an 
integrated "route location evaluation system" becomes feasible. An engineer, in a 
single "pass" through the computer, would be able to describe completely his problem 
in highway terminology, analyze those phases in which he is currently interested, and 
obtain the resulting information in the form of listings and automatically prepared plots . 

Although the problem under discussion is in a rural area, the underlying methodology 
is valid for both rural and urban problems. The same cost variables are present in 
both situations; however, their relative importance can be vastly different. For ex
ample, it was determined that the critical variables in tl1is study were user time, fuel 
costs, and cost of earthwork. The cost of structures, although important, was less 
than half of that for earthwork. Social and political factors were relatively minor. If 
the problem under consideration had been in an urban area, th e investigation of social 
impact, network systems effects and the role of structures and land cost would likely 
have been important. The prediction of travel demand would not only be critical to the 
study, but also it would have to be done separately for each alternative under investi
gation. Computer models used in the evaluation of the various cost variables for ur
ban studies are typically quite different from fuose used in rural situations. 

Also important is the hierarchical level at which fue location decision is to be made. 
The discrimination in the models used to locate the roadway is necessarily greater than 
that required to locate the band of interest. The relative importance of fue different 
variables involved may also change wifu level. On a macro level, travel demand is 
almost always important. Once the travel volumes have been e stablished, the con
struction costs usually become m ore significant. 

Finally, the analysis of a highway location, be it economic, social, political or 
aesthetic, involves fue consideration of probabilisitic variables. If such an analysis 
is to be of value, it must attempt to deal realistically with these quantities. Digital 
computer programs and methods of analysis now exist which make such an analysis 
much more feasible than ever before. The use of fuese methods by engineering agencies 
will inevitably result in better engineering, better functioning facilities, and in the long 
run, increased responsibility on the part of the engineer as a decision maker for public 
policy . 
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Use of Marginal Cost of Time in Highway 
Economy Studies 

DAVID A. CURRY 
Operations Analyst, Stanford Research Institute 

This paper gives the preliminary results of a recent field study 
on the cost of passenger car time savings. The study, sponsored 
by the U. S. Bureau of Public Roads, was the outgrowth of a paper 
presented by Haney (14). 

The major objective of the present study was to determine an 
appropriate hours-to-dollars conversion factor for analyses and 
evaluations of alternative highway locations and designs. Traffic 
projections, economy studies, and planning reports for current 
and future construction projects were examined in several states, 
and costs of road users' time savings were computed on two al
ternate bases: (a) using a state's own cost factors and assump
tions (such as interest rates and length of study period), and (b) 
using a standard set of cost factors and assumptions, for com
parability of lhe r e i:ilill8 lie lwee11 i:;Lalei:;. Ralet:> uf relun1 and 
benefit/ cost ratios were also derived in many cases, for com -
parison with the cost of time. The results were considered from 
the standpoint of improving the data available to state highway 
departments for decisions about construction project alternatives 
and priorities. 

A set of procedures is also included for use by state highway 
departments desiring to experiment further with use of the cost 
of time as an added index of project desirability . A generalized 
procedural checklist for highway economy studies also is included, 
as a result of observations of certain errors and shortcuts in cur
rent state economy studies that could significantly affect their 
results. 

•IT IS FREQUENTLY necessary for state highway agencies and other groups respon
sible for furnishing or evaluating transportation services to decide between the merits 
of competing investment proposals , either as to their relative priority in time or, if 
they are alternative routes, as to their relative superiority. The computations of in
vestment, maintenance, and road user costs whieh oftpn accompany such a decision 
represent an attempt to measure in dollars as many as possible of the tangible conse
quences of the competing proposals. Among the predicted consequences whose con
version to a dollar value has become accepted practice is the amount of passenger car 
time saved by each of the proposed investments. The passenger car hours-to-dollars 
conversion factor is known as the "value of time ;" or V , 

In spite of general agreement that some value should be ascribed to passenger car 
time savings, the rather wide range of from $1 to over $ 4 per passenger car hour was 
found in references on the subject published since 1950 (1.li, pp. 22-23). There is an 
urgent need to narrow the range of uncertainty about the proper value or values of time 
to use in highway economy studies because of the relatively high percentage of total 
road user savings-usually 50 percent or more-that are due to the assumed value of 
passenger car time savings. 

Pape r sponsored by Committee on Highway Engineering Economy . 
!f8 
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Another feature of the value of time is the difficulty in ascribing "costs" in the usual 
economic sense to the time of passenger car occupants, since much of the time they 
save has not been shown to be marketable or to increase their monetary income. Indeed, 
the value of time is not ordinarily defined as a cost but rather as an intangible "willing
ness to pay." By such a definition, estimates of road user benefits which include the 
value of time savings are a composite of tangible dollar savings (in vehicle operating 
or running costs, truck time costs, and accident costs) and the intangible willingness 
on the part of passenger car occupants to pay for the time they would save on improved 
highways. 

As an alternative or supplement to assuming a certain willingness-to-pay value of 
time, it is possible to obtain the minimum dollar value that one must relate to an hour 
of passenger car time in order to justify a proposed highway investment-that is, to 
achieve a benefit/cost ratio of 1 in comparison with an existing road or some alterna
tive improvement. In a paper presented before the 1963 Highway Research Board 
meeting (_.!j), Haney explored the theoretical problems involved in using this minimum 
acceptable dollar value of passenger car time, employing the term "cost of time" (C) 
to refer to the concept. In algebraic terms, the cost of time for a highway project is 
defined as follows: 

where 

C cost of time ($ / hr), 

C = Ah + tlln - tiu 
tit 

Ah initial right-of-way and construction cost increment ( $), 
Am present worth of annual road maintenance cost increment($), 
Au present worth of road user savings in operating, truck, time, and 

accident costs ( $), and 
At present worth of passenger car time savings (hr). 

( 1) 

Derivation of the three incremental present worths (.6m, .6u, and N) is explained in the 
section "Present Worth Formulas" at the end of Appendix A. The formula for C is 
derived by solving for what might be called the "break-even" value of time, that makes 
the present worth of net future road user benefits equal to initial highway costs, or 

Solving for V: 

tih = Au + V tit - tim 

V = tih. + tim - Au = C 
tit 

where V =value of time, in dollars per hour. 

(2) 

(3) 

Two major uses of the cost of time are described in this paper. First, the cost of 
time for individual highway projects is compared with the assumed value of time. If 
the cost of time is less than the assumed value of time, the project is desirable. Such 
a comparison is similar to the procedure of comparing the rate of return on an individ
ual investment with some assumed "minimum attractive rate of return," in which a 
project is desirable if its rate of return is greater than the minimum attractive rate of 
return. 

A second use of the cost of time is in establishing the value of time for analysis of 
an entire highway construction budget. Before explaining this process, two terms must 
be introduced: 

1. If construction projects are ranked by increasing cost of time, the cost of time 
for the last project covered by a given construction budget is defined as the "marginal 
cost of time" for that budget. 

2. When a value of time is used for economic evaluation of a set of projects, the 
value used is defined as the "maximum allowable cost of time" for the set, because 
projects with a higher cost of time will have benefit/ cost ratios of less than 1. 
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As Haney demonstrated, since the choice of highway projects on economic grounds may 
vary with the value of time chosen and since little confidence can be placed in values of 
time in current use, it is essential to use the lowest value of time possible for analysis 
purposes; this value is the marginal cost of time for the highway construction budget. 
(Except that when the marginal cost of time is negative, V should be set equal to zero.) 
To take a numerical example, if the value of time in use by a particular state is $1. 50 
per hour but the marginal cost of time for the state's future construction budget is es -
timated to be only $0. 75 per hour it would indicate that a maximum allowable cost of 
time as low as $0. 75 could still result in benefit/cost ratios of 1 or greater for all 
projects included within the future budget. 

The cost-of-time approach to establishing a proper value of time for economic anal
ysis is similar to the following procedure suggested by Roland McKean for handling the 
closely related problem of intangible benefits in water resource projects (22, p. 63): 

. . . . it must be conceded that, if a project's outputs cannot 
be freely bought or sold or cannot even be accurately defined, 
the derivation of values for them is at best not wholly satis
fying, and is at worst subject to serious abuse . We cannot 
prescribe just where to draw the line between effects which 
should be measured in terms of the common denominator and those 
which should not. [ However,] . . . if both gains and costs are 
being expressed in dollars ... it may be possible to show the 
minimum dollar value that one must attach to the intangibles 
if he prefers Project A over alternative investments. 

The objectives of the present paper are to report on an effort to extend the use of 
the cost-of -time concept to evaluating actual highway construe lion pro] ects in three 
states; to derive values for the marginal cost of time in these three states; and to ex
plore the significance of the marginal costs of time so derived for general application 
in highway economy studies. 

Throughout the paper, the basic economic criterion in selection of highway improve
ments within available construction budgets is to minimize the present worth of total 
highway transportation costs (initial right-of-way and construction costs +road main
tP.nanr.P. r.osts + road user costs) using an appropriate interest rate, study period, and 
value of time. The most direct way of meeting this criterion is to select the set of 
projects that will maximize the present worth of savings in highway transportation cost. 
The cost of time, benefit/ cost ratios, and rates of return are treated as "economic 
indexes" which when properly used can aid in selecting the economically optimal set 
of projects. 

Many of the cost factors and procedures for road user benefit analysis that are set 
forth in the AASHO Redbook (!) have in effect been superseded by a variety of improved 
sources. However, differences of opinion and practice still exist on a number of im -
portant points of procedure . An effort has therefore bP.en made in this paper to develop 
a fairly comprehensive statement of methodology, based on judgment as to the best 
available sources and authorities. It was also anticipated that this methodology might 
serve as a guide to states that wish to explore further the use of the cost of time in 
analysis or administration of their own highway construction programs. The assump
tions and methods employed in the study are described in the next two sections of this 
paper, supplemented by Appendixes A and B. The two concluding sections of the paper 
describe the results of individual project analyses in the three cooperating states , and 
discuss the implications of these case studies for future highway economy studies. 

PROJECT SELECTION CRITERIA AND ASSUMPTIONS 

In order to limit comparisons to projects meeting generally similar quality stand
ards, highway construction projects were chiefly selected from the Federal-aid pri
mary (FAP) system, with a few examples from the interstate system and from major 
secondary roads. Projects selected had to have as their major purpose the speedup 
of future highway traffic either through building a new route or through significantly 
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improving an existing route, as opposed to projects for such purposes as surface re
construction or the elimination of road hazards. A "project" was defined as any dis -
cretely funded stage of a proposed highway improvement, so that independent links of 
a given improvement proposal could be evaluated separately. Because of the added 
complexity of analyzing truck speeds and benefits on steep grades, projects in hilly or 
mountainous terrain were excluded. 

The following budgetary policy observations and assumptions were made for the 
present study: 

1. Highway budgets are fairly well known for several years in advance because 
forecasts of gasoline taxes and other revenues can be made with reasonable accuracy. 
The total funds anticipated may be subdivided in various ways, such as along geograph
ical, functional, or system lines; each such subdivision constitutes a separate con
straint for advance planning purposes, and only construction projects within the same 
budgetary subdivision should be considered in direct competition with each other. 

2. The major problems in highway priority determination lie beyond the current 
fiscal year and the subsequent fiscal year, since most construction projects for those 
two years will already have binding commitments. It is therefore the subsequent "ad
vance planning program" on which priority determination should focus. For analysis 
purposes it appears most convenient to take successive 3- to 5-yr "budget planning 
periods" within, say, a 6- to 20-year advance planning program, and consider all 
potential construction projects in competition for funds within that period by setting 
the zero year for the economy studies midway in the budget planning period. Projects 
with less desirable ratings can then be considered for fw1ding in the succeeding budget 
period, and so on to the end of the advance planning program. 1 

3. Very large projects, which have to be funded and constructed over a period of 
two or more fiscal years, may sometimes usefully be divided into sections for economic 
analyses. This may create problems with a project of moderate overall priority which 
contains some very high- and very low-priority sections; normally, the logical approach 
would be to schedule the high-priority sections early and either drop or defer the low
priority sections, unless the high-priority sections depend on the low-priority sections 
as traffic connections, feeders, or in some similar way. Such problems could be 
avoided if sections are chosen for analysis purposes that are relatively independent of 
each other physically. Highly interdependent sections must be considered together, 
as one project, for economy study purposes. 

The foregoing budget policy assumptions are believed to correspond reasonably well 
with the way that most state highway agencies proceed with the development of their 
advance planning programs (except that economic analysis is not commonly a part of 
the priority determination process at present). Naturally, the farther off a given year 
is in the advance planning period, the more tentative and subject to change is the se
lection of projects for that year. Changes in scheduling as a remote year draws closer 
to the budget year will arise for many reasons-political, financial, workload leveling, 
etc. -but none of these changes negate the basic value of the advance planning program 
as an aid to orderly consideration of potential highway construction projects. 

METHODOLOGY 

General Comments 

The five steps followed for the economic analysis of highway projects in each of the 
three states are summarized as follows: 

1 The question of optiruwu lengths of budget planning periods would profit from further 
research and experimentation. One consideration is that the longer the budget period 
used, the greater the risk that low-priority projects which have rapid growth rates 
and which are scheduled late in the period might in fact have s ignificantly higher 
benefit/cost ratios if their zero years were located toward the end rather than at the 
middle of the budget period. Another consideration is the masking effect of multi
ye ar budget periods on evaluation of incremental investments, explained later in the 
section, "Example of Postponement Analysis," 



52 

1. Compilation of basic project data , including estimation of any missing informa
tion; 

2. Calculation of 1966 user costs and savings; 
3. Expansion of 1966 user savings to 25 years (1966-1990), and calculation of in

cremental present worths (Ah, Am, Au, and At) at 6 percent interest; 
4. Calculation of economic indexes: transportation cost savings, cost of time, 

benefit/ cost ratio, and rate of return; and 
5. Ranking of competing projects. 

Appendix A contains a detailed discussion of steps 1, 2, and 3 which lead to the 
derivation of present worths for Ah (increm ntal initial cost) , Am (incremental main
tenance costs), .6u (road user savings in operating, lruck tim , and accident costs), 
and 6t (passenger car time savings). It should be mentioned, however, that values for 
these four factors are normal outputs of highway economy studies, and if economy 
sh1rliAR on a. Rtandardized basis were routinely conducted for all state highway construc 
tion projects, it would be a simple matter to use the output of the state studies for steps 
4 and 5. The fact is that only the small proportion of highway projects that involve 
all~niali ve routes are normally subj cctcd to economy ctudics. Further, such a wide 
variety of techniques and assumptions are employed from one state to another that the 
results of economy studies in different states are rarely comparable. For example, 
variations exist in the length and zero year of the study period employed; in the rate 
of interest used; the values of passenger car or truck time and of operating cost factors; 
the inclusion of estimates for maintenance costs, resurfacing costs, and accident costs; 
and the inclusion of estimated benefits from speeding up traffic remaining on other un
improved roads following construction of a major new highway. Such differences af
fect, in varying degree, the benefit/ cost ratios, cost of time, and rates of return that 
would be computed for a giveH project. As an example of such effects, Appendix B 
compares the results of a typical state economy study with the results from methods 
employed in this paper. 

Steps 4 and 5, relating to the use of t.h, Am, .tu, and At to obtain project priorities, 
involve several significant departures from present highway economy theory. These 
two steps are discussed next, in sequence. 

Calculation of Economic Indexes 

Formulas for economic indexes that were employed or considered for the cost-of
time study are listed below, using the symbols for present worth of increments de
fined in the introduction. The formulas are followed by brief comments on the uses 
and limitations of each one. 

Cost of Time (dollars per hour): Eq. 1. 
Rate of Return (pe r enl): i at which Eq. 2 holds. 
Transportation Cosl Savings (dollars): 

Benefit/ Cost Ratio: 

S = Au -r V M - Ah - t.m 

R = Au + VL:i.t - 6m 

.:lh 

Present Value Ratio (or "Present Value per Dollar of Inveslment"): 

s 
P=

tih 

(4) 

(5) 

(6) 

The cost-of-time concept has already been defined as the actual cost of providing 
time savings on a specific project. In Eq. 1 for the cost of time, the difference (L:i.h + 
Am - Au) is the net increase in the present worth of transportation costs other than 
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the value of passenger car time savings for a given project or project grouping. When 
the benefit/ cost ratio for a given project is 1, the cost of time is equal to the assumed 
value of time, and when the benefit/ cost ratio exceeds 1, the cost of time is less than 
the assumed value of time. Negative costs of time indicate that total highway costs 
(t.h +Am) are more than offset by the present worth of user savings in operating costs, 
truck time costs, and accident costs alone (t.u). 

Eq. 2 expresses the conventional method for finding the rate of return by trial-and
error solution in cases where a project's benefits can logically be assumed to be re
invested at its rate of return. 

Eq. 4 for transportation cost savings simply gives, in present worths, the excess 
of incremental road user benefits over incremental highway costs. If S is zero or 
greater, the investment would be considered desirable. 

The separate identification of .::\m in these equations arises from the desirability of 
keeping annual maintenance costs out of the denominator of Eq. 5, the benefit/ cost 
ratio. This problem has been discussed at length elsewhere (e.g., 13 and 22), but may 
be illustrated by the following simplified example: assume that the three nonmutually
exclusive projects X, Y, and Z are being considered for inclusion in a given budget, 
and that it is desired to rank them in order of priority by means of their benefit/ cost 
ratios. Table 1 gives the pertinent data for each of the projects, in comparison with 
the existing highway at each site. 

Since each project requires the same investment of $10, the relative savings in 
transportation costs created by each project will be an index of the project's compara
tive desirability according to our basic criterion of minimizing the present worth of 
highway transportation costs within a given budget. It is evident from the transporta
tion cost savings in line 5 of Table 1 that the three projects' relative order of economic 
merit is X, Y, z, due to their respective savings of $90, $80, and $72. However, a 
comparison using benefit/ cost ratios with maintenance costs added to initial highway 
costs, as in line 6, will produce exactly the opposite ranking: Z, Y, and X. A correct 
ranking solution using benefit/ cost ratios is possible by first deducting maintenance 
costs from future benefits (Table 2). 

It has been argued in the past that the benefit/cost ratio is not appropriate for rank
ing a series of investments, and should only be used for comparing two alternative 
investments. In Table 1 the following results would be obtained from such a comparison 
(a) incremental benefits of X compared with Y = $20, (b) incremental costs of X com
pared with Y = $10, and (c) benefit/ cost ratio of X compared with Y = $20/ $10 = 2.0. 

Table 1 

COMP!ITATION OF 13ENEFI'l'/COST RATIO BY USUAL METHOD 

Item 

1. Initial cost (6h) 

2. Maintenance (6m) 

3. Total cost (line 1 + line 2) 

4 . Benefit s (I\ u + VI\ l ) 

5. Transpo1·tat io 11 cost savi11gs 

(1 i ne 4 - 1 i ne 3) 

6. Benefit/cost rutio, usual 

( 
1 i ne 4 "'\ 

methocl line 3 ) 

x y 

$ 10 $ 10 

$ 30 $ 20 

$120 $100 

$ 90 $ 80 

4 . 0 5.0 

z 

$10 

$12 

$84 

$72 

6.0 
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1. 

2. 

3. 

4. 

5. 

Table 2 

COMPUTATION OF BENEFIT/COST llATIO WITH 

MAINTENANCE COSTS IN NUMERATOR 

Item x 

Benefit<; (Liu + Vllt) $120 

y 

$100 

Maintenance (6 m) $ 20 ~ 

Net benefits (line 1 - line 2) $100 $ 90 

Initial L:OSt (f\h) $ 10 $ 10 

Benefit /cost . ( l l n" 3 J ratio --;-::--; 10.0 9.0 

z 

$84 

12. 

$82 

$10 

8.2 

Granted that the foregoing incremental benefit/ cost ratio of 2. 0 correctly selects 
project X over project Y, the question may still be raised: is it not simpler and just 
as valid to rank projects X and Y by the method of Table 2? "Present value" analysis 
has been defended as an appropriate method of ranking corporate investment opportuni
ties (e.g., 17, 20, and 24), and present value analysis is essentially the same com
parison of futur e net income streams with initial investment as is illustrated for a high
way investment in Table 2 where the present worth of the maintenance cost increment 
was deducted from the present worth of fulure hlg-hway benefits. U ac of the benefit/ coat 
ratio for ranking investments which include sets of mulually exe lu:,;ive alternatives 
should of course be accompanied by an iterative procedure for handling the incremental 
investment in the mutually exclusive alternative sets. Such an iterative technique was 
demonstrated in the previous cost-of-time paper (!.1, Appendix A), and is described in 
the next section of this paper. 

Aside from the use of benefit/ cost ratios for ranking purposes, it seems intuitively 
more satisfying to have only the initial investment in the denominator. Each increase 
of 1 in the benefit/ cost ratio can then readily be recognized as an additional return of 
100 percent of the initial investment, and smaller changes in the ratio will have some 
consistent relative meaning in relation to the original investment. Also, if one's ob
jective is (as we have asswned) to maximize the future excess of transportation benefits 
over transportation costs that will result from a present outlay, then the present outlay 
alone must appear in the denominator when the benefit/ cost ratio is used as an index 
for ranking competing proposals. Otherwise, what is maximized will be the excess of 
transportation benefits over transportation costs that will result from the sum of a pres
ent outlay plus its future maintenance costs. Such a criterion will, as may be seen 
from Table 1, prejudice projects with high maintenance costs even though incremental 
future benefits are mor e than enough to offset the higher maintenance costs. 

Eq. 6 for the present value ratio is in effect a variation of the benefit/ cost ratio. 
The equivalence of Eq. 6 with Eq. 5 for the benefit/ cost ratio is shown as: 

s 
P=

Ah 

but since: 

Au + V At - Ah - Am 
Ah 

~u + V 6t - 6m 

.Ah 
Ah 
Ah 

Au+ VAt - .Am 
R = ~~~~~~~ 

Ah 

Au + V At - Am _ l 
Ah 

(7) 

(5) 
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therefore, 

P=R-1 (8) 

This result shows that the present value ratio is always one less than the benefit/ 
cost ratio for a given investment. If a cutoff point of 1 is adopted for R, an equivalent 
cutoff point for P would therefore be zero; this is also the point at which transportation 
cost savings (the numerator of the present value ratio) would equal zero. Our purpose 
is not to debate the relative merits of the benefit/ cost ratio and the present value ratio, 
but only to show that conclusions reached for either of the two indexes will also hold 
for the other, provided that both are computed in the manner suggested. 

Ranking Competing Projects 

Highway Economy Studies and Advance Programming. -It is desirable at the outset 
to consider the relationship of project-ranking procedures by highway economy methods 
to current methods of establishing priorities for competing state highway construction 
projects, since current state methods rely almost exclusively on noneconomic methods. 
The most widely used method of state highway priority determination is some variation 
of "sufficiency ratings" involving the comparison of several important road or traffic 
variables with assumed standards of adequacy on a numerical scale that is weighted 
subjectively according to the importance ascribed to each variable. Thus, the Ten
nessee method defines standards for "dependability," "facility of movement," and 
"safety" on a ten-point scale, and rates the relative sufficiency of each road section 
according to estimates of remaining surface life (for dependability), operating speed 
during the design hour (for facility of movement), and number of accidents per mile 
(for safety). The Tennessee Department of Highway's interpretation of the resulting 
three-number rating, insofar as priority determination for major highway improve
ments goes, places greatest emphasis on the facility of movement rating. 

The following important parallels and contrasts exist between highway sufficiency 
rating procedures and the type of economic analysis of an entire highway construction 
program that is undertaken in this paper: 

1. The results of either sufficiency ratings or economy studies may become part 
of the input to the extremely complex activity of "advance programming," as that activ
ity is described by Granum and Burnes (31, p. 23). 

2. Sufficiency ratings and economy studies both typically use basic highway data on 
speed, accident rates, and road resurfacing expectancy; but whereas sufficiency ratings 
convert the basic data into index numbers, economy studies convert the data into trans
portation costs or dollar equivalents. 

3. Given two equally deficient sections of highway, and a budget limitation that 
prevents improvement of both sections at the present time, sufficiency ratings can 
make no contribution toward a decision between the two improvements, whereas the 
results of an economy study would help by giving the relationship of estimated dollar 
benefits to the estimated dollar costs of making each improvement. 

The latter point appears to be seldom considered in making up lists of highway 
"needs," since lists of needs are typically based on achievement of certain road stand
ards without specific regard to whether the costs of a particular highway improvement 
bear a reasonable relationship to the road user benefits obtained by the outlay. 2 Yet, 

2 For purposes of illustration, assume that road section M through a mountainous region 
is rat ed equally as deficient as a certain rural road section S, of equal l ength, through 
a r apidly growing suburban area . Section M could conceivably require several times the 
investment of section S to remove curves and grades, t o add lanes for eA'}lec ted increases 
in traffic , or otherwise to improve the roadway to a predetermined l evel of sufficiency. 
How can the priorities of work on the two sections be compared, taking expected traffic 
loads and r oad user benefits into account? It may also be r e l evant to ask how the merits 
of different levels of improvement on one or both sections compare. Sufficiency ratings 
by thems elves cannot cope with such questions, 
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very little additional data or time would be required to obtain economic indexes, once 
the information necessary for sufficiency ratings is at hand. It has been argued in the 
past that economy studies lack the precision necessary to use them for comparison of 
the alternative routes of a given project. However, economy studies should be at least 
as reliable as sufficiency ratings for such comparisons, especially if the resulting 
economic indexes are not taken as absolute indicators apart from intangible considera
tions not readily translatable into dollars. 

The following five subsections of the paper describe the use of one economic index
the benefit/ cost ratio-in highway economy studies. The subsequent subsection de
scribes the use of other indexes. 

Current Practices for Inter retation of Benefit Cost Ratio. -The AASHO Redhook 
gives three inconsistent criteria for interpreting the benefit cost ratios that result 
from highway economy studies, as follows: 

Criterion 1 

To make analyses for two or more alternates of highway improve
ment a ll ell.e fi.~ t'& ... iQ is c~ J.c• 1-l;ot QQ t.'n <;a.ell Q Jt em nt ,., c•ompa l'N1 

to the basic condition. The indices for the several alternates 
indicate their relative merit as regards road user benefits. 
(!_, p. 14) 

Criterion 2 

A benefit ratio less than one indicates that in a. road user bene-
fit sense the basic condition is to be preferred over the alter
nate improvement. (:!:_, p. 28) 

Criteri on 3 

There may be advantage where several alternate locations or de
signs are being compared in a second-step benefit ratio calcula
tion to analyze the expenditure of capital cost with resultant 
gain in benefits. U

0
, p. 151) 

Examples worked out in the AASHO Redbook generally follow Criterion 1, ignoring 
the other two criteria. For instance, Example 6 on pages 40-44 of the Redbook com
pares two levels of highway improvement termed "Plan 1" and "Plan 2," for which the 
financial data indicated in Table 3 are estimated. 

The comparison of Plan 2 with Plan 1 shown in the final line of Table 3 is not given 
by the Redbook, which concludes its example with the statement that "It appears that 
Plan 1 is more desirable than Plan 2 and should be selected for construction." By 
Criterion 3, however, as illustrated in Appendix B of the Redbook, Plan 2 should have 
been chosen, since the extra cost of Plan 2 over Plan 1 would be more than offset by 
the incremental benefits of Plan 2 compared with Plan 1. 

It is generally acknowledged, even though far from universally practiced, that com
parison of incremental benefits and costs as suggested by the Redbook's Criterion 3 is 
the only appropriate method for economy studies. However, even the Redbook' s 
Criterion 3 is not a complete statement of the criterion problem. A full description of 
proper investment criteria has to allow for projects in which the least-cost alternative 
has a benefit/cost ratio of less than 1; in such cases, the incremental benefit/cost 
ratio of the higher cost alternative is not relevant. A full statement of criteria must 
also distinguish between (a) the simple case where no budget constraint is involved, 
and (b) the more complex but considerably more common case of a fixed investment 
budget. Proper investment decision rules for these two cases are discussed in turn 
below. 

Decision Rules for First Case: Two Alternatives and No Budget Constraint. -This 
case is similar to the Redhook's Example 6, discussed above, with a "least cost" al-
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ternative and a "higher cost" alternative. The three possible decisions are summarized 
in Table 4. 

The left-hand column of Table 4 lists the three benefit/ cost ratios that need to be 
obtained: the least cost and the higher cost alternatives versus doing nothing (ratios 
A and B), and the higher cost versus the least cost alternative (ratio C). Following 
the first two sets of benefit/ cost ratios through the table: if ratio A is greater than 
or equal to 1, and ratio C is less than 1, the right decision is to do the least cost al
ternative ; if ratio A is greater than or equal to 1, and ratio C is also greater than or 
equal to 1, the right decision is to do the higher cost alternative. In neither case is 
ratio B relevant to the question. As indicated, ratio B does become relevant when 
ratio A is less than 1. In that event , the higher cost project must stand on its own 
.\eet, so to speak. The decision will then be to do the higher cost alternative if ratio B 
is greater than or equal to 1, and to do nothing at all if ratio B is below 1. 

One important observation is that although the decision rules in Table 4 are speci
fied only for the case of a single project with two alternatives, the rules may readily 
be generalized to permit a r anking of any number of projects by comparing each proj -
ect successively with all other projects, one comparison at a time. However, such a 
procedure becomes extremely burdensome for a large number of projects; for example, 
25 to 50 projects had to be ranked in each of the three states visited for this study, and 
comparing each project with all other projects would have been quite time consuming. 
The abbreviated procedure described in the next section was used instead. 

Decision Rules for Second Case: Ranking a Series of Projects Within a Limited 
Budget. -If all highway projects being considered for funding within a given budget 
period have only a single proposal for improvement, the economically optimum set of 
projects may be selected by simply ranking the projects in order of descending benefit/ 
cost ratios until the budget is exhausted. The last project covered by the budget is de
fined as the marginal project, and its benefit/ cost ratio as the marginal benefit/ cost 

Plan 1 vs 
Plan 2 VS 

Plan 2 vs 

Table 3 

SUMMARY OF FINANCIAL DATA FROM 
EXAMPLE 6 IN AASHO REDBOOK 

(Dollars in Thousands ) 

Annual Road 
Annual 

User Costs 
Highway 

Cost 

Existing roads $5,730 $ 46 
Pl a n 1 4,760 234 
Plan 2 4,697 264 

Annual Annual 
Incremental Incremental 
Benefits Costs 

existing roads $ 970 $188 
exi sting roetds 1,033 218 
Plan 1 63 30 

Benefit/ 
Cost 
Ratio 

5.2 
4.7 
2.1 
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Type of 

Table 4 

INVESTMENT DECISION RULES FOil TI!E CASE OF 

TWO ALTET<N1\TIVES AND NO BUDGET CONSTRAINT 

13enefit/Cost Value of Benefit/Cost Ratio 

Ratio 

A. Least Cost 

vs :--1. 0 < l. 0 

Do-Nothing 

B. Higher Cost 

vs -- -- > l. 0 

" 1 .... h 1 ... ... 

" 

c. Higher Cost 

vs ".'. l. 0 :> 1. () -
Least Cost 

Do Least Cost Do Higher Cos t 
Decision Oo 

Alternative Alternative 

Procedure 

<l. 0 

--

Noth inf{ 

Step 1: Obtain the three types of benefit/cost ratios identified 

in the first column . 

Step 2: Compare each ratio success ively with a benefit/cost r atio 

of 1, moving vertically down the above table to the cor

rect decision at the bottom . (Dashes in the table indi

cate that the type of benefit/cost ratio in question is 

not applicable.) 

ratio. Of particular interest is the fact that the marginal benefit/ cost ratio becomes 
the cutoff or decision point, rather than a benefit/ cost r atio of 1 as in the previous 
case where no budget limitation was involved. In a continuing highway program, of 
course, the decision not to do a particular project in one budget period does not pr e 
vent its reconsideration in a later budget period. In a later budget period, the project 
will be in competition with a different (and possibly somewhat lower priority) set of 
projects than in the first period, and in addition, traffic increases over time may give 
the project a higher benefit/cost ratio when the ratio is calculated in a period later 
than the first period. 

While a simple ranking of benefit/ cost ratios will work for projects involving only 
one proposal for improvement, it is far more usual for some potential highway projects 
to involve at least two alternative routes or levels of improvement (plus the do-nothing 
case). In that event , the first step in the selection procedure is to compute benefit/ cost 
ratios for each alternative of a project compared with all other alternatives of the same 
project (including the do-nothing condition). The second step or series of steps is to 
follow the iterative procedure described in the previous cost-of-time paper (14, p. 9), 
which involves the selection of projects and of incremental investments with succes -
sively lower benefit/cost ratios until the budget is exhausted. In the course of this 
process, lower cost project alternatives that were approved at a previous iteration may 
be displayed in a later iteration through approval of the incremental investment in a 
higher cost alternative. This event may be illustrated by r eference to the Redbook's 
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Example 6 as summarized in Table 3: if the marginal benefit/ cost ratio (the benefit/ 
cost ratio for the last project covered by a given budget) is below the 2. 1 incremental 
benefit/ cost ratio of Plan 2, then the $30, 000 additional cost of Plan 2 would be ap
proved. Plan 1 with a benefit/ cost ratio of 5. 2, would have been approved at a pre -
vious iteration, but would now be displaced by Plan 2. 

The third and final step in the selection process when some projects involve two or 
more alternative improvement proposals is to consider the economic desirability of 
postponing any projects with incremental investments which have benefit/cost ratios 
greater than 1 but less than the ma1·gina.l benefit/ cost ratio for the period under con -
sideration. Again in terms of the Redbook example in Table 3, the question can be 
stated as follows: assuming a marginal benefit/cost ratio higher than the 2.1 incre
mental ratio of Plan 2, would it be better from an engineering economy viewpoint to 
postpone the whole project in the expectation that the marginal benefit/ cost ratio for 
some future budget period would be below 2.1, thereby justifying Plan 2 at that future 
period? 

To answer this question, it is first necessary to forecast the marginal benefit/ cost 
ratios of succeeding budget periods. In the event that a long-term supply of projects 
with benefit/cost ratios above 2.1 but below 5.2 is anticipated, it will obviously not be 
profitable to postpone the entire project, because the lower cost alternative {Plan 1) 
has a benefit/ cost ratio of 5. 2. On lhe other hand, if the marginal benefit/ cost ratio is 
expected to decline below 2. 1 in some future budget period, it may be profitable to 
postpone the project in order to justify carrying out the more expensive Plan 2. To de
termine the economic advantages of postponement requires analysis of total tradeoffs 
in costs and benefits that will be caused by postponing Plan 2. A simplified but reason
ably realistic example of such a "postponement analysis" follows. 

Example of Postponement Ana.lysis. -While the benefit/ cost ratios of the Redbook' s 
Example 6 will be retained in order to preserve some continuity of discussion, it will 
be most convenient to change the benefits and costs from the Redbook example. Ac -
cordingly, the following assumptions are given: 

1. In a certain highway agency, the six prospective construction projects A, B, C, 
D, E, and Fare being considered for funding. For each project, the least cost im
provement is known as Alternative 1 and the next higher cost improvement (if any) as 
Alternative 2. The data on these projects are presented in Table 5. Project A has an 
A.lternative 1 with an initial cost of $10 million and a mutually exclusively Alternative 
2 with an incremental initial c0st of $10 million (total of $ 20 million). The other five 
projects involve only the single Alternative 1, with an initial cost of $10 million in each 
case. 

2. Alternative 1 of Project A has a benefit/ cost ratio of 5. 2 and Alternative 2 of Project A 
has an incremental ratio of 2 .1-similar to ti-~ Redbook example in both instances. The 
other five projects have ratios of 4. 0, 3. 5, 2. 0, 1. 5, and 1. 5. The highway agency an
ticipates a future supply of projects with benefit/ cost ratios of at least 1. 5 for many 
years to come. 

3. The construction budget for the highway agency is $ 20 million for the next three 
budget periods, which means that two $10 million projects or one $ 20 million project 
can be funded in each budget period. 

Given the foregoing facts, a highway economy analyst proceeds to rank the projects 
in order of priority, by budget period. He notes that Projects B through F need simply 
to be scheduled in order of declining benefit/cost ratios, but that two choices exist with 
respect to Project A: it can either be undertaken at the $10 million level in the first 
budget period, or postponed until the second budget period, at which time the 2.1 in
cremental benefit/ cost ratio of its Alternative 2 will exceed the 2. 0 marginal benefit/ 
cost ratio anticipated for the second budget period. The analyst makes a summary 
(Table 6) of the effect of the foregoing choices on total benefits in each budget period, 
throwing in for good measure a summary of benefits from doing Alternative 2 of Proj
ect A in the first budget period. 
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It is evident from Col. 5 of Table 6 that there are three significant economic effects 
of postponing Project A until the second budget period and doing the more costly alter
native: (a) a $17 million loss of benefits in Period I, (b) an $18 million gain of benefits 
in Period II, and (c) a $ 5 million gain of benefits in Period III. 

Assuming that the budget periods are each one year in length, conversion of the gains 
of Periods II and III to equivalent present worths at 6 percent interest gives a total 
equivalent gain of ~20.2 million in Period I. Taking the $20.2 million equivalent gain 

l' rUJec l 

A 

B 

c 
n 
E 

F 

Budget 

Period 

(1) 

I 

II 

III 

Table 5 

BASIC DATA FOR ANALYZING POTENTIALLY POSTPONABLE 

HIGHWAY INVESTMENT 

Alter-

native 

1 

2 

1 

1 

l 

1 

1 

Option 1 

Do Al in 

Period I 

(2) 

$92 

55 

30 

(Dollars in Millions) 

Incremental Incremental 

Benefits Costs 

$52 $10 

21 10 

40 10 

35 10 

20 10 

15 10 

l!:> 10 

Budget Available for 

Period New Construction 

I $20 

II 20 

III 20 

Table 6 

BENEFITS FROM THREE OPTIONS 

(Millions of Dollars) 

Benefit/Cost 

Ratio 

5.2 

2.1 

4.0 

3.5 

2.0 

1. 5 

1. 5 

Option 2 Oplion 3 Gain (+) or Luss (-) 

Do A2 in Do A2 in Col. (2 ) - Col. (3) -
Period II Period I Col. (3 ) Col. ( 4) 

(3) (4) (5) (6) 

$75 $73 $-17 $-2 

73 75 +18 +2 

35 35 +5 --
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as "benefits" and the $17 million loss of benefits in Period I as "cost , " a benefit/ cost 
ratio of $ 20. 2 + $17. 0 or approximately 1. 2 is obtained. The ratio is close to but 
nevertheless greater than 1, and the analyst may therefore assert that there is a slight 
economic case in favor of Option 2-delaying Project A by a year in order to carry out 
its more expensive alternative. 

It is of interest to observe that different results will be obtained in this example if 
the budget periods are assumed to be 5 years in length instead of 1 year. Discounting 
the gains in Periods II and III at 6 percent interest then results in an equivalent present 
worth in Period I of only $16. 2 million, which is less than the $17 million loss of bene
fits in Period I (assuming end-of-period gains and costs in all cases). 

Generalizing from this conclusion, it appears that the longer a project must be post
poned in order for the incremental costs of its more expensive alternatives to be jus
tified , the less likely is the postponement to be economically defensible. 

A further observation on the postponement example is that Col. 6 of the summary 
of benefits shows there is no economic advantage in funding the higher cost Alterna
tive A2 in Period I, compared with funding it in Period II (since the gain of $ 2 million 
in Period II will be less than the loss of $ 2 million in Period I, when discounted to an 
equivalent present worth). 

Combination of the three budget periods used in the example into a single period 
with a total fund availability of $ 60 million would have a masking effect on the data 
given in Table 6, because the projects would then be evaluated on the basis of the same 
study period with the same zero year, and the three options given in Table 6 would no 
longer exist. The masking effect of combining three 1-yr budget periods into a single 
budget period is not significant, because the same conclusion would be reached in either 
case : do Alternative A2 instead of Al. However, as noted in the previous paragraph, 
if the original budget periods are each 5 years long, the proper decision based on sep
arate budget periods would be to do project Alternative Al; but the decision based on a 
combined 15-yr budget period would be to do Project A2. The conclusion suggested by 
this brief example is that the larger the number of years that is combined into a single 
budget period, the greater is the risk that masking will result in the approval of eco
nomically undesirable incremental investments. Pending further research on the op
timum length of budget periods for investment programs of various types and sizes, 
the tentative position has been taken in this study that periods of from three to five 
years in length are appropriate for the state highway construction programs under con -
sideration. 

Assessment. -It may perhaps be objected that the foregoing example of a postpone
ment analysis assumes more knowledge of the future on the part of the analyst than it 
is reasonable to expect. For instance, what if projects with benefit/ cost ratios of 2. 5 
and greater crop up in the second budget period, unforeseen until the decision to post
pone Project A2 has been made? One possible reply to this objection is that all eco -
nomic analysis is based on assumptions about future events, and decisions must be re
evaluated when the predictions on which they were based turn out to be significantly 
erroneous. The firmness of commitments to the planned time schedule and design for 
a project usually increases with the proximity of the project, but until the actual con
struction contracts are let, a significant degree of flexibility may still remain in the 
hands of administrators to adapt the highway design and schedule to important changes 
in the estimates on which the advance planning program was based. 

Speaking more generally about the entire procedure of selecting projects by their 
benefit/ cost ratios , it must be clearly understood that an economic ranking of projects 
is only as valid as the estimates under lying the economy studies, especially the esti
mates of value of time, average daily speeds, opportunity cost of capital, and initial 
highway cost. Due care needs to be exercised to use the most reliable sources for 
these important variables, but engineering precision cannot be expected. A caution 
should also apply to the interpretation of intangibles and "spillover" costs connected 
with highway construction projects, since it is the job of the engineering economy 
analyst to identify any intangibles and spillover costs that influence the desirability of 
the project. A ranking by economic desirability has no validity until the differences 
between projects that cannot be converted into dollars are taken into account in some 
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way in the decision -making process. Techniques for taking intangibles and spillover 
costs into consideration are discussed elsewhere (22 and 34, for example). 

Possible Alternative Ranking Indexes. -While an exhaustive discussion of alterna
tive procedures for ranking a set of potential investments is beyond the scope of this 
paper , it may be useful to compare briefly other possible methods with the benefit/ cos1 
ratio method just described. Such a comparison is presented in Table 7. 

Table 7 

COMPARISON OF OTHER POSSII3LE ECONOMIC RANKING INDEXES 

WITH THE BENEFIT/COST RATIO 

Index 

1. Cost of 

time 

2. Rate of 

return 

3. Payout 
period* 

<l. . Present 

value ratio 

5 . Transporta
tion cost 

savings 

Comment 

Ranking by the cost of time would result in selecting 

the same set of projects as would ranking by the 

benefit/cost ratio if V is set equal to the marginal 

cost of time for the given budget, but the projects 

would not necessarily be ranked in the same order. 

Ranking by the rate of return would always result in 

selecting the same set of projects as would ranking by 

the benefit/cost ratio method only if the marginal rate 

of return happened to coincide with the interest rate 

used to compute benefit/cost ratios . Even ~n 1 pro,1-

ects included in the two sets would not necessarily 

be ranked in the same order. A difficulty with rank

ing projects by their rates of return is that benefits 

accruing to road users may be reinvested at the market 

interest rate, rather than at the rate of return, as 

is implied by the rote-of-return method. Thia prob

lem is discussed in Annex A. 

Ranking by payout periods, from shortest to longest, 

would always produce the same set of projects as the 

benefit/cost ratio ranking only if the marginal payout 

period happened to coincide with the study period used 

in the benefit/cost ratio analysis. Even so, projects in
cluded in the two sets would not necessarily be ranked 

in the same order. 

As already indicated, the "present value per dollar of 

invesL111enL" im1ex is equivalent in every way to the 

benefit/cost ratio, and when properly used, should 

produce the same ranking and set of projects as the 

benefit/cost ratio. 

While maximization of transportation cost savings with

in an available budget is a useful general criterion, 

selecting individual projects by their absolute amount 

of transportation cost savings is inappropriate be

cause the size of transportation cost savings by itself 

gives no indication of the relative initial investment 

required to produce the given savings. 

• Defined here as the time required for the present worth of net future 
benefits to equal initial costs. 
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RESULTS OF FIELD STUDIES 

General Information on Highway Systems Included in Study 

The three areas included in this study were a single highway district in California, 
the entire state of North Carolina, and the entire state of Tennessee. The general 
characteristics of these three sets of highway construction projects are noted briefly. 

District IV of California's 11 highway districts covers nine counties in the rapidly 
growing San Francisco Bay Area. Nearly all major highway construction in the district 
is of freeways, many through suburban or urban areas, with complete access control 
planned either initially or in stages. A few expressways are programmed, with only 
partial control of access, for low-volume highway sections. As of January 10, 1963, 
District IV maintained a 7 -yr advance planning program in addition to the budget year 
of FY 64; for this study, the total 8-yr span was divided into two 4-yr budget planning 
periods. The District had programmed some $90 to $110 million annually over the 
8-yr period for right-of-way and construction expenditures, for a total of about $840 
million. Of this total, about $ 508 million was programmed for the FAP rural and 
urban highway systems. The 28 District IV projects studied were chosen chiefly from 
the FAP rural and urban highway systems, and represented total initial costs of $ 484 
million. 

A tabulation of the foregoing type of information for District IV, compared with sim -
ilar data for North Carolina and Tennessee, is presented in Table 8. It is evid'ent from 
Item 4b of the table that the majority of projects studied in each area were from the 
F AP rural and urban systems. The table also shows that the location and type of high
ways represented by the projects (Items 4c and d) vary somewhat from one state to the 
next, reflecting in part the differences in population density, terrain, and historical 
factors in each area studied. 

Project Numbering System 

Projects in California and North Carolina are numbered according to the fiscal year 
in which construction is to be initiated (e.g. , 4. 1, 4. 2 for FY 64 projects, and 5. 1, 
5.2 for FY 65 projects). Projects in Tennessee, however, are numbered according 
to the geographical division of the state highway system (e.g., 1.1, 1. 2 for Division 1, 
and 2.1, 2.2 for Division 2). The full project number also includes the following code 
symbols : (a) C = California, N =North Carolina, and T =Tennessee; (b) number of 
project (already explained), and (c) When more than one alternative to the existing 
condition is proposed for a given project, the number 1 is added to indicate the first 
alternative, 2 the second alternative, 3 the third, and so on (each compared with the 
existing condition). Two-digit numbers of the type 2-1, 3-1, 3-2, etc., are added to 
identify the incremental investments required for higher cost alternatives compared 
with lesser cost alternatives. 

To illustrate the project numbering system by two examples, "N4. 5" indicates the 
fifth North Carolina project scheduled for initiation of construction in FY 64, and 
"T3. 2" indicates the second Tennessee project located in Division 3. Both of these 
examples involve only one alternative improvement; if the Tennessee project had two 
alternatives, the possible sets of economic data on the project would be identified as 
follows: 

Code 

T3.2.l 

T3.2. 2 

T3.2.2- l 

Meaning of Las t Two Digits 

Alternative 1 (least cost) compared with 

existing or do-nothing condition 

Alternative 2 compared with existing 

condit ion 

Alternat i ve 2 compared with Alternat i ve 1 
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Table 8 

COMPARATIVE DATA ON HIGHWAY PROJECTS 

INCLUDED IN STUDY, BY STATE 

(Dollars in Millions) 

1. Length of budget planning period 

used (beginning with FY 64) 

2. SRI estimate of right-of-way and 

construction funds available 

during budget planning periods 

(including 103 for engineering 

and contingencies): 

a . Total, all highways 

b. Total, FAP rural and urban 

3 . Total initial cost of projects 

studied 

4, Number of projects studied: 

a, Total 

b, By system: 

Interstate 

FAP rural and urban 

Federal aid secondary 

c . By location: 

Rural 

Suburban* 

Urban 

Urban bypasses 

d. By type of highway: 

Freeways 

Expressways 

Conventional 

District IV, 

Ca lifornin 

Two 4-year 

periods 

$840 
$508 

$493 

28 

3 

23 

2 

5 

15 

3 

5 

25 

2 

1 

State of 

North 

Carolina 

3 years 

$225 

$ 93 

$ 65 

25 

4 

16 

5 

8 

4 

2 

11 

15 

1 

9 

State of 

Tennessee 

5 years 

$550 
$110 

$ 83 

54 

53 

1 

27 
11 

8 

8 

3 

13 

38 

* Designation for the transitional zone between rural and urban locations, 

usually consisting of residential or industrial areas, where highway 

traffic is characterized by a high percentage of trips between home 

and work. 
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In the text, to facilitate locating projects in long lists, references to projects 
will usually be by the number representing the project's rank at V = $1. 80 in the tab
ulations (for example, "Projects No. 7, 8 and 15"). 

California Projects 

The basic data, present worths, and economic indexes for projects in California 
Highway District IV are summarized in Table 9. Two of the 28 projects listed 
involve alternative route studies, and the incremental costs and other data for 
the alternative routes are also included in the listing, making a total of 31 items. 

The basic project data presented in Table 9 are the most essential items of 
information: the general location and type of the project, indicated by the two
letter code in Col. 2; the length and ADT estimates in Cols. 3 through 5; the 
passenger car speed estimates in Cols. 6 and 7; and the initial cost in Col. 8. 
More complete data would be needed to appraise these projects fully-for example, 
it is useful to know that project No. 10 in the list is the 6- to 10-lane Junipero 
Serra Freeway, running from San Francisco to San Jose; that its construction has 
been studied over a period of some 20 years but was postponed until 1964- 68 due 
to such difficulties as obtaining route agreements from intervening towns; that the 
Bayshore Freeway on the east side of the San Francisco Peninsula is rapidly ap
proaching its capacity; and that there are no present plans for rapid transit serv
ices in the area between San Jose and San Francisco. Such facts are necessary 
to highway scheduling decisions, but are too lengthy for inclusion in this paper, 
which will have to be confined largely to a consideration of the economic factors 
that should affect the scheduling process. 

In order to consider the essential problems of selecting a set of the projects 
in Table 9 within a given budget limitation without spending too much time on the 
mechanical details, a few assumptions need to be made: 

1. The budget limitation will be as the amount available for all approved proj -
ects over the eight years FY 64- 71, thus excluding the initial costs of the five 
projects scheduled beyond FY 71 (numbers C2.1 through C2. 5 in Table 9). The 
total budget limitation thus derived is $430. 7 million; this figure will be divided 
into a limitation of $215.4 million for Period I (FY 64-67), and $215. 3 million 
for Period II (FY 68-71). 

2. It will be assumed that design, right-of-way purchases, and construction of 
each project can be completed within the 4-yr budget period out of which it is 
financed, although many of the projects studied were actually scheduled over pe
riods of more than four years. 

3. Highway projects involve discrete and usually large initial outlays of cash. 
These characteristics, sometimes described as "lumpiness," make it improbable 
that the cumulative initial costs of approved projects will exactly match a given 
budget limitation. In such cases, the initial costs and benefits of the marginal 
project will be allocated between budget periods on a pro rata basis. (For ex
ample, assume that the budget limitation for Period I is $100 million, that proj
ects previously selected will cost $95 million, and that the marginal project on 
the priority list will cost $10 million and involve net future benefits with an equiv
alent present worth of $30 million. The rule just explained would cause $5 mil
lion of that project's cost and $15 million of its benefits to be allocated to Pe
riod I, and the remainder of its costs and benefits to Period II.) 

Based on the foregoing assumptions and the data in Table 9, it is possible to 
prepare the economic rankings of the California projects for Period I shown in 
Table 10. It is apparent from the first three columns of Table 10 that a ranking 
at V = $1. 80 per hour will tentatively include the first 13 projects plus a portion 
of the 14th, to make up the budget limitation of $215.4 million. A question must 
be raised, however, about Project No. 2. The incremental investment in the 



Table 9 

SUMMARY OF DATA ON SELECTED HIGHWAY PROJECTS IN CALIFORNIA 

Present Worths 
Basic Project Data (x 106 1 

ADT 1980 Avg. Daily 
Project Loe. Lgth. (x 103 1 PC Speeds 

tih 
Cost 

i< in 
(x 106 1 

tun tiu tit of 

Type Miles 
1966 1980 

Without With Time 

Project Project 

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

1. C7.2 RE 3.7 13.8 30.5 28 57 $ 1.9 $0.19 $ 15.0 7.6 $-1.68 

2. C2.3.1 BF 9.3 8.3 18.8 27 58 4.3 0.43 30.1 14.0 -1.81 

3. C4.2 BF 2.2 16.1 23.4 21 52 1.9 0.11 10.6 5.8 -1.50 

4. C2.5 BF 3.3 15.0 20.0 28 40 2.0 0.09 13.6 2.8 -4.16 

5. C4.4 SF 5.5 27.6 50.0 23 51 11.9 0.28 61.4 26.5 -1.86 

6. C6.3 SF 1.4 21.8 39.3 21 51 2.6 0.08 11.3 5.8 -1.48 

7. C5.4 SF 2.3 24.8 49.5 27 51 4.4 0.11 22.3 7.0 -2.53 

8. CS.1 SF 1.8 12.9 35.1 27 55 2.4 0.09 10.5 4.1 -1.99 

9. Cl.3 RE 5.6 8.1 16.4 30 50 2.4 0.23 8.4 4.6 -1.25 
10. C4.5 SF 46.1 40.0 74.4 27 54 158.8 4.01 620.1 257.8 -1. 77 
11. C6.l SF 3.0 19.2 35.8 28 55 4.8 0.06 19.1 6.9 -2.05 

12. Cl.1 SF 5.8 8.5 21.0 28 58 5.5 0.20 20.6 8.2 -1.81 

13. C7.1 SF 4.4 20.3 43.7 28 55 10.9 0.29 44.1 13.7 -2.40 

14. C4.3.1 SF 10.6 16.4 38.0 28 57 18.5 0.61 71.1 23.2 -2.24 

15. C5.3 SF 5.6 16.2 44.2 28 56 10.8 0.38 38. 7 15.2 -1.81 

16. C6.2 RC 1.0 10.9 19.1 28 58 0.9 0.04 2.9 1.4 -1.39 

17. Cl.2 SF 2.5 13.3 22.7 28 57 3.9 0.10 12.5 3.6 -2.34 

18. C2.1 SF 4.4 10.4 20.0 28 58 7.5 0.19 23.2 7.3 -2.12 

19. C4.1 UF 6.5 72.0 118.4 17 51 77.2 0.66 138.3 92.8 -0.65 

20. C5.2 RF 4.7 12.6 23.1 28 57 10.1 0.24 24.3 8.6 -1.62 
21. Cl.4 RF 5.2 14.4 20.0 38 58 4.7 0.20 11.0 3.8 -1.62 
22. C5.1 SF 1.2 17.9 40.0 25 54 2.5 0.06 4.1 3.0 -0.51 
23. C7.3 BF 2.5 24.2 41.8 36 54 6.1 0.07 16.3 3.5 -2.89 
24. C6.5 BF 5.0 7.9 12.6 30 58 5.1 0.26 10.5 4.3 -1.18 
25. C6.4 UF 3.9 45.0 71.2 17 51 62.1 0.40 81.9 45.5 -0.43 

26. C2.2 SF 1.4 14.5 28.1 28 56 5.2 0.06 8.6 2.4 -1.39 
27. C2.3.2-1 BF 9.2 8.5 19.3 27 58 0.6 0.05 0.8 0.3 -0.66 
28. C7.4 SF 1.2 27.9 60.0 17 53 20.0 0.09 16.4 9.7 +0.38 
29. C2.4 UF 4.1 20.0 30.8 20 58 43.0 0.32 36.7 16.5 +0.40 
30. C4.3.3-1 SF 0.1 0.4 0.9 28 57 1.3 0.01 1.2 0.1 +0.82 
~, ~4.~.?.-1 ~ .. ,_, _,_?. -?..R 2R 57 1.2 0.06 -11.2 -3.0 +3.28 

Economic Indexes 

V=$1.80 V=$0.90 

Rate of 
R R 

Return 

(13) (14) (15) 

14.8 72.13 11.2 
12.8 62.2 9.8 
11.2 70.8 8.4 
9.2 61.6 8.0 
9.2 52.0 7.2 
8.2 47.3 6.2 
7.9 43.8 6.5 
7.5 37.3 6.0 
7.0 38.5 5.2 

6.8 39.4 5.3 
6.5 37.9 5.2 
6.4 33.3 5.0 

6.3 34.6 5.1 

6.1 32.7 5.0 

6.1 31.1 4.8 
5.8 34.8 4.4 
4.9 30.5 4.1 
4.8 26.7 3.9 

4.0 25.4 2.9 
3.9 24.4 3.1 
3.7 25.4 3.0 
3.7 22.1 2.6 
3.7 23.6 3.2 
3.6 22.8 2.8 
2.6 17.8 2.0 

2.4 16.0 2.0 
2.1 13.4 1. 7 
1. 7 11.4 1. 2 

1. 5 10.4 1. 2 
1.1 6.7 1.0 

-13.5 * -11.7 

V=O 

R 

(16) 

7.6 
6.9 
5.6 
6.7 
5.1 
4.3 
5.0 
4.4 
3.5 
3.9 
4.0 
3.7 
4.0 

3.8 
3.6 
3.1 
3.2 
3.0 

1.8 
2.4 
2.3 
1.6 
2.7 
2.0 
1.3 
1.6 
1.3 
0.82 
0.85 
0.9 

-9.4 

0) 
0) 



Location Type 

R = rural F = freeway 
S = suburban E = expressway 

U = urban C = conventional road (no 

B = urban bypass control of access) 

Other symbols are defined as follows: 

PC = passenger cars 

~h = initial cost increment 
6m, 6u, and 6t = incremental present worths of maintenance costs; 

user savings in operating, truck time, and acci
dent costs; and passenger car time savings 

V = value of time 
R = benefit/cost ratio 

Economic indexes may not agree in detail, due to rounding. For example, in project #30, the benefit/cost ratio at V=$0.90 has 
been rounded from 1.01 to 1.0. 

* Negative rate of return. 

°' ...;i 
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more costly alternative of this project is listed as No. 27 in Table 9, with an in
cremental benefit/ cost ratio of 2. 1 compared with a benefit/ cost ratio of 12. 8 for 
No. 2, the minimum investment. 

These facts would place the priority of the incremental investment of $ 600, 000 
in No. 27 some eight years later than the minimum investment of $4 , 300, 000 in 
Project No. 2. Also, it seems reasonable to assume that additional construction 
projects with benefit/cost ratios higher than the 2.1 ratio of No. 27 will occur in 
the meantime, further displacing the priority of No. 27. A more detailed post
ponement analysis for Project No. 2 does not therefore seem necessary, and the 
appropriate recommendation by an engineering economy analyst would be that there 
is a fairly strong economic argument for approving Project No. 2 in Period I, 
rather than doing the second alternative late in Period II. 

Consideration must also be given to postponement of the marginal project (No.14) 
in the V = $1. 80 listing. The two more expensive alternatives of the marginal 
project are at the bottom of the Table 9 project list (No. 30 and No. 31) , with 
incremental benefit/ cost ratios at V = $1.80 of +1.1 and -13.5. It may therefore 
be concluded (by the same reasoning that was applied to Project No. 2) that the 
minimum-cost improvement of the marginal project should be initiated in Period I 
rather than waiting until Period II to do the more expensive alternatives. 

In order to compare the results of rankings made using several different values 
of time, Table 10 includes rankings obtained at V = $1. 80, V = $0. 90 , V = 0, 
and ranking by the cost of time. The ranking by the cost-of-time method iden
tifies -$1. 7 7 as the marginal cost of time, and the set of projects selected is 
therefore the same (although not necessarily in the same order) as would be se
lected by the benefit/ cost ratio method with V = - $1. 77. Keeping this fact in 
mind, it is clear that Table 10 identified the sets of projects that would be ob
tained using progressively lower values of time, from + $1. 80 to -$1. 77. 

The following differences from the V = $1. 80 set of projects may be noted in 
the sets of projects obtained by the other rankings in Table 10: 

Projects eliminated from 

V = $1.80 set by indi

cated method 

Projects added to 

approved set by indi

cated method 

Ra nklng by B/ C Ratio 

v = $.9Q v = 0 

None 

None 

# 9 
#12 

#14 (portion) 

Rflnking by 
Cost of Time 

# 1 

# 3 

# 6 

# 9 

#14 (portion) 

#15 

#17 

#18 

#23 

The tabulation indicates that larger numbers of differences from the set of of proj -
ects selected at V = $1. 80 occur as the value of time used for ranking the projects in 
Period I grows progressively lower. In order to explore the reason for these changes 
in the set of approved projects, the variation of benefit/cost ratios with value of time 
for several projects listed in the foregoing tabulation is shown graphically in Figure 1. 
Projects that tend to be eliminated from the approved set with smaller values of time 
are shown as solid lines, and projects that tend to be added to the approved set with 
smaller values of time are shown as dashed lines. Note that the solid lines have a 
steeper slope, indicating a heavier dependence on time savings. This conclusion is 
supported by the following comparison: 
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Percentage Of Percentage of 

User Benefits Due User Benefits Due 

Solid Line to Pnssenger Car Dashed Line to Passenger Car 

Projects Time Savings Projec ts Time Savings 

#3 49.43 

#6 48 .0 #14 37.03 

#9 19. 8 # 17 34.4 

#12 41. 8 #23 27.9 

The most striking characteristic of Figure 1 is the gradual displacement of the 
solid- lined projects by the dashed- line projects as the value of time used in the ben -
efit/ cost ratio decreases. 

The question now arises: given the fact that different projects are selected for 
Period I at different values of time, what value of time should be defended as the most 
appropriate according to cost-of-time principles? To answer this question, it is nec
essary to consider the cumulative savings of .::\t (passenger car time) and the cumula-

Q 

u_ 
w 

~ 

13. 0 .------..-----..------.-----.----, 

11.0 
13 

9.0 

7 .0 

5.0 

---- ~23 

3.0 

~ o .o~---~---~---~--~---~ 
-$3 -$2 -$1 0 

VALUE OF TIME (V) 

NOTE: Identifying numbers refer to project ranking 
in Table 10 at V ~ $1.80/ hr. 

$. 90 $1 .80 

Figure 1. Varying sensitivity of selected California 
projects to the value of time used in the benefit/ 

cost ratio. 

tive net savings in transporta
tion costs other than value of 
time savings (ti u - ti h - tim) 
that would be achieved by each 
set of projects. These data 
are presented in Table 11. 

Since the project set selected 
at V = $0. 90 is the same as the 
set selected at V = $1. 80, data 
for these two sets have been 
shown together in line 1 of 
Table 11. Note that in going 
from the V = $1. 80 or $0. 90 
set in line 1 to the V = 0 set 
in line 3, an additional savings 
of $1. 6 million is achieved in 
net transportation cost. The 
price for these added user sav
ings is a sacrifice of 2 . 9 mil
lion hours of passenger car 
time. Dividing $1. 6 million 
by 2. 9 million hours, we obtain 
$0. 55 per hour as the break
even value of time. If pas sen -
ger car time savings are asswned 
to be worth exactly $0. 55anhour, 
it will be a matter of indifference 
which set is selected, and if time 
is valued above $ 0. 5 5 an hour, the 
V = $1.80or $0.90setwould be 
selected. 

These results are supported by 
the graphic presentation in Fig
ure 1 of some of the projects 
dropped and added between the 
V = $0.90andV=Osets. Notethat 
in the figure, Projects 9 and 12 
become less attractive than Proj -
ect 14 at about a $ 0. 50 value of 
time. 



Table 10 

ECONOMIC RANKINGS OF CALIFORNIA PROJECTS FOR BUDGET PERIOD I 

Ranking by Benefit/Cost Ratios Ranking by Cost of Time 

V=$1.80 V=$0.90 V=O 

~ 

~ r.t.h r.ti,h 
Project c 

(x 106 ) 
Project R 

(x 106 ) 
Project R 

(x 106 ) 
Project R 

(x 106 ) 

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

1. C7 . 2 14.8 $ 1.9 1 . 11.2 $ 1.9 1. 7.6 $ 1.9 4. $-4.16 $ 2.0 

2. C2 . 3.l 12.8 6.2 2. 9.8 6.2 2. 6.9 6.2 23. -2.89 8.1 

3. C4.2 11.2 8.1 3 . 8.4 8.1 4. 6.7 8.2 7. -2.53 12.5 

4. C2.5 9.2 10.1 4. 8.0 10.1 3. 5.6 10.1 13. -2.40 23.4 

5. C4.4 9.2 22.0 5. 7.2 22.0 5. 5.1 22.0 17. -2.34 27.3 

6. C6 . 3 8.2 24.6 7. 6.5 26.4 7. 5.0 26.4 14. -2.24 45.8 

7. CS . 4 7.9 29.0 6. 6.2 29.0 8. 4.4 28.8 18. -2.12 53.3 

8. c8.1 7.5 31.4 8. 6.0 31.4 6. 4.3 31.4 11. -2.1)5 58.1 

9. Cl.3 7.0 33.8 10. 5.3 190.2 11. 4.0 36.2 8. -1.99 60.5 

10. C4 . 5 6.8 192.6 9. 5.2 192.6 13. 4.0 47.1 5. -1.86 72.4 

11. C6.l 6.5 197.4 11. 5.2 197.4 10. 3.9 205.9 2. -1.81 76.7 

12. Cl . l 6.4 202.9 13 . 5.1 208.3 14.• 3.8 215.4 15. -1.81 87.5 

13. C7 . l 6.3 213.8 12. 5.0 213.8 12. -1.:u 93.0 

14 .. C4.3.l 6.1 215.4 14:• 5.0 215.4 lo.• -1.'17 215.4 

Note: V =value of time; R =benefit/cost ratio; fL).}i = cumulative initial cost increment; C = cost of time. 
'lbe complete project number is given in column (1); columns (4), (7), and (10) list only tbe number iden

tifying the rank order of the projects in column (1). 

• Tbe following dollar amounts and percentages of the initial costs of the marginal projects have been included 
in Budget Period I: at V = $1.80 and V = $0.90, $1.6 million or 8.653; at V ~ O, $9.5 million or 51.43; and 
in the cost of time ranking, $122.4 million or 77.13. 

...::J 
0 



Table 11 

SAVINGS ACHIEVED BY ALTERNATIVE SETS OF CALIFORNIA PROJECTS 

SELECTED FOR BUDGET PERIOD I 

(Hours and Dollars in Millions) 

L.6t L:(6u - 6h -

1. V=$1.80 or -V=$0 . 90 set 366 . 8 hr $671 .4 

2 . V=O set 363. 9 673 . 0 

3. Increese (+) or decrease (-) 

from line 1 to line 2 -2.9 +1 .6 

4. Cost of time set 334 . 7 639. 9 

5 . Increase (+) or decrease (-) 

from line 2 to line 4 -29.2 -33.l 

t'lm) 

Note: LL'.>.t = cumulative savings of passenge r car time (hours) 

L:(6 u - 6h - t'lm) cumulative net savings in trans

portation costs other than the 

value of time savings 
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An analyst cannot go much beyond this point in a cost-of-time evaluation of alterna
tive projects sets. The decision as to whether $0. 55 an hour-or any other break-even 
point-is above or below the appropriate value of time should be left to the highway ad
ministrator. What the analyst can and should tell him is the range of time values over 
which a recommended set of projects would be consistently selected by the benefit/ cost 
criterion. 

All the details given in this illustrative case need not accompany the presentation of 
such information to the administrator, but there should be some attempt to make a 
reasonable assessment of the importance and reliability of the facts presented. In this 
case the benefit/ cost ratios of Projects No. 9, No. 12 , and No. 14 are fairly close at 
all values of time between 0 and $1. 80/ hr. It might, therefore, be appropriate to re
check the estimates of average speed or other critical data for these three projects, or 
at least to point out that even at V = 0, the economic case for displacing Projects No. 9 
and No. 12 from Period I to Period II is not a strong one. 

As a check on the rate-of-return method of ranking, the California projects were 
ranked by their rates of return at V = $1.80 (Col. 14, Table 9). The result, compared 
with the benefit/ cost ranking, was displacement from the approved set of projects of a 
portion of Project No. 14 by Project No. 16. The total time savings achieved by the 
rate-of-return set were 0.24 million hours greater, but the net savings in transporta
tion costs were $0. 63 million less, indicating a break-even value of time of about 
$2. 62 between the two sets. The added time savings achieved by the rate-of-return 
set would, therefore, have to be valued at $2. 62 per hour or greater to justify selec
tion of the rate-of-return set in preference to the benefit/ cost set. This conclusion 
further supports the advisability of using benefit/ cost ratios as the basic ranking de
vice-but it is worth noting that the rate-of-return ranking does in this case rather 
closely parallel the benefit/ cost ranking. 

To return to Table 11, it is important to note from line 5 that the set of projects 
obtained by the cost-of -time ranking results in substantial reductions of both time 
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Ts 

SUMMARY OF DATA ON SELECTED I 

Basic Project Data 

ADT (x 103 ) 
1980 Avg. Daily Per Mi 

Loe. Lgth. PC Speeds i n. 
Pl"oject & i t1 

Type Miles 
1966 1980 

Without With 
Signal 

Project Project 

(1) (2) (3) (4) (5) (6) (7) (8) 

1. N6,6 BF 19.0 6.8 11.0 29 58 2.0 
2. N4.12 RF 11. 2 9.4 15.7 27 58 2.0 
3. N4.9 RF 8.5 6.9 12.0 27 58 2.0 
4. N4.5 SC 5.5 9.2 13.3 29 39 1. 0 
5. N4.8 RF 8.7 7.1 12.0 42 56 --
6. N5.5 SF 5.0 17.1 28.0 27 52 2.0 
7. N4.10 RF 11. 6 12.3 21.4 27 58 2.0 
8. NG. 1. 2 BF 6.1 5.5 8.0 27 52 2.0 
9. N4.3 BC 1. 6 1. 9 2.8 45 52 0.4 

10. N4.6 UC 2.3 11. 7 15.8 20 29 --
11. N5.1 BF 11. 3 4.3 6.6 34 52 1. 0 
12. N4.11 RF 5.9 6.6 11.3 29 54 2.0 
13. N5.3 SC 3.8 3.2 4.8 29 45 1. 0 
14. NG.7 BF 14.9 5.2 8.1 30 58 1. 0 
15. N4.7 BE 3.7 6.5 9.8 36 50 --
16. NG.4 RF 8.0 4.9 7.6 29 55 2.0 
17. N5.4 UC 4.3 8.6 11. 8 23 30 --
18. NG.8 BF 9.5 3.8 6.0 30 58 1. 0 
19. NG.3 RF 11. 0 2.6 3.4 42 56 --
20. N5.2 BF 4.7 3.7 6.5 29 58 2.0 
21. NG.5 BF 5.2 2.0 3.3 38 55 --
22. N4.4 BC 1. 8 1. 7 2.4 42 54 0.5 
23. N4.2 SC 2.4 7.3 10.8 22 29 --
24. NG.2 RC 8.8 2.6 4.3 36 52 --
25. N4.1 BC 3.4 2.2 3.2 42 54 0.6 

Note: The two-letter code for "Location a nd Type" is as follows: 

Location 

R rural F 
s suburban E 

u = urban c 
B = urban bypass 

Other symbols ar~ defined as follows : 

PC = passenger cars 

fih = initial cost increment 

V = value of time 

Type 

freeway 

expressway 

conventional road 
(no control of acces 

Economic indexes may not agree in detail, due to rounding. 
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12 

NAY PROJECTS IN NORTII CAROLINA 

Economic Indexes 

•duct ion Transp. Cost Benefit / Cost 

•r of: llh 
Savings (x 106 ) Cost Ratio 

(x 106 ) 
of 

Speed 
V=$1.80 V=$0.90 

Time 
V=$1.80 V=$0.90 

:hanges 

(9) (10) (11) (12) (13) (14) (15) 

2.4 $6.6 $123. 1 $109.8 $-6.52 19.6 17.6 

3.4 4.1 65 . 9 55.7 -4.01 16.9 14. 5 

3.4 3.0 38 . 2 31. 6 -3.46 13. 7 11. 6 

2.0 1. 2 14 . 4 12.3 -4.52 13.4 11. 7 

2.3 1. 2 12 . 6 10.6 -3 . 82 11. 5 9.8 

3.4 4.7 48 . 9 41. 5 -4.18 11. 4 9.8 

3.4 8.3 82 .9 68. 0 -3.20 11.0 9.2 

3.4 2.0 15.6 12.8 -3.18 8.8 7.4 

1. 0 0.2 1. 3 1. 1 -4 . 07 8 . 4 7 . 3 

-- 0.8 5.8 3.7 -0.62 7.9 5.4 

1. 7 2.2 14. 7 11. 8 -2.77 7.8 6.5 

2.4 3.3 19.2 16. 0 -3.61 6.8 5.8 

3.0 1. 0 5 . 0 3.9 -2.30 5 . 9 4.8 

3.0 6.5 30.2 24.2 -2. 71 5.6 4.7 

1. 0 0.7 3.2 2.3 -1.38 5.5 4.2 

2.4 3.5 15.4 12. 2 -2.54 5.4 4.5 

2.0 1.4 6 . 2 4 . 4 -1.34 5.3 4 . 1 

3.0 3.4 12.8 9.9 -2.12 4.8 3.9 

3.0 1. 9 5.6 4.6 -3.45 3.9 3,4 

2.4 2.7 7.5 5.6 -1. 85 3.8 3.1 

2.0 0 . 7 1.6 1. 2 -1.82 3 . 4 2.8 

1. 0 0.3 0.6 0.5 -1. 79 3.3 2.7 

1. 0 1. 3 2.8 1. 8 -0.83 3.1 2.4 

0.2 1.6 3.1 2.0 -0.82 2.9 2.2 

1. 0 1. 9 0 . 5 0.1 +0.72 1. 3 1. 0 
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savings (-29. 2 million hours) and net transportation cost savings (- $ 33. 1 million), 
when compared with the set obtained by a benefit/ cost ratio ranking at V = 0. There 
can be no doubt, then, that the set obtained by a cost-of-time ranking is inferior to the 
set obtained by a benefit/cost ratio ranking using V = 0. Recalling the fact that the 
cost-of-time ranking produces the same set of projects as would be obtained by a ben
efit/cost ratio ranking using a -$1. 77 cost of time, this conclusion appears reasonable. 
Negative costs of time may exist algebraically, but do not have a physical interpreta
tion; so the use of negative costs of time for benefit/ cost analyses would be inappro
priate. Where the marginal cost of time is negative, zero should, therefore, be the 
lower limit of the values of time used in obtaining benefit/ cost ratio rankings of projects. 3 

A final comment on the California projects is that there is little apparent correla
tion between the economic rankings and the state's actual construction priority schedule. 
For example, the 14 projects included in the V = $1.80 set are scheduled to be initiated 
in the following fiscal years: (1) FY 67, (2) FY 72, (3) FY 64, (4) FY 72, (5) FY 64, 
(6) FY 66, (7) FY 65, (8) FY 68, (9) FY 71, (10) FY 64, (11) FY 66, (12) FY 71, (13) 
FY 67, and (14) FY 64. 

Actual construction priorities are of course determined by an interplay of consider
ations, including the date that projections of future traffic will reach the capacity of 
links of the existing highway network; the availability of necessary approvals of proposed 
freeway routes by state and local authorities; and the policy of completing links of the 
interstate system by 1972. Probably most of the projects in the California program 
are rightly considered high priority, and they are being carried out as fast as possible. 
Without future analysis, it should not be maintained that the District IV advance plan
ning program ought to be or could be in a strictly economic order of priority. It would 
be interesting, however, to know how close the economic priority comes to the priori
ties that would be considered ideal by state highway officials. 

North Carolina Projects 

Table 12 presents summary data for the 25 North Carolina projects included in this 
study. The table is identical to Table 9 for the California projects, except that (a) 
transportation cost savings and estimated reductions in the number of signals and 10-
mph speed change cycles have been added in Table 12, and (b) present worths, the rate 
of return, and the benefit/cost ratio at V"' 0 have been dropped. 

In contrast to the more complete analysis of the California projects, consideration 
of the North Carolina projects will be limited to a few observations stemming from the 
data in Table 12. 

Within the three-year budget period being used for evaluation of the North Carolina 
projects, sufficient construction funds are available to complete all the projects in 
Table 12. There is not, therefore, the problem of excluding and postponing those of 
lower economic priority. Ideally, all projects that can possibly be initiated within a 
budget period should be compared, but time did not permit such a comprehensive re
view of the North Carolina program. 

The ranking of Project No. 8 in Table 12 is of interest because the least cost al
ternative of the project was of a lower economic priority. A $600, 000 incremental 
investment in Project No. 8 was proposed to provide full control of access on what 
would otherwise have been a conventional road. The effect of this expenditure was es
timated to increase the average daily speed on the proposed bypass from 40 to 52 mph, 
and to eliminate two speed change cycles per mile from the road. The result was a 
benefit/ cost ratio of 9. 8 for the incremental investment, and an increase in the benefit/ 

3 As suggested by Haney (14), the set of projects selected by the cost-of-time ranking 
does produce the lowest S:Verage cost-of-time savings: -$1.91 per hour in the case of 
the data in Table 11, compared with -$1.85 per hour for the V = 0 set and -$1.83 per 
hour for the V = $1.80 or V = $0.90 set. However, as we have seen, this lower average 
COSt-of-t.ime .SRVingR WOllld he Achieved Only by Selection Of a Set Of projects that is 
inferior to the V = 0 set both in total hours saved and in total net transportation 
cost savings. 
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cost ratio for the overall investment from R = 8. 3 to R = 8. 8. The project is ranked 
in Table 12 according to the overall 8. 8 ratio of the higher cost alternative rather than 
the 8. 3 ratio of the least cost alternative because there is no question about the eco
nomic merit of an incremental expenditure when its increm ental benefit/cost ratio is 
higher than that of the lesser cost investment to which it is being compared. 

Like the California projects, most of the North Carolina projects display rather high 
benefit/cost r atios at both values of time used. All but Project No. 25 would be justi
fied even at a zero value of time if sufficient funds were available (from the+ $0. 72 
cost of time for Project No. 25 , it is evident that its benefit/ cost r atio would decline 
below 1 if V were greater than $0. 72). Also like the California projects, there appears 
to be little or no correlation between the priority of a project in the North Carolina 
advance planning program and its economic priority. 

Finally, it is useful to note that the North Carolina project with the greatest sen -
sitivity to time savings, No. 10, can be tentatively identified by inspection of the costs 
of time listed in Col. 13, Table 12. This is because the -$0. 62 cost of time for Proj
ect No. 10 is obviously much higher than that for adjoining projects (-$3.18 and -$2. 77). 

Table 13 

ECONOMIC IVINKINGS OF NORTH CAROLINA PROJECTS BY BENEFIT/ COST RATIOS 

V=$1 .80 V=$0. 90 V=O 

Project R Project H Project n 

(1 ) ( 2 ) (3) (1 ) (5) (6) 

1. N6.6 19. 6 1. 17 . 6 1. 15 . 6 

2. N4. 1 2 16. 9 2. 14 . 5 2. 12 . 0 

3. N4.9 13. 7 4. 11 . 7 4. 9.9 

1 . N4.5 13. 4 3. 11 . 6 3. 9 .4 

5. N4.8 11. 5 5. 9. 8 6. 8 .2 

6. N5.5 11.4 6. 9 .8 5 . 8 . 1 

7 . N4.10 11.0 7 . 9.2 7. 7. 4 

8. N6. 1. 2 8 .8 8 . 7. 4 9. 6.1 

9. N4.3 8 . 4 9. 7 .3 8. 6 . 0 

10. N4.6 7 . 9 11. 6.5 11. 5.1 

11 . N5.1 7.8 12. 5. 8 12. 4 . 8 

12. N4.11 6 . 8 10 . 5 .4 14. 3 . 8 

13 . N5.3 5.9 13 . 4 .8 13. 3.7 

14. N6.7 5 . 6 1 4 . 4 . 7 16. 3. 6 

15 , N4.7 5 . 5 16. 4 . 5 15. 3. 0 

16 . N6 . 1 5. 4 15. 4.2 18. 3.0 

17 . N5.4 5 . 3 17 . 4. 1 19. 2. 9 

18. N6.8 4. 8 1 8 . 3 .9 10. 2.8 

19 . N6.3 3. 9 1 9. 3.4 17. 2 .8 

20. N5.2 3 .8 20. 3 .1 20 . 2.4 

21. N6.5 3.4 21 . 2.8 21. 2 . 2 

22. N4.4 3.3 22 . 2. 7 22. 2. 1 

23. N1 . 2 3 .1 23. 2 .'1 23 . 1.7 

24. N6.2 2 .9 24. 2 . 2 21. 1 . 6 

25 . N1.1 1. 3 25 . 1. 0 25 . 0 .8 

Note: V 0 . value of time ; R =benef it/cost r atio . The compl e te 

project number is g iven in c olumn (1 ); co l wnns ( 3 ) and 

(5) list on l y the number iden t ifying t he rank o r der of 

t he projecLs in co l umn (1). 



Project Loe. Lgth. 

& in 

Type Miles 

(1) (2) (3) 

1. Tl.12 BC 6.5 

2. Tl.11 BE 2.2 

3. Tl. 7 BE 3.5 

4. Tl.1 SC 8.2 

5. T2.3 SE 4.3 

6. T2.1 SE 4.1 

7. T3.1 SF 2.8 

8. T2.2 SE 5.5 

9. T4.5 SC 1. 6 

10. Tl.9 UF 0.9 

11. Tl.13 RC 2.0 

12. T3.3 SE 3.7 

13 . T2.10 SC 1. 8 
14. Tl.10 UF 0.2 

15. T2.9 UC 2.0 

16. Tl. 8 BE 2.8 

17. T4.2 RE 5.1 
18. T4.10 BC 6.3 
19. T2.4 RE 3.6 

20. T3.6 UC 1.0 

21. T4 . 3 SE 9.4 

22. T2.7 UC 1.3 
23. T2.8 SC 2.2 

24. T2.6 RC 2.3 
?.<; '1'1 19 RC: <; _O 

Table 14 

SUMMARY OF DATA ON SELECTED HIGHWAY PROJECTS IN TENNESSEE 

Basic Project Data Economic Indexes 

AIIT (x 103 ) 
1980 Avg. Daily ?er Mile Reduetion Transp. Cost Benefit/Cost 

PC Speeds in Number of: 
A h 

Savings (x 106) Cost Ratio 

(x 10
6

) 
of 

Without With Speed Time 
1966 1980 Signals V=$1.80 V=$0.90 V=$1.80 V=$0.90 

Project Project Changes 

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

11.4 14.0 29 52 1.0 3.0 $2.4 $24.1 $19.1 $-2.53 11.3 9.1 

10.4 11. 8 27 54 2.0 3.4 0.8 7.4 5.5 -1.72 10.7 8.2 

8.0 6.9 34 46 1.0 1. 7 0.8 5.3 4.5 -4.60 7.2 6.3 

8.8 15.5 31 38 -- 1. 6 1.6 9.4 6.9 -1.56 6.8 5. 2 

10.2 15.3 30 54 1.5 1.0 2.1 11.5 8.2 -1.33 6.4 4 . 9 

7.3 15.6 30 58 1.5 1.0 2.2 10.9 7.7 -1.30 6.1 4.6 

23.6 29.7 20 52 5.0 2.5 7 .2 32. 9 23.6 -1.38 5.5 4.2 

7.2 14.9 30 54 1.5 1.0 3.0 12.8 8.9 -1.20 5.3 4.0 

22.5 35.0 27 34 2.0 3 .4 1.1 4.7 3.2 -0 . 98 5.2 3.8 

21. 8 32.2 21 52 2.0 3 .4 2.2 8.7 5.8 -0 . 90 5.0 3.7 

7.1 9.9 35 52 1.0 2.0 0.9 3.2 2.5 -2.62 4.6 3.8 

8 . 5 13 .8 38 54 -- 2.0 1.3 4.5 3.4 -1. 70 4.5 3.6 

21. 7 12. 7 24 30 2.0 3.4 1.2 3.7 2.8 -1. 66 4.2 3.3 

14.8 23.2 21 52 4.0 2.0 U.4 1. 3 0.8 -0.74 4.2 3.0 

13.2 14.6 24 30 2.0 3.4 1.4 3.5 2.6 -1.51 3.6 2.9 

4.5 7.3 27 58 2.0 3.4 1. 9 4.3 2.9 -0.93 3.2 2.5 

4.3 6.4 44 54 -- 2.0 1. 2 2.7 2.3 -3 . 75 3 . 2 2.9 

2.1 3.1 38 50 -- 2.0 1.0 2.1 1.5 -1.26 3.1 2.5 

6.2 8.7 34 54 1.0 1. 7 2.4 4.7 3.6 -1. 90 2.9 2.5 

12.9 12.2 24 30 2.0 3 .4 0.7 1.2 0.8 -0 . 84 2.8 2.2 

4.8 6.1 44 54 -- 2.0 2.7 4.6 3 . 7 -3.12 2.7 2.4 

29.1 29.1 21 27 -- 1.0 1. 7 2.6 1.0 +0 . 36 2.6 1. 6 

9.9 11. 7 24 30 2.0 3 .4 1.6 2.5 1. 7 -0.97 2.6 2.0 

4.7 6.6 40 54 -- 2.0 0.7 1.0 0.6 -0.67 2.5 2.0 

n -1 6 . 8 40 48 -- 2.0 1.4 2.0 1.5 -1.65 2.5 2.1 

-:i 
C]) 



G!S, '1'1.5 RC 3.8 5.1 6.3 37 
29 . Tl.15 RC 2. 5 6 . 1 8.6 40 
30. T4 . 1 SE 7.0 4.8 6.3 44 
31. Tl.16 RC 3.6 4.6 7.3 40 
32 . 'Tl. 4 BC 3 .0 6.9 9.4 44 
33. 
34. 

35. 
36. 
31: 
38 . 
39. 

40 . 
41. 
42 . 
43 . 
44 . 
45 . 
46 . 
47 . 
48. 
49. 
50. 

51. 
52. 
53. 
54 . 

Note: 

T4.4 UC 2.3 13 .5 21. 0 24 
T4 . 8 RC 8.0 2.1 2.8 40 
Tl.2 RC 5.2 2.3 3.8 39 
T3.12 RC 4.2 3.2 3.3 40 
Tl.18 RC 5.2 2.5 3 .4 40 
Tl.6 RC 3.9 4.5 5 . 9 46 
T2.11 RC 6.0 0.9 1.2 42 
T3.8 RC 7.0 1. 8 2.5 42 
Tl.3 RC 4.8 2.1 2.8 39 
T3 . 5 UC 0.5 17 .0 15.7 17 
T3 . 9 RC 7.7 1. 6 2.0 42 
Tl.17 UC 1.1 6.0 8.1 24 
T3.7 RC 6.4 1.2 2.0 42 
T3.10 RC 5.1 2.1 1. 8 40 
T4.9 RC 8.0 1.3 1. 7 40 
T3.11 RC 5.5 1.5 2.0 42 . 
Tl.14 RC 1.5 4.1 5.6 46 
T3.4 BE 2.0 1.1 1. 9 27 
T4.6 RC 7.5 0.4 0.6 42 
T3.2 RE 3.5 4 . 1 4.8 40 
T4.7 BC 1. 7 3.4 5.5 27 
T2.12 RC 3 . 7 0.4 0.5 40 

The two-letter code for "Location and Type 

Location !ZEe 

R = rural F = freeway 
S = suburban E = expressway 
U ~ urban C = conventional road 
B = urban bypass (no control of 

access) 

Other symbols are defined as follows: 

PC = passenger cars 
L\h ~ initial cost increment 

V = value of time 

52 --
52 -
54 -
40 --
54 -
30 2.0 
50 --
48 --
52 --
50 --
54 -
52 -
51 --
48 --
23 -
52 --
30 2.0 
52 --
50 -
50 -
50 --
54 --
54 2.0 
50 --
52 --
38 2.0 

50 --
" is as follows: 

Economic indexes may not agree in detail, due to rounding. 

2.0 1. 4 2.0 1.4 -1.00 2.4 2.0 
2.0 0.9 1. 2 0 . 7 -0.60 2.4 1.9 
2.0 2.3 3.1 2.5 -2.59 2.4 2.1 

2.0 1.1 1.5 1.0 -1.12 2.3 1. 9 
2.0 1.2 1.5 1.1 -1.33 2.3 1. 9 
3.4 3 . 4 4.1 2 . 7 -0.79 2.2 1. 8 
2.0 1.5 1.5 1.1 -1. 81 2.0 1.8 
2.0 1.0 0.9 0 . 5 -0.55 1. 9 1. 6 

2.0 0.9 0.8 0 . 5 -0.77 1. 9 1. 6 

2.0 1.1 0 . 8 0.4 -0.37 1. 7 1. 4 

2.0 1.1 0.8 0.5 -0.72 1. 7 1.4 

2.0 1.0 0.6 0.5 -3.13 1. 6 1.5 
2.0 1.1 0.6 0 . 3 -0.24 1. 6 1.3 
2.0 0.8 0.5 0.2 +0.11 1. 6 1.3 
1.8 0.8 0.4 0 +0 .99 1. 5 0 . 9 

2.0 1.3 0 .6 0 . 3 -0 .28 1. 4 1.2 
3.4 0.8 0.3 0 . 3 +0.94 1.3 1.0 
2.0 1.4 0.4 0 . 2 -0.04 1.3 1.1 
2.0 1.1 0 .2 0 +0.76 1.2 1.0 
2.0 1.3 0.1 -0.2 +1.48 1.1 0.9 

2.0 1.0 0 -0 . 1 +l.55 1.0 0.9 
1.0 0.5 0 -0.1 +2.03 0.9 0.7 

3.4 1.1 -0.3 -0 . 3 +2.06 0.9 0.7 

2.0 1.1 -0.2 -0 .3 +5.19 0.8 0.7 
2.0 2.7 -0.7 -1.1 +3.47 0.7 0.6 

3.4 2.6 -1.1 -1.5 +4.60 0.6 0.4 

2.0 0.7 -0.5 -0 . 6 +16.63 0.2 0.2 

-'1 
-'1 
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The cost of time for Project No. 10 is, in fact, next to the highest in the entire project 
listing, and its benefit/ cost ratio accordingly declines quite rapidly, as lower values 
of time than $1.80 are used. 

Table 13 has been prepared to document further the result that the relative priority 
of Project No. 10 slips downward as lower values of time are used: it is 10th on the 
list in Table 13 at V = $1. 80, 12th at V = $0. 90, and 18th at V = 0. No other North 
Carolina project shows such a pronounced tendency to decline in priority with decreas
ing values of time. This fact might raise a question about the relatively high priority 
of Project No. 10 at V = $1. 80, since it does not hold its own with other projects at 
lower values of time. 

Tennessee Projects 

Table 14 presents the same data for the Tennessee projects that were given in 
Table 12 for North Carolina projects. 

There are many high benefit/ cost ratios among the Tennessee pro] ects at V = $1. 80 
or $ O. 90, but a larger proportion of low ratios (2 and below) than was true for the 
California and North Carolina projects, and several of the Tennessee ratios are below 1. 
This is because a higher proportion of expressways and conventional roads are included 
in the Tennessee set of projects than in the other two sets; such highways tend to pro
duce smaller speed increments than do freeways. In addition, a number of the Ten
nessee projects are on roads with rather low ADT. For example, 14 Tennessee proj
ects had ADT projections of less than 3, 000 vehicles for 1980, compared with one 
project in North Carolina and none in California. Projects on roads with similarly 
low ADT undoubtedly exist in both California and North Carolina-for example, on the 
FAS system-but were not included in this study. 

It should also be mentioned that at this writing the Tennessee Department of High
ways is reviewing its 5-yr advance planning program, so the low-priority projects 
listed in Table 14 may not represent the latest thinking of the Department on its future 
construction plans. 

Another point of interest with respect to Table 14 is that, as in North Carolina, one 
of the projects-No. 22-shows a particularly high sensitivity to time savings. This 
project has a cost of time of +$0. 36 compared with costs of time for the adjoining proj
ed::; uI - $ 3. 12 and - $ 0. 97. Another project that shows relatively high scnsiti vity to 
time savings is No. 42. It is significant that both these time-sensitive projects in
volve the widening of conventional urban arterials. Without any reduction in the number 
of signals, the operating costs for traffic on these two arterials are estimated to in -
crease slightly. The user savings for the two projects are, therefore, due entirely to 
savings in truck time costs, accident costs, and passenger car time costs, as sum -
marized below: 

1966 User Savings in: 

Operating Truck Time Accident Passe nger Car 

Costs Costs Costs Time Costs 

Dol1nr savi ngs (000) 

#22 -$23.1 +$11. 7 +$88.0 +$256.9 

#42 -$13.9 +$11.0 +$26.8 +$ 79.2 

Percentage of Tot al 

1966 Savings 

#22 - 6 . 8% + •l. 4% + 26.1% + 76.3% 

#42 - 13. 5% + 10.6% + 26.0% + 76.9% 

The increases in operating costs estimated above for projects No. 22 and No. 42 
are due to the fact that operating costs of signals and speed change cycles increase with 
increasing vehicular speed (see Table A-1 in Appendix A). Closer examination of act
ual arterial improvements might reveal that vehicle operating costs would not be ad-



versely affected in certain cases, as, for example, when signal synchronization is 
added as part of the arterial improvement. 

CONCLUSIONS 
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The major conclusions of this study have been noted in the foregoing discussion of 
results; they are summarized here briefly. 

1. Nearly all the projects analyzed had benefit/cost ratios of 1 or greater. Also, 
for a great many projects, very high benefit/cost ratios (typically from 4 to 8 and 
higher) and rates of return (typically from 20 to 40 percent) were obtained both at V = 

$1. 80 and V = $0. 90. If it were known with confidence (a) that the value of time is in 
the range of $0.90 to $1.80 per passenger car hour, and (b) that large backlogs of 
other state highway projects with benefit/ cost ratios in excess of 1 at V = $ 0. 90 to 
V = $1. 80 do exist, these results could be interpreted as indicating the desirability of 
increasing highway construction budgets in order to reduce the backlog more quickly. 

2. Negative costs of time tended to be the rule rather than the exception, indicating 
that most highway projects would be justified from a road user benefit standpoint even 
if the value of time were assumed to be zero. This result should raise a question about 
the current trend toward using higher values of time in road user benefit analysis. 

3. The chronological order of projects included in the advance planning programs 
of two of the states bore no relation to their benefit/ cost ratios. This is not intended 
to be a critical observation because it is recognized that many intangible factors in
fluence project scheduling. It does, however, indicate that advance programming is 
not at present carried out according to economic criteria. 

4. It was confirmed that the set of projects with the lowest average cost-of-time 
savings is obtained by ranking projects according to benefit/ cost ratio criteria with 
V equal to the marginal cost of time. However, when the marginal cost of time was 
negative, the set so selected might be inferior to the set obtained at V = O; and even 
the set obtained using V = 0 may then involve time-dollar tradeoffs with sets obtained 
using higher values of time. 

5. Although the cost of time should not be used as the sole economic indicator of 
project desirability, the cost of time appears to have a clear and straightforward place 
in highway economy studies as an index of the sensitivity of benefit/cost ratios to the 
value of time used. Numerical or graphical supplementation of economy studies by 
cost-of-time data can be strongly recommended. 

A final conclusion that is more a by-product than a direct result of this study is the 
need for greater uniformity in the conduct of highway economy studies. Sufficient 
standardization of methods and terminology to make the results of studies in one state 
comparable with the results of studies in other states would tend to broaden the use
fulness and acceptability of economy studies. There seems to be no reason why greater 
standardization cannot be achieved. Where agreement cannot be reached on the most 
appropriate value of some parameter, progress might be possible by adopting one of 
two courses of action: (a) use of two alternative values, as was done in this study for 
the value of time; or (b) adoption of a standard value for purposes of comparability, 
but leaving individual agencies free to supplement the standard value with one of their 
own choosing for purposes of internal review of results. 

There would be at least two major advantages to greater comparability of results of 
economy studies. First, with a large number of highway agencies working along com -
man lines, investment guidelines such as break-even points for various types and levels 
of highway improvement would tend to be established, and these could be disseminated 
to and tested by other highway jurisdictions. A second advantage would be that needed 
areas of research on improvements in methodology could more readily be identified, 
and concentrated efforts could be undertaken to solve the problems. During this study, 
it was observed that certain areas of particular importance to the results of highway 
economy studies might profit from intensive research. For example, improved tech
niques would be desirable for estimating average daily speeds over a year or a study 
period, computing numbers of speed change cycles under various traffic conditions, 
and evaluating the effect of signalized intersections of different types on average speeds 
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and operating costs. It would also be useful to have a better understanding of the op
timum lengths of budget periods for analyzing advance highway planning programs. 

A final example of the need for further research is the desirability of confirming 
the conclusions of this study in other states by economic analyses of entire state high
way construction programs. Such analyses would of course have much greater signifi
cance if they could be carried out in a comparable manner from one state to another. 
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Appendix A 

DERIVATION OF INCREMENTAL PRESENT WORTHS 

Compilation of Project Data 

Data were first sought from state highway agencies on the physical 

characteristics of each proposed new highway section and of the routes 

being improved or replaced; on the number and location of stop signals; 

total traffic and truck percentages in present and projected traffic on 

the routes; projected 1980 average daily speeds; and the estimated costs 

associated with proposed improvements. In cases where some of the neces-

sary information was not available, independent estimates of the missing 

data were made from a study of the route characteristics. The bases for 

the most important of the independent estimates that had to be made are 

discussed below. 

Estimates of 1966, 1980, and 1990 ADT 

The initial year of state traffic projections ranged from 1960 to 

1962 for the various projects studied, and the terminal year varied from 

1975 to 1985. Usually, only estimates of ADT in the initial and terminal 

year were given, with no prediction of probable interim ADT values. For 

consistency, straight-line interpolations and extrapolations of the state 

projections were therefore made to obtain ADT estimates in 1966, 1980, 

rmrl 1990 for all projects. For some routes, a constant annual percentage 

increase of traffic might have been more reasonable, but no basis existed 

for identifying such exceptions. Also, the slow absolute increase of 

traffic in the initial years of a new highway improvement that would be 

implied by a constant percentage traffic increase does not conform to 

frequent observations of rapid initial traffic growth on an improved 

highway facility. 

Estimates of ADT were sought both for traffic shifted to the im

proved highway facility and for traffic remaining on existing parallel 

roads. Benefits from relief of congestion on existing parallel roads 

are often substantial, typically resulting in increases on the order of 

5 to 10 mph in average daily speed. Benefits to cross-traffic from the 

elimination of intersections at grade would also have been desirable to 

consider, but for most projects, no complete network-type of traffic 



study was available to furnish the necessary ADT and speed estimates on 

cross-traffic. 

Use of 1980 Average Daily Speed 

Vehicular speeds decline as traffic increases on a highway, so that 

the average speed on a facility where traffic is increasing year by year 

should ideally be computed for each year of the study period. However, 

the average daily speeds which are of interest in economy studies will 

be less sensitive to a given traffic increment than the average speeds 

in the most congested hours of the day; and for most types of highway, 

there is a fairly wide range of traffic over which average daily speed 

varies only slightly. Furthermore, present methods of estimating aver

age daily speeds are not so exact that a year-by-year calculation of 

weighted speeds for a single "25-year average speed" is likely to be 

worth the additional refinement obtained over selecting a typical traf

fic year for computation of a single representative annual speed. The 

speed for a single year has the added advantage of some concrete rela

tion to reality, so that it can be said--if all predictions are correct-

that "by yearn, the speed on route B will be x miles per hour." Two or 

three years could also be chosen, scattered throughout the study period, 

if a larger sample is desired. 

For the cost-of-time study, average daily speed in the single year 

1980 was selected as a simplification to represent the average speed for 

the period 1966-90. The year 1980 was chosen because the speed-reducing 

effects of congestion should begin to be felt by that year on highways 

where congestion is an important factor in speed reduction. 

Estimating Average Daily Speed 

Since most road user benefits are directly related to increases in 

the freedom of traffic movement as measured by the average speed of motor 

vehicles, it was thought to be of importance to use the best techniques 

available for estimating the average daily speed in 1980. Review of a 

number of speed-estimating techniques used by state highway agencies 

and metropolitan area transportation studies led to the adoption of the 

following combination of assumptions and procedures: 

1 . A group of average daily passenger car speed-volume curves was 

sought that would be in reasonable relation to each other for 

three major types of roads: freeways, undivided rural high

ways, and urban arterial streets (the usual status of state 
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surface highways passing through cities and towns). Development 

of the curves required consulting a number of different sources 

and the use of some judgment where existing data were inadequate. 

As a beginning, the curve developed by the Chicago Transporta

tion Study (CATS) for a full 8-lane urban freeway (11) was 

plotted, and similar curves were drawn for 6-lane and 4-lane 

urban freeways (a s suming reduced capacities in proportion to 

the reduced number of lanes). The average daily speed for each 

of these curve8 is co11stant at 52 mph out to a bout 25 percent 

of maximum daily capacity, at which point a decrease with added 

traffic density begins. From current speed checks of inter

state highways in California, Mississippi, and North Carolina, 

similar curves were estimated for rural freeways, with average 

daily speeds beginning at 58 mph and decreasing as the ADT 

reaches 20 percent of maximum daily capacity. 

For rural 2-lane and 4-lane roads without access control, hourly 

speed-volume curves developed by 0. K. Normann (23) were ad

justed to daily speeds by the rough factors suggested in the 

AASHO Redhook (!, p . 89) and smoothed slightly to place the 

maximum average daily speed on high-grade rural roads at 54 mph, 

for consistency with current state rural speed checks. 

For urban arterials, free-moving traffic between signals was 

estimated from current speed checks in the San Francisco Bay 

area, which indicate that traffic moves at or slightly below 

the pnstArl RPAArl limits. Rtarting with the curve for a 4-lane 

arterial used by CATS C2:!), speeds and c ap ac ities as volume in
creased were estimated for 22-foot, 42-foot, and 64-foot street 

widths at two different speed limits u sing the "Urban Facility 

of Movement" analysis procedure developed by the Automotive 

Safety Foundation for the Tennessee Highway Department (26, 

pp. A-14 through A-41). The slowing effect of stop signals 

was computed at low volumes for the urba n arterials on the 

basis of average delays of 10.8 seconds per car.* 

* Such an average could, for example, involve one-half of the automobiles 
being stopped by each signal, for an average of 21.6 seconds delay per 

vehicle stopped, including roughly 6-8 seconds standing delay and 

14-16 seconds for acceleration and deceleration. Some stopped ve

hicles would of course be delayed a longer and some a shorter period 

than this, depending on when they arrived during the signal cycle and 



The speed-volume curves resulting from the foregoing analysis 

are shown in Figure A-1 for level, tangent highways with sur

faces in good condition. Some of the uses and limitations of 

these curves are discussed in succeeding paragraphs. 

2. It will be noted that the speed-volume curves in Figure A-1 

reflect higher maximum daily road capacities than those ordi

narily assumed. One reason that lower capacities are often 

assumed is that design-hour traffic is usually taken as a single 

specified percentage of ADT--such as 12.5 percent for rural 

areas and 10 percent or 11 percent for urban areas. However, 

as traffic increases on a route, it is common for the ratio of 

peak-hour traffic to ADT to decrease, owing to greater utiliza

tion of the road during off-peak hours; and under extremely 

heavy traffic situations it is not uncommon to encounter 30th 

highest hours that are only 7 percent to 8 percent of ADT. The 

effect is to increase the daily traffic capacity beyond that 

which would be implied by a higher design-hour percentage. The 

curves in Figure A-1 reflect this progressively decreasing 

design-hour percentage; for example, the 200,000 daily capacity 

of the 8-lane freeway could be achieved if the design hour is 

7 percent of ADT, with a 60-40 directional split of traffic and 

2,100 vehicles per lane in the direction of heaviest flow. 

3 . The curves shown in Figure A-1 are only illustrative of high 

quality level tangent roads of 12-foot lane width, 6-foot or 

wider shoulders, and with no stop signals (except on the urban 

arterials where lane widths of about 10.5 feet, no shoulders, 

and indicated signal frequencies are assumed). Speeds estimated 

for individual project routes also took into account available 

data on posted speed limits, substandard lane or shoulder 

widths, grades, impaired passing sight distance (for 2-lane 

rural roads), and stop signals or signs. The use of 1980 for 

the average daily speed computation also necessitated assump

tions as to future roadside development and additional signali

zation where projected traffic growth was rapid or the route 

went through densely populated areas with no provisions for 

access control. 

how congested the intersection was. Also, the indicated average would 

not necessarily be applicable to special conditions such as synchron

ized or traffic-actuated signals. 
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4. Data from state speed checks indicated lower average speeds for 

trucks than for passenger cars by about 5 percent to 25 percent, 

even on level roads and highways. This observation is supported 

by the practice of most states in prescribing lower speed limits 

for trucks than for automobiles. Average daily truck speeds on 

the level were accordingly taken as 10 percent lower than the 

passenger car speeds shown in Figure A-1. The effect of trucks 

on vehicle volumes for speed-volume relationships was reflected 

by using the following truck/passenger car equivalents for ob
taining traffic volume in passenger car equivalents:* 

Average Truck 

Speed Truck Equivalents 

Terrain (mph) in Passenger Cars 

Flat to light 

rolling 40-up 2 

Rolling 30-35 4 

Mountainous 25 8 

Mountainous 20 13 

Mountainous 15 20 

5 . Figure A-1 wa s de veloped in the absence of the anticipated re

vision of the Highwa y Capacity Manua l, and will have to be re

assessed in relation to the revised ma nual when it is available . 

Ma intenance and Re surfa cing Costs 

In cases where sp e ci f ic maintenance cost e stimates by state highway 

agencies were available for a route, those estimates were used for this 

s tudy. For the majority of projects, however, avera ge maintenance costs 

per lane mile had to be used. The averages we re developed from a s a mple 

o f ma int e nance costs for the st a tes under study , for which the gre a test 

numbe r of cases fell between $600 and $1,400 annua lly per lane mile. 

* Sources: Reference 23, page 343, and Reference 26, page A-30. 
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These costs covered p:1tchin[.'; Hnd other surl':1ce rC'p:lir, landsc:1pin[.';, weed

ing, traffic striping, sig·n upkeep, :ind signal operation. Jle;;urJacinp;, 

snow removal, sanding, and overhead costs were excluded. 

Since samples of maintenance costs for divided highways tended to be 

higher by about $200 per lane mile than for undivided highways, owing 

chiefly to added landscaping requirements for the divided highways, esti

mates of $900 per lane mile for undivided highways and $1,100 per lane 

mile for divided highways were taken as representative maintenance costs 

for existing roads. For new construction, however, the estimates of 

$900 and $1,100 were taken as the end-of-period annual maintenance cost, 

and an equivalent annual cost was computed at 5 percent interest under 

the assumption that maintenance costs would begin at 64 percent of end

of-period costs, climb at a constant annual gradient to 100 percent in 

10 years, and remain constant at 100 percent thereafter. The result, 

rounded off, was equivalent to a reduction of 11 percent or some $100 

from the $900 and $1,100 average maintenance cost estimate for existing 

roads.* The final estimates are summarized below. 

Existing routes 

New construction 

Undivided 

Roads 

$900 

$800 

Divided 

Roads 

$1,100 

$1,000 

These estimates are admittedly rough, but appear close to present 

estimating practices of some states. For example, the estimate of 

$1,000 per lane mile for new construction of divided roads is consistent 

with estimates of $4-5,000 per mile that are currently used by several 

states for future annual maintenance costs of 4-lane interstate highways. 

* The average gradient of maintenance costs used here was inferred from 

trends observed in Reference 25. As an indication of the relatively 

low sensitivity of maintenance costs to the gradient assumed--an ini

tial maintenance cost of 44 percent, climbing to 100 percent in 15 years, 

would be equivalent at 6 percent interest to a reduction of 25 percent 

instead of 11 percent from the annual end-of-period maintenance costs. 

Such a gradient would have resulted in annual maintenance estimates 

for new construction of $700 and $800 instead of $800 and $1,000, re

spectively, for undivided and divided roads. 



Resurfacing of new roads was assumed to be required only after 

25 years, involving no costs within the study period. Even if a resur

facing was required a few years sooner, the present worth of the expendi

ture at 6 percent interest would be small enough to ignore. For example, 

an expenditure of $10,000 per lane mile for resurfacing after 20 years 

would be equivalent, at 6 percent interest, to only $1,370 per lane mile 

today, or $107 per year for 25 years on an equivalent annual basis.* 

This is less than the possible margin of error in annual maintenance costs 

alone. Resurfacing at intervals of less than 20 years was considered un

likely. Design criteria developed during the recent AASHO road tests 

make possible the construction of either concrete or asphalt road sur

faces that should last 25 years before resurfacing is needed, assuming 

that truck traffic has been correctly forecast and that a high grade of 

asphalt is available (which may not always hold for Western States). 

Maintenance and resurfacing costs on an existing road present a 

somewhat special problem. For example, where the existing route is to 

be bypassed and left intact by a proposed improvement, maintenance and 

resurfacing costs for the existing route are of course common to both 

the existing route and the proposed improvement, and may be ignored. In 

cases where part or all of the existing route is to be abandoned or taken 

over by a proposed improvement, however, maintenance costs and the cost 

of any necessary resurfacing of the superseded part of the existing route 

should be included as part of the cost of the existing or "do-nothing" 

alternative, thereby representing added savings attributable to the im

provement. However, a test of the sensitivity of the sample project in 

Annex B to varying assumptions about resurfacing of the existing road 
indicated that the matter was not significant in relation to the over
all economy study.** 

* Because a resurfacing after 20 years is so near the end of the 

25-year study period, a salvage value at the end of the study period 

equal to 75 percent of the original cost of the resurfacing was as

sumed for this computation. 
** See sensitivity checks 5 and 6 in Table B-5, Appendix B. Even avoid

ance of resurfacing the entire superseded road in year one of the study 

period did not add appreciably to the favorability of the economic 

indexes for the new highway. 
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Calculation of 1966 User Costs and Saving s 

The year 1966 was used as a base for calculating annual vehicle 

miles traveled on the existing route and on any proposed new routes. The 

combination of annual vehicle miles, average daily 1980 speeds, and stop

signal information enabled the calculation of total 1966 user costs for 

all alternatives and, through comparison of the alternative routes, the 

relative user savings for one alternative versus another. A description 

of the assumptions and cost factors underlying these calculations follows. 

Operating Costs 

The operating costs for this study are based on a new series devel

oped by Robley Winfrey (30) which excludes taxes from the price of gaso

line in order to avoid double counting. Gasoline taxes are "transfer 

payments" to state highway agencies, and should properly be counted as 

transportation costs for economy study purposes only at the time they are 

expended by the agency for construction, maintenance, and other costs. 

Other innovations in Winfrey's operating cost series include the gradua

tion of maintenance and depreciation costs by speed; the inclusion of 

compatible tables for incremental time and operating cost requirements 

of stops and speed change cycles; and the analysis of operating costs 

for several types of trucks. 

It is well known that automobile operating costs at constant speeds 
tend to rise after a speed of 30 or 35 mph, and hence that the use of 

constant-speed operating cost factors does not provide for valid compu

tation of savings in operating costs due to increases in average speed 

through the elimination of stops and speed change cycles. For this 

study, the constant-speed operating cost factor served as a point of 

departure; to it were added cost factors for the estimated differences 

between alternative routes in the number of stops and speed change cycles 

per mile.* The operating cost for signals was based on the assumption 

*The number of 10 mph speed change cycles were estimated as a function of 

type of road and volume of traffic from data for trucks given in Ref

erence 18, Figure 9. The operating cost of a 10 mph speed change cycle 

(from Winfrey's tables) is quite substantial, amounting to between 

80 and 100 percent of the average increase in operating costs caused 
by stopping at signals (as computed in Table A-1). Ideally, it would 

also be desirable to include the incremental operating costs of curves, 

but while Winfrey's tables provide the necessary cost factors, data on 

curves were not uniformly available for the projects included in this 
study. 
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of 10.8 seconds delay for vehicles traveling at speeds of 15 to 34 mph 

between signals; 12.6 seconds for speeds of 35 to 39 mph; and 14.4 sec

onds for speeds of 40 to 50 mph. If 50 percent of vehicles are stopped 

by each signal, these assumptions allow for the acceleration and decel

eration times computed by Winfrey, and for from 6 to 8 seconds of average 

standing delay per vehicle stopped. A standing delay of 5.4 seconds per 

vehicle at stop signs was assumed. The resulting passenger car operating 

costs for signals and for stops are summarized in Table A-1. 

In order to develop composite operating cost factors for trucks, the 

percentage distribution of the three types of trucks in Winfrey's tables 

was assumed as follows: 

40 percent - 12,000-lb gross weight single unit truck 

30 percent - 40,000-lb gross weight 2-S2, gasoline powered 

30 percent - 50,000-lb gross weight 3-S2, diesel powered 

Approach 

Speed 

(mph) 
1 

50 1.28 

40 0.81 

35 0.63 

30 0.49 

25 0.37 

20 0.27 

15 0.19 

50 2.53 

40 1. 59 

35 1. 24 

30 0.95 

25 0.71 

20 0.51 

15 0.34 

Table A-1 

PASSENGER CAR OPERATING COSTS 

DUE TO SIGNALS AND STOPS 

Cents per Vehicle Mile for 
Indicated Number of Signals per Mile 

2 3 4 5 

2.56 3,85 

1. 62 2.44 3.25 4.06 

1. 26 1. 90 2.53 3 .16 

o. 98 1. 47 1. 96 2.45 

0.74 1.11 1.48 1. 86 

0.55 0.82 1. 09 1. 36 

0.38 0.57 0.76 0.95 

Cents per Vehicle Mile for 

Indicated Number of Stop Signs per Mile 

5.06 7.60 

3.19 4. 78 6.37 7 . 96 

2.48 3. 72 4. 96 6.20 

1. 91 2.86 3.81 4. 76 

1. 43 2.14 2.85 3.56 

1. 02 1. 54 2.05 2 .56 

0.69 1. 03 1. 37 1. 72 

6 

3.79 

2.94 

2.23 

1. 64 

1.14 

7.45 

5. 72 

4.28 

3.07 

2. 06 
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These percentages assume a greater proportion of truck combination 

vehicles on the highways than the AASHO Redbook recommendation of 70 per

cent single unit trucks, 29 percent truck combinations, and 1 percent 

buses (_!, p. 29). However, a 40-30-30 distribution appears to be much 

more representative of the present truck distribution by type on FAP and 

interstate highways, based on traffic and speed surveys in California, 

North Carolina, and Mississippi conducted since 1960. Seldom in these 

surveys did truck combinati0ns fall below 50 percent of the total truck 

count,* and frequently combinations would run 70 percent or more of total 

trucks observed on through truck routes. A 40-60 division between single 

unit trucks and truck combinations therefore seemed a reasonable approxi

mation of the average (ideally, separate counts should be available and 
estimated for the two types on routes being planned for construction). 

The use of equal percentages for a 40,000-lb gasoline vehicle and a 

50,000-lb diesel vehicle is fairly arbitrary, but operating costs for 

the two types of vehicles are not so different that serious errors are 

likely to arise from this assumption. 

Truck operating costs on grades were computed from Winfrey's tables 

for a single "average" truck, using the same assumption of a 40-30-30 dis

tribution of truck types as described above. However, the operating 
costs of truck stops and of 10 mph truck speed change cycles (based on 

the same average truck) turned out to be relative ly constant multiples 

of similar passenger car operating costs over the range of 25 to 60 mph. 

These multiples were computed as 7.0 X passenger car operating costs for 
stops, and 7.5 x passenger car operating costs for 10 mph speed change 
cycles. 

A summary of constant-speed passenger car and truck operating cost 
factors for high quality, level, tangent highways is included in Ta

ble A-2. Passenger car operating cost factors are also shown in rela

tion to total passenger car cost factors in Figure A-2. 

Truck Time Costs 

The value of truck time savings cannot be reckoned with as much re
liability as the operating cost savings of motor vehicles, owing largely 

to uncertainties about the timing of the monetary value of the truck time 

savings. As demonstrated by Gerald Fleischer at the 1963 Highway Research 

Board meetings (_~), the realization of dollar savings by truck operators 
may be delayed several years beyond the incidence of the time savings 

themselves. This delay has been recognized in a recent study by Charles 

Haning and William McFarland of the Texas Transportation Institute (~), 

in which it is concluded that the average incremental value of time for 

a composite commercial freight vehicle ranges from $3.16 to $4.11 per 

* Excluding all lightweight 4-tired vehicles such as panels and pickups. 



hour, depending on the degree to which the potential value of the time 

savings can actually be realized. The lower end of this range, or 

$3.16 per hour, is recommended by the authors where a single value is 

needed; this has been rounded to $3.20 per hour for the present study. 

Known assumptions of state highway agencies as to the value of truck 

time range from $1.80 to $4.80 an hour, and $3.20 is well within this 

range. 

93 

As a rough check on the reliability of $3.20 per hour as a conver

sion factor for truck'time savings, it is useful to look at drivers' 

wages, which account for roughly 90 percent of the potential savings 

calculated by Haning and McFarland. The union scale for truck drivers' 

wages currently ranges approximately between $3 and $4 per hour when 

payment is on an hourly basis. Payment of line haul drivers on a mileage 

basis is the most common practice, at a current rate of about 109 per 

mile; at the over-all average truck speed of 40 mph, which is used as a 
"rule of thumb" by truck freight companies, 109 per mile is equivalent 

to $4.00 per hour. 

As Fleischer observed, union contracts commonly include a clause 

limiting reductions in wages owing to construction of shorter routes. 

At present, wage reductions are limited to about one-sixth of the re

duced mileage per year. Thus the effect of any mileage savings on truck 
drivers' wages is spread QUt over a six-year period. Also, when wages 
are computed on a mileage rather than an hourly basis, time savings alone 

may not be convertible into cost savings until enough time is saved to 

eliminate a discrete block of expenses such as an overnight stop. In 

relation to realizable savings in truck drivers' wages, then, a figure 

of $3.20 an hour does not seem an unreasonable average. There may of 

course be demonstrable cases where a certain highway improvement is just 

enough to enable a large, discrete block of cost savings due to truck 
time savings, but over a large number of projects, such savings should 

average out with cases where little if any time savings can be translated 

into cost savings. 

Accident Costs 

The direct and measurable costs of highway a ccidents are the sub

ject of frequent debate and speculation, and in spite of the difficulties 

inherent in defining the costs of human injury and death, a number of 

states use accident cost factors which assign some dollar value to the 

known increase in safety of freeways compared with conventional roads. 

However, in only one case known to this writer has a series of accident 

costs been developed that is graduated over a wide range of vehicular 

speeds. That case is the series used by the Chicago Area Transportation 

Study to predict total accident costs in the Chicago area under varying 

traffic plans (12). The CATS series indicates an inverse relation between 

accident costs and speed, ranging, for example, from 1.89/mile at 20 mph 



to 0.2~/mile at 58 mph. The series was developed on the basis of ob

served accident frequencies at different speeds, and the accident cost 

predictions originally made for the Chicago area on the basis of the CATS 

series have recently been corroborated through an accident cost study 

conducted by the Urban Research Section of the Illinois Division of 

Highways (10, p. 32). 

While the CATS accident cost series would not necessarily apply to 

analyses of individual roads with unusually high or low accident rates, 

it was thought to be representative enough of the average case to use for 

passenger cars in this study. Because evidence from the Illinois acci

dent study C3, p. 75), as well as the earlier Massachusetts accident 

study (32, p. 24), indicates that average truck accident costs per vehicle 

mile are only about one-half of the figures for passenger cars, the CATS 

accident costs have been divided by two for trucks. The series of acci

dent costs at selected speeds is listed in Table A-2. 

Because of unceri<1inties about the prop e r value oJ passenger car 

ti me, the two widely sepn rn ted values of $0. 90/hr nnd $1. 80/ hr were used 

thnlughout this study, :ind ns a third value, lhe vnluc of time wns set 

equal to eiLher (~1) the marginal cost oJ time l'"r the construction budget 

from which n g·ivcn pro,jcct wns financed, or (Ji) to /'.C'ro, if the 111nrgi na 1 

cost ol' time was negative. The value of $1.80 pc1 · hour approximate:c; the 

midpoint of the range ol' values used in many states n.t the present time 

($1.55 to $2.00 per hour). No ef fort was made to co nvert improvements 

in the "comfort and conveni e nce" of highway users to doll::.ir benefits. 

Summary of Ro::.id Us er Cost Factors 

Table 1\-2 swnnmri:r.cs the various components of totcil user costs 

employed for this study, and Table A-3 gives savings in user costs as 

a result of selected increases in constant speed of passenger cars. 

Figure A-2 is a graphic illustration of the data in Table A-2. Note 
in Figure A-2 that decreases in total costs due to further speed in
creases become quite small as the lower speed in question reaches the 
range of 30 to 40 mph. However, in the frequent cases when the lower 

speed in question is l'or traffic experiencing· more stops and speed change 

cycles per mile than the higher speed traffic with which it is being com

pared, the added user snvi ngs from eliminating- some of the stops and 

speed change cycles may be substantial, and Figure 1\-2 would be misle a d

ing. (Sec, l'or example, the textual comments on Table 13-3 of the sample 

project analysis in Appendix B.) 
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Figure A-2. Road user cost factors for level tangent highways. 
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Ope r a ting 

Speed Cost s 
(mph) 

PC Trucks 

(1) (2) (3) 

60 3. 94 11. 84 

59 3 . 91 11.63 

58 3 . 87 11. 42 
57 3 . 83 11. 22 
56 3.80 11. 02 
55 3.77 10.82 

54 3.75 10.64 
53 3.72 10.47 

52 3. 70 10.30 

51 3.67 10.14 

50 3.65 9.99 

49 3.64 9.86 
48 3.62 9. 72 
47 3 . 60 9.60 

46 3. 58 9.48 
45 3 . 56 9.36 

44 3 . 55 9.25 

43 3 . 53 9.15 

42 3.52 9.06 

4 1 3 . 51 8.97 

Table A-2 

SUMMARY OF ROAD USER COST FACTORS 

(Cents per Mile, on Level, Tangent Highways) 

Accidents PC Time 
Truck Time 
@ $3.20/ hr 

PC Trucks V=$1. 80 V=$0.90 

(4) (5) (6) (7) (8) 

5.33 0.18 0.09 3.00 1. 50 

5.42 0 . 19 0 . 10 3.05 1. 52 

5.52 0.20 0 . 10 3.10 1. 55 
5.61 0.21 0 . 11 3.16 1.58 

5. 71 0 . 22 0 . 11 3.21 1.61 
5.82 0.23 0.12 3.27 1.64 

5.93 0.24 0.12 3.33 1.67 
6.04 0.25 0.13 3.40 1. 70 

6.15 0.26 0.13 3.46 1. 73 
6.27 0.27 0.14 3.53 1. 76 
6 . 40 0.28 0.14 3.60 1.80 

6.53 0.29 0.15 3.67 1.84 
6.67 0.30 0.15 3.75 1. 88 

6.81 0.31 0.16 3.83 1. 91 

6. 96 0.32 0 . 16 3.91 1. 96 
7.11 0.33 0.17 4.00 2.00 

7.27 0 . 34 0.17 4.09 2.05 

7.44 0.35 0.18 4.19 2.09 

7.62 0.36 0.18 4.29 2.15 
7.80 0.37 0.19 4.39 2.20 

Total PC 

V=$1. 80 V=$0.90 

(9) (10) 

7.12 5.62 

7.15 5.62 
7.17 5.62 
7.20 5.62 
7.23 5.63 
7.27 5.64 

7.32 5 . 66 
7 . 37 5. 67 
7.42 5.69 
7.47 5.70 
7.53 5 . 73 

7.60 5 , 77 

7.67 5 . 80 
7.74 5 . 82 
7.81 5 .86 
7.89 5 . 89 

7 . 98 5 . 94 
8.07 5.97 

8.17 6.03 
8.27 6.08 

Total 
Trucks 

(11) 

17.26 

17.15 
17.04 
16. 94 
16.84 
16. 76 

16.69 
16 . 64 
16. 58 
16.55 

16.53 

16.54 
16.54 
16.57 

16.60 
16.64 

16.69 
16.77 

16.86 
16.96 

\0 
0\ 
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38 3.49 8.74 8.42 0.44 0.22 
37 3.48 8.67 8.65 0.47 0.24 
36 3.48 8.60 8.89 0.51 0.26 
35 3.48 8.54 9.14 0.55 0.28 

34 3.48 8.50 9.41 0.60 0.30 

33 3.48 8.47 9.70 0.65 0.33 
32 3.48 8.43 10.00 0.70 0.35 
31 3.49 8.41 10.32 0.75 0.38 
30 3.49 8.38 10.67 0.80 0.40 

29 3.50 8.37 11.03 0.87 0.44 
28 3.51 8.37 11.43 0.94 0.47 
27 3.53 8.38 11.85 1.01 0.51 
26 3.54 8.39 12.31 1. 08 0.54 
25 3.56 8.41 12.80 1.15 0.58 

24 3.59 8.45 13.33 1.27 0.64 
23 3.61 8.50 13.91 1.40 0.70 
22 3.64 8.56 14.55 1. 50 0.75 
21 3.67 8.64 15.24 1.65 0.83 
20 3. 71 8. 72 16.00 1.80 0.90 

19 3. 75 8 . 84 16.84 1. 95 0.98 
18 3.80 8.97 17.78 2.10 1.05 
17 3.85 9 . 12 18.82 2.30 1.15 
16 3.91 9.31 20.00 2.50 1.25 
15 3.97 9.49 21.33 2.70 1.35 

14 4.06 9.64 22.86 2.90 1.45 
13 4.14 9.79 24.62 3.15 1. 58 
12 4.25 10.12 26.67 3.40 1. 70 
11 4.37 10.65 29.09 3.80 1.90 

10 4.49 11.17 32.00 4.25 2.13 

PC = Passenger cars. 

V = Value of time. 
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4.74 2.37 8.67 
4.86 2.43 8.81 
5.00 2.50 8.99 

5.14 2.57 9.17 

5.29 2 . 65 9.37 

5.45 2. 73 9.58 

5.63 2.81 9.81 
5.81 2.90 10.05 
6.00 3.00 10.29 

6.21 3.10 10.58 

6.43 3 . 21 10.88 
6 . 67 3.34 11.21 
6 . 92 3 . 46 11. 54 
7.20 3.60 11. 91 

7.50 3. 75 12.36 
7.83 3.91 12.84 
8.18 4.09 13.32 

8 . 57 4 . 29 13.89 
9.00 4.50 14.51 

9.47 4.74 15.17 
10.00 5.00 15.90 
10.59 5.30 16.74 
11.25 5.63 17.66 
12.00 6.00 18.67 

12.86 6 . 43 19.82 
13.85 6. 92 21.14 
15.00 7.50 22 . 65 
16.36 8 . 18 24.53 

18.00 9.00 26.74 

6.22 

6.30 
6.38 
6.49 
6.60 

6.73 

6.86 

6.99 
7.14 

7.29 

7.47 
7.66 

7.88 
8.08 
8.31 

8.61 
8. 92 
9.23 

9.61 
10.01 

10.44 
10.90 

11. 45 
12.04 
12.67 

13.39 
14.21 
15.15 
16.35 

17. 74 

17.23 

17.38 
17.56 
17.75 
17. 96 

18.21 
18.50 

18. 78 

19.11 
19.45 

19.84 
20.27 
20.74 
21. 24 
21. 79 

22.42 
23.11 
23.86 

24. 71 

25.62 

26.66 

27.80 
29.09 
30.56 
32.17 

33.95 
35.99 
38.49 
41. 64 

45.30 

\0 
-..:J 



Table A-3 

ILLUSTRATIVE SAVINGS FROM INCREASES IN CONSTANT SPEED OF PASSENGER CARS 

(Level Tangent Highways) 

Speed Savings, in Cents per Vehicle Mile, due to: Savings as Per-

(mph) cent of Original 

PC Time Total Total Costs 
Operating Accident 

Original New 
Costs Costs 

V=$1. 80 V=$0.90 V=$1.80 V=$0. 90 V=$1.80 V=$0.90 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

20 25 0 , 15 0.65 1. 80 0.90 2.60 1. 70 17.9% 17.0% 

20 30 . 22 1. 00 3.00 1.50 4.22 2.72 29.1 27.2 

20 35 .23 1. 25 3.86 1. 93 5.34 3.41 36.8 34.1 

20 40 . 21 1. 42 4.50 2.25 6.13 3.88 42.2 38.8 

20 45 .15 1.47 5.00 2.50 6.62 4.12 45.6 41. 2 

20 50 . 06 1. 52 5.40 2.70 6.98 4.28 48.1 42.8 

25 30 .07 0.35 1. 20 0.60 1. 62 1.02 13.6 12.3 

25 35 . 08 0.60 2.06 1. 03 2.74 1. 71 23.0 20.6 

25 40 ,06 0.77 2.70 1.35 3.53 2.18 29.6 26.2 

25 45 0 0.82 3.20 1. 60 4.02 2.42 33.8 29.1 

25 50 - . 09 0.87 3.60 1. 80 4.38 2.58 36.8 31. 0 

30 35 .01 0.25 0.86 0.43 1.12 0.69 10.9 9.5 

30 40 -. 01 0.42 1. 50 0.75 1. 91 1.16 18.6 15.9 

30 45 - . 07 0.47 2.00 1.00 2.40 1. 40 23.3 19.2 

30 50 -0 . 16 0.52 2.40 1.20 2.76 1. 56 26.8 21. 4 

PC = Passenger car . 

V = Value of time. 

~ 
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Expansion of 1966 User Savings to a 25-Year Series, and Calculation of 

Incremental Present Worths 

The expansion of 1966 user savings to the full 25 years of the 

1966-90 study period was carried out using an equal annual increment of 

savings. The annual increment or gradient of savings was taken as pro

portional to the annual increment of ADT, since ADT enters into each 

component of user savings and may even be factored out if desired. The 

annual user savings gradient was obtained through multiplying 1966 user 

savings by the following gradient: 

G 
annual ADT increment 

1966 ADT 
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A 25-year series of user savings was derived by adding multiples of 

the annual user savings gradient to successive years of the 1966-90 study 

period (beginning with Xl in 1967, X2 in 1968, etc.). The results were 

combined with estimates of initial investment and annual maintenance 

costs, and were utilized in a computer program for the derivation of 
present worths at 6 percent interest. 

The next few paragraphs will describe the reasons for selecting a 
6-percent interest rate and 25-year study period. 

Choice of Interest Rate 

The choice of an interest rate for use in economy studies for gov

ernment investments has been approached from a number of directions, and 

a wide variety of rates may be defended, depending upon the approach 

taken. One promising approach for highway investments is to use an 

interest rate that is approximately representative of the opportunity 

cost of capital--that is, the rate that could be earned by funds if left 

in private hands rather than being collected by the government in the 

form of taxes, sometimes also referred to as the market rate of interest . 

There appear to be three major premise~ behind basing interest rates on 

the opportunity cost of capital: (1) nearly all resources are limited, 

including capital; (2) the future value to the investor of a limited re

source for its most productive alternative use--i.e., its opportunity 

cost--is a proper estimate of its cost for the purposes under study; and 

(3) market prices are in most instances the best available measure of 

value, in this case the value of capital, regarding money simply as 

another productive resource. 
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It should be noLcd that no assumption:-; as Lo the risks of highway 

investments are involved in the premises underlying the opportunity cost 

of capital. Risk can be brought into an economic analysis in more ex

plicit ways, such as by the use of a range of probable values instead of 

a single average estimate when a decision might be affected by possible 

shifts in an uncertain estimate. The length of the study period is 

another device for introducing considerations of risk: the greater the 

uncertainties about distant forecasts of benefits and costs associated 

with a particular type of investment, the shorter should be the study 

period. 

There is a practical difficulty in attempting to find Lhe most rep

resentative market rate of interest by averaging the hundreds of fluctu

ating rates of return that are typical of our society; to mention a few, 

high-grade bonds may pay only 3 or 4 percent; savings and loan associa
tions currently pay between 4.5 and 5 percent; advance payments by home 

owners on their mortgages represent completely risk-free investments of 

about 6 percent; and many other rates of returh ordinarily run up to the 
10-15 percent range, such as the rates on automobile or personal loans 

and the return on business investments. Nevertheless, there is a sur

prising amount of agreement among persons who have recently suggested 

interest rates that are approximately representative of the opportunity 

cost of capital. For example, Robley Winfrey in the Highway Engineering 

Handbook has suggested a range of from 5 to 8 percent, chiefly on the 
basis of opportunity cost but including some component "to allow for the 

risk involved and to bring the banker's straight interest rate up to the 

public's desired rate of return" (29). Professor Eugene Grant has sug

gested a 7 percent rate for analysis of highway investments (8), partly 

on the grounds that it would be close to the opportunity cost of capital 

and partly because it is a typical minimum attractive rate of return used 

by public utilities in their own economy studies (and therefore includes 

some allowance for risk?). 

A final example is the approach taken by John Krutilla and Otto 

Eckstein in their 1958 book Multiple Purpose River Development (~). 

In Chapter IV of this book, the authors review in great depth the prob

able average rate of return that would be achieved by funds released to 

the public in a tax cut. Their conclusion is that in average years-

that is, excluding times of severe recession or inflation--the average 

rate of return achieved would very probably lie between 5 and 7 percent, 

and most probably between 5 and 6 percent. 

For this study, an interest rate of 6 percent has been used as a 

representative opportunity cost of highway investment funds. If private 

investments can be made that will, on the average, return at least 

6 percent to road users, the necessity for a lower rate to justify 
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highway investments should be considered as an argument for reducing 

gasoline taxes, unless there are persuasive intangible reasons for build

ing roads that return less than their investment costs. 

Possible Use of Ma r gi nal Rate of Return 

An alternative to setting the discount rate on the basis of the 

market rate has been suggested by Roland McKean, who notes in his ex

cellent discussion of the problem of time streams and investment cri

teria that the method of choosing the discount rate should depend (1) in 

part on whether or not capital is rationed (i.e., the investment budget 

has been fixed at higher levels) and (2) in part on whether or not the 

resale of the investment is contemplated (22, pp. 74-127). For the 

case most similar to highway investments, that of capital rationing with 

resale not contemplated, McKean recommends use of the marginal rate of 

return* (that is, "the yield that could be earned in the next-best op

portunities open to the investor") for discounting all projects. In 

effect, then, McKean's criterion for setting the interest rate is still 

the opportunity cost of capital, but he looks to alternative investments 

within an organization rather than to the market place for determining 

the opportunity cost. 

Space does not permit a detailed consideration of McKean's recom

mendation here, but it is perhaps sufficient to note that rate-of-return 

solutions imply that the benefits anticipated from an investment will be 

reinvested (if more than two time periods are involved) at the same rate 

of return. In contrast, benefits from highway investments accrue to 

road users, and presumably any reinvestment of road user benefits would 

have to be at the market rate, or about 6 percent, rather than at the 

yield that could be earned "in the next-best opportunities" open to the 

highway department. McKean's recommendation is, therefore, inappropri

ate to highway economy studies, because as he remarks (p. 85): 

"If net receipts can be reinvested at the marginal internal 

rate, its use as the discount rate gives the right answers. 

If net receipts cannot in fact be reinvested at that rate . 

then that internal rate is not the marginal rate of return 

and is no more relevant than the internal rate of return on 
Saturn." 

* McKean uses the term "internal rate of return" synonomously with the 

use of "rate of return" in this paper. 
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It must be mentioned that the conclusion McKean reaches with Yegard 

to beneficiaries of water-resource projects is that the receipts will 

be reinvested at the government's marginal rate of return for water

resource projects because" ... the government will probably continue to 

collect taxes on the general public equal to (or greater than) these 

hypothetical receipts and invest them in water-resource programs" 

(22, p. 116). If McKean's argument is valid, it would seem correct to 

extend it to similar types of government investments, including highway 
programs. 

However, the author feels that such an argument confuses a possible 
coincidental result with a necessary consequence. To support McKean's 

position it is not only necessary to argue that tax receipts for water
resource and highway projects will somehow be maintained at an approxi

mate equilibrium with the public benefits from past projects in those 

areas; it is also essential to show that the relationship is a causal 

and not a coincidental one. 

As an example of a causal relationship, one might attempt to demon

strate that an interruption of highway investment in the first few years 

of a certain 25-year period would necessarily result in a reduction of 

highway investment during later years because of the missing benefits 

from the projects that were not built in the early years. On the con

trary, of course, exactly the opposite effect was observed after the 

interruption of highway construction during World War II, when the large 

backlog of delayed projects helped to create pressure for accelerated 

highway construction in the years following the war. 

From such historical examples as this, it appears more reasonable 

to conclude that the levels of government investment for water-resource 
and highway programs are and will continue to be based in large part on 

demonstrable needs, rather than solely on the receipts accruing to 

beneficiaries from government outlays for previous water-resource and 
highway projects. 

Examples of Varying the Reinvestment Rate 

Since the position is taken in this paper that reinvestment of road 

user benefits should be assumed at the market rate of interest rather 

than at some higher marginal rate of return, it is important to show 

that a distinction of some consequence to highway economy studies is 

involved. Examples are given below of two investments that it is de
sired to rank in order of relative priority by the simplest and most 

easily interpretable method. 
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It will be assumed that the investments are not mutually exclusive 
(that is, both of them could be undertaken if desired). 

Example 1. For a 25-year series of constant annual net benefits 
of $15.47 from a $100 initial investment, the conventional rate of re

turn would be 15 percent, and the end-of-period value of the cash benefit 

stream (assuming reinvestment of receipts at 15 percent) would be $3,290. 

However, if benefits are assumed to be reinvested at a market rate of 
6 percent instead of the 15 percent rate implied by rate-of-return com

putations, the end-of-period cash value of the benefits would be only 
$850, wh.ich is equivalent to an "effective" rate of return of 8.9 per

cent on the original $100 investment. These results are summarized 

below: 

Investment 

No. 1 

$100 

Benefits 

$15.47/year 

for 25 years 

End-of-Period 

Cash Value with 

Reinvestment at: 

63 153 

$850 $3 '290 

Effective Rate 

of Return with 

Reinvest-

ment at: 

63 153 

8.93 153 

Example 2. For investments with a conventional 15 percent rate of 

return where benefits tend to fall later in th e study period, the effec

tive return at a 6 perce nt reinvestment rate would be higher than for 

investments with constant benefits. Thus, an initial investment of $100 

that produced constant annual benefits of $10.00 per year for 25 years 

plus an annual gradient of $.93 beginning in year 2 would have the fol

lowing characteristics: 

Investment 

No. 2 

$100 

Benefits 

$10/year + $.93 

gradient 

End-of-Period 

Cash Value with 

Reinvestment at: 

6% 153 

$1,010 $3 ,290 

Effective Rate 

of Return with 

Reinvest

ment at: 

63 153 

9. 73 153 
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Two of the accepted methods of determining the relative desirabil

ity of the two foregoing investments are (1) comparing the more costly 

investment's incremental rate of return with some minimum attractive 

rate of return, and (2) comparing the more costly investment's incremen

tal benefit/cost ratio with a benefit/cost ratio of 1. If the minimum 

attractive rate of return used in the rate-of-return method is the same 

as the interest rate used in computing present worths for the benefit/ 

cost ratio method, then the two methods should give identical results. 

This, in fact, is the case for the two examples given if it is recog

nized that the rate-of-return solution in this case requires year-by

year subtraction of the cash benefits of the one investment from the 

other. For example, the incremental benefits in selected years of the 

study period would be computed as follows: 

Actual Cash Value of Benefits 

in Selected Years 

Year Year Year Year 
1 6 7 25 

1. Investment No. 1 $15.47 $15.47 $15.47 $15.47 

2. Less: Investment 

No. 2 10.00 14.65 15.58 32.32 

3. Incremental investments 

and benefits +5.47 +.82 - .11 -16.85 

The correct interpretation of line 3 in the above tabulation is to 

regard the incremental deficiency of cash benefits accrued by the second 

investment during years 1-6 of the study period as a series of net in

vestments, which return an incremental excess of cash benefits during 

years 7-25 of the study period ($16.85 in year 25, for example). The 

conventional rate of return on the resulting series of incremental in

vestments and benefits (line 3 of the foregoing tabulation) is 15 per

cent; since this rate of return exceeds the minimum attractive rate of 

return, Investment No. 2 would be selected as most attractive. 

The incremental benefit/cost ratio solution is obtained by taking 

the present worth of incremental benefits of Investment No. 2 over 

Investment No. 1 at 6 percent interest (which turns out to be +$38) 

divided by the incremental investment required in Investment No. 2 
(which is $0). The result, +00 , is greater than 1, and Investment No. 2 

is therefore favored. 
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The discussion of the two investment examples so far has been in 

terms of conventional methods of comparing their relative desirability. 

It is evident that both conventional methods give consistent answers, 

when correctly applied. The objective with which this discussion was 
begun, however, was to rank the two proposals "by the simplest and most 

easily interpretable method." The reason for seeking a simpler method 

than either of those just illustrated is that in ranking a complete high

way program, each project must be compared with each other project in 

order to rank the whole set. Such a process becomes extremely burden

some for a large number of projects; for example, 25 to 54 projects had 

to be ranked in each of the three states visited for this study, and the 

hundreds of project intercomparisons necessary would have been quite 

time consuming. Even if a computer program could be devised to solve 

the problem more quickly, the question is still relevant: Why do it 

the hard way, even on a computer, if an easier way exists? 

The "easier way" of ranking that is proposed in this paper is ac

cording to a project's benefit/cost ratio, as illustrated in the text 

under Calculation of Economic Indexes; and it is possible to show by the 

two investment examples given above that a ranking by the conventional 

rate of return may produce results that are inconsistent with a ranking 

by benefit/cost ratios. Specifically, comparison of the two investments 

by their conventional rates of r eturn would be indeterminate, since both 

streams of investment would return 15 percent on the original investment; 

however, the following comparison of benefit/cost ratios readily and 

correctly identifies the Investment No. 2 as the one that would rank 

highest: 

Present Worth 

of Benefits Initial Benefit/ 

at 63 Interest Cost Cost Ratio 

Investment No. 1 $198 $100 1. 98 

Investment No. 2 236 100 2.36 

A slight change in the data for Investment No. 1, sufficient to 

cause an increase of 0.1 percent in its conventional rate of return, 

would cause it to be definitely selected by a rate-of-return ranking 

without altering the benefit/cost ratio decis ion in favor of Investment 

No. 2. That a case such as this is not purely theoretical can be seen 

in the section of the text California Projects, where rate-of-return and 

benefit / cost ratio rankings result in selection of different sets of 

projects. 
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The reason for the inconsistency of results between rankings by 

conventional rates of return and by benefit/cost ratios lies in the 
implicit assumption of the conventional rate-of-return computation that 

interim benefits can be and are reinvested at the rate of return of the 
particular project. When this assumption is removed, and when reinvest

ment of benefits at the market rate of 6 percent is recognized, the ef

fective rates of returns of 8.9 percent for Investment No. 1 and 9.7 per

cent for the second investment permit identification of Investment No. 2 

as the more desirable one. There seems to be no reason why a project's 

effective rate of return would not be as good a ranking index as the 

benefit/cost ratio, but the conventional rate of return--defined as that 
rate that makes the present worth of future benefits equal to initial 

costs--appears inappropriate.* What may be even worse, use of the con

ventional rate of return for highway projects is obviously misleading if 

in fact a reinvestment rate of about 6 percent is correct, because the 

effective rate of return is less than two-thirds the magnitude of the 

conventional rate of return in the examples given. For a 20 percent 

conventional rate of return, the effective rate of return would be only 
about 10 percent or one-half the conventional rate, indicating that 

the error increases as the difference between the conventional rate of 

return and the actual reinvestment rate widens. 

So far, the discussion has been limited to the problem of ranking 

non-mutually-exclusive investments. For ranking a series of mutually

exclusive investments using benefit/cost ratios, an iterative procedure 

that involves the use of incremental benefit/cost ratios on incremental 

investments is necessary. The suggested technique is explained in the 

main body of this paper under Ranking of Competing Projects, and was 

used in ranking the California and North Carolina sets of projects. The 

iterative procedure recommended does not affect the validity of the 

foregoing arguments against use of the conventional rate of return as 

a ranking index. 

* It is felt by some that the rate-of-return index is more readily 
interpretable than other indexes; from this point of view, the use of 

an effective rate-of-return method would have merit. 
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Length of Study Period 

Selection of a limited time period for economy studies is based on 

a number of considerations, chief among which is the limitation of human 

foresight in predicting the consequences of an investment (29, pp. 3-11 

and 3-12). The potential useful life of an investment from an engineer

ing point of view is largely irrelevant, especially since interim ex

penditures for maintenance and restoration of any perishable components 

of the investment (such as road surface) can readily be included in the 

analysis, and the remaining value of durable components at the end of 

the study period can be reflected in salvage value if necessary. Also, 

a discount rate of 6 percent conveniently reduces the sensitivity of the 

present worth of future net income streams to increases in the length of 

the study period beyond 25 or 30 years (~, p. 34). These facts led to 

the adoption of a single study period, in contrast to the AASHO Redbook 

practice of using different lifetimes for pavement, major structures, 

right of way, etc. 

There is a natural basis for shorter study periods for highway in

vestments than for certain types of resource development projects. For 

example, the river flow characteristics that establish the size and life 

of a dam are predictable with much greater certainty than the highway 

traffic growth that establishes the necessary capacity of a highway. It 

is unlikely that the average annual runoff of a river will increase by 

200 or 300 percent from predicted levels, or fail consistently by 50 per

cent to achieve an average level based on many years of records; yet such 

possibilities must be admitted in the case of traffic flow on a new high-
way. A 25- or 30-year target may therefore be far enough ahead for plan-

ning highway construction, whereas it would be foolish in most cases to 

build a dam to last for only 25 or 30 years. The use of a relatively 

short analysis period has been advocated by Winfrey (28, p. 22), and 

Professors Grant and Oglesby have questioned the use of a study period 

different from the length of the traffic projection being used (~, p. 33) . 

A 25-year study period was adopted for this study from the foregoing 

considerations because it appears to represent the average limit of cur

rent highway traffic projection practice. Some state highway agencies 

make only 20-year traffic projections; some take an initial 25-year tar

get and hold the terminal date fixed for 5 years, so that the length of 

the actual projection varies between 20 and 25 years; and others use 

25- or 30-year projections. 

Actually, it is extremely difficult to ascribe any absolute theo

retical superiority to a 25-year highway study period as compared with, 

say, a 30-year period. However, a practical consideration that gave 
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some weight to the choice of a 25-year study period in this case was the 

inability of some highwa ys planned for the traffic of 1980 or 1985 to 

handle an extrapolation of traffic increases out to 1995. At the end 

of 25 years, if current state traffic predictions are correct and high

way use is still increa sing, it will be necessary to review the need for 

expanding or supplementing a significant proportion of the highways being 

built today. The common practice of buying extra right of way for addi

tional future freeway l a nes at the time a new freeway is first laid out 

reflects an awarene s s of this problem. It is obviously inappropriate 

to continue the comput a tion of roa d user "bP.nP.fits" past the point where 

traffic on a facility will have aga in slowed down to a crawl due to con

gestion, and where a substantial ne w investment of some sort--undeter

minable at the present time--will be needed f or relief. Also, the risk 

is not totally absent that a certain number of highways will fail to 

develop their predicted traffic load, as in the case of one toll highway 

that is even now failing to pay its way. 

Salvage Value 

No terminal highway salvage values have been assumed in present 
worth comput a tions for this study, in agreement with prevailing prac

tices for public works investments that are not sold or transferred to 

other uses at the end of Lhe study period. It is true that highwa y im

provements are enginee red on the a ssumption that they will continue to 

be useful even after 25 years, but as already indicated, a 25-year study 
period was chosen as a hedge to a llow for the probability and risk of 

human erro r in foreca s ting the future. Once h a ving thus allowed for 

imperfect foresight, it appears inconsistent (from the economic rather 
than the engineering point of view) to qualify the hedge by ascribing 

a terminal value to the highway on the assumption of continued use. It 

would be more straightforward simply to use a longer study period in the 

first place. In any c ase, an economy study period of 25 ye ars at 6 per

cent interest render s equivalent present worth relatively insensitive 

to assumptions about s a lvage value (~, p, 35). 

Present Worth Formulas 

The present worths of increments, designated by "t:," (delta), have 

been used throughout this study for ease of computation of the economic 

indexes discussed in the text under Methodology. In pl a ce of the com

puter program used for the study, it would have been possible to derive 

the values of /::,h, /::,m, /::,u, and /::,t by the definitions and formulas listed 

below. 

Initi a l Cost Increment 

~h initial right-of-~ay and construction ~ost increment covering 

costs of right of way; final design; excavation, grading, sub-
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base and base preparation; paving; structures; signals and 

signs; and landscaping. A 10 percent increase was made in ini

tial costs (except right of way) for engineering and contingen

cies, when state construction estimates did not include the 

costs of design and supervision or an allowance for contingencies . 

Maintenance Cost Increment 

6m = pwf (difference between alternatives in annual road maintenance 

costs) 

where: 

6m present worth of difference between alternatives in annual road 

maintenance costs 

pwf present worth factor, to convert a uniform series of future 

payments to an equivalent present worth at interest rate i 

(6 percent in this case) 

User Savings in Operating~ Truck Time, and Accident Costs 

6u = (pwf + G [gpwf]) (1966 user savings in operating, truck time, 
and accident costs) 

where: 

6u present worth of user savings in operating, truck time, and 

accident costs 

G = gradient 

gpwf 

= annual ADT increment + 1966 ADT 

gradient series present worth factor, to convert a uniform 

annual gradient series to an equivalent present worth 

Passenger Car Time Savings 

6t = (pwf + G [gpwf]) (hours of passenger car time saved in 1966) 

where: 

6t = present worth of passenger car time savings, in hours 

The definition of 6h, 6u, a nd 6t in terms of prese nt worths instead 
of equivalent annual costs is arbitrary; equivalent a nnual costs would 

produce exactly the same benefit/cost ratios and costs of time, so long 

as the interest rate used for obtaining annual costs was the same rate 

used for obtaining present worths. 
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The discounting of future time savings to find 6t requires some ex

planation, since time savings involve the physical measurement of hours, 

and the discounting procedure is normally applied only to economic values. 

The necessity of discounting time savings arises from mathematical fac

tors that are best considered separately for the benefit/cost rat~o and 

cost-of-time formulas, as follows: 

where 

1. In the formula for the benefit/cost ratio that is used in this 

paper, passenger car time savings are expressed as an independ

ent variable, in hours. Norm8lly, the tohil v:CJl11e in <loll::irs 

of the passenger car time savings would be discounted, but dis

counting the time savings first is mathematically equivalent, 

as illustrated by the following equality: 

F discount factor 

:= pwf + G(gpwf) 

V value of passenger car time, in dollars per hour 

t 1966 passenger car time on proposed improvement 
1 

t 1966 passenger car time on existing roads 
0 

6t present worth of passenger car time savings, in hours 

2. The present worth of passenger car time savings (6t) becomes 

separated from its multiplicand (V) in the process of deriving 
the cost-of-time formula, by solving for the V at which 6h = 

6u + V6t - 6m. The resulting cost-of~time formula, or 

c 
6h + 6m - 6u 

6t 

results in a value for C that is mathematically comparable with 

V; if the time savings were not discounted, C would be under

stated (i.e., a smaller or "more desirable" value would be 

obtained) and would no longer be comparable to V. Thus, a 

failure to discount time savings in the cost-of-time formula 

would result in placing too great a weight on the value of 

distant time savings compared with near-future time savings. 
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Appendix B 

SAMPLE PROJECT ANALYSIS 

Background 

As an illustrative project, we have approximated the actual data 

from a proposed new 10.6 mile section of an interstate route which by
passes two small towns in a rapidly growing rural area about 20 miles 

from a metropolitan center. The known and estimated data on the exist

ing route (designated as Alternative O; i.e., zero) and the proposed 

freeway route (designate d as Alternative 1) are summarized in Table B-1. 

Alternative 1 has been divided for analysis purposes into a 4-lane and 

6-lane section, which differ significantly from each other in their 

traffic estimates. 

Speed Estimate for Alternative A 

All data in Table B-1 were obtained from state highway records or 

estimated by methods described in Appendix A, except those of the average 

daily speed for Alternative O; the latter requires special explanation. 

The density of surrounding and roadside development anticipated for 

the existing 2-lane road by 1980 is such that it would have essentially 

the characteristics of an urban arterial, with increased numbers of 

crossroads and stop signals. An estimate of two signals per mile by 

1980 seems conservative. The average 1980 AIYr estimate of 41,800 (in 
passenger car equival e nts) could not, of cou~se, be accommodated by any 

2-lane road, even without traffic signals, crossroads, or impaired pass

ing sight distance. Preferably, then, Alternative 1 should not be com

pared with the existing 2-lane road, but with the minimum improvement 

necessary to accommodate the anticipated traffic. The speed-volume 

curves in Figure A-1 of Appendix A, however, indicate that a daily traffic 

load of 41,800 passenger car equivalents will cause serious congestion 

and speed reduction even on a 4-lane rural road without stop signals. 

Furthermore, designation of the Alternative 1 route as part of the inter

state system has already assured that a freeway will be built through 

the area, so that it is hypothetical to postulate a conventional road as 

a substitute. 

The only remaining assumption that warrants consideration in connec

tion with speed selection for Alternative 1 is that the traffic growth 

predicted for the area would probably not take place without construc

tion of the planned freeway. If it is further assumed that the U.S. 

rate of population and economic growth are given factors, the traffic 

growth predicted for the planned freeway would tend to shift to more 
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Table B-1 

BASIC DATA ON ILLUSTRATIVE PROJECT 

Item 

Length (miles) 
Lane width (feet) 
Shoulder width (feet) 
Inadequate passing sight 
distance 

ADT 1961 
1966 
1980 
1990 

Annual increment 
Truck percentage (of ADT) 
ADT in PC equivalents* 1980 

1990 

Signals/mile, 1980 
Speed changes/mile, 1980** 
Average daily PC speed, 1980 
Initial cost (right of way 

plus construction) 

Note: PC= passenger cars. 

Al terna
tive 0 

2-Lane 

10.6 
12 
8 

60% 
8,700 

16, 300 
38,000 
53, 400 
+1, 540 

10% 
41, 800 
58,700 
2 

3.4 
27 mph 

Al terna ti ve 1 

4-Lane 

7.6 
12 
5 & 10 

0% 
6,300 
11, 800 
27,400 
38,600 

+1, 115 

10% 
30, 100 
42,500 
0 

0 

57 mph 

6-Lane 

3.0 
12 
5 & 10 

03 
9,200 
17,200 
40,000 

56,300 
+1,625 

10% 
44,000 
61,900 
0 

0 

57 mph 

$20,000,000 

Alternative 
0 if 1 

is Built 

10.6 

12 

8 

60% 
1,600 
3,000 
7,000 

9,800 
+283 

10% 
7,700 
10,800 

1 

2.0 
35 mph 

* Computed from ADT by setting one truck equivalent to two passenger 

cars. 
** Estimated number of 10 mph speed change cycles per mile in excess 

of number anticipated on a freeway (~,Figure 9). 

readily accessible areas if it were not constructed.* The question then 
should be: How fast, on the average, could drivers be expected to move 
on heavily traveled non-freeway main roads in suburban areas of comparable 

* These assumptions could lead down several other interesting paths. It 
might, for example, be profitable to speculate on the optimum areas in 
which to encourage growth by freeway construction, or on alternative 
regional and national transportation schemes that take all modes of 
transportation into account. Such speculation is beyond the scope of 
this paper; for the highway under study, it must be assumed that the 
broad outlines of the interstate system have already been determined, 
presumably after sufficient attention to other possible solutions to 
the over-all transportation problem. 
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desirability, by 1980? While the data do not exist for answering this 
question precisely, it has been assumed that the type of 1980 travel 

just described would take place at an average speed of 27 mph, on roads 

containing two stop signals per mile and on which drivers average 

3.4 speed change cycles per mile in excess of speed change cycles dur

ing freeway travel. The assumed number of signals and speed change 

cycles would cause a speed decrease of some 7 mph from an average run
ning speed of 34 mph. In effect, a 27 mph average speed estimate might 

therefore imply that the normal traffic growth of the country could be 

absorbed on existing or moderately improved surface roads, without free

ways, and still leave traffic traveling at an average daily running speed 

of 34 mph through developed areas. This does not seem too high a speed 

estimate, and test runs made by Paul Claffey in 1959 provide the follow

ing rough corroboration that the average daily passenger car speed 

through developed areas is already in the 25 to 30 mph range (~, p. 9): 

Average over-all speed of study ve

hicle on primary routes: 

Outside downtown a reas of large 

cities 

Through small towns 

2 Lanes 4 Lanes 

24.9 mph 31.1 mph 

29.6 27.2 

Finally, the use of a 35 mph average daily speed estimate in 1980 

for the existing route of the sample project (Alternative 0) after con

struction of the freeway section (Alternative 1) needs explanation. The 
anticipated increase from 27 to 35 mph is due primarily to removal of 

over 80 percent of the traffic from the existing route. The traffic re

maining on the existing route would travel at an average daily running 

speed of 45 mph, based on the curves in Figure A-1 for a tangent, 2-lane 

rural road without signals. Further adjustment of -6.8 mph for the one 

signal per mile anticipated on the rural route if the freeway is built, 
-2.2 mph for impaired passing sight distance, and -1 mph for two 10-mph 

speed change cycles per mile in excess of freeway travel brings the 

average daily speed down a total of 10 mph, to 35 mph. 

Explanation of Table B-2 

Through use of the cost factors and formulas described in Appendix A, 

the basic data on the sample project from Table B-1 were translated into 

the various economic indexes of project desirability summarized in Ta

ble B-2. An explanation of the columnar headings in Table B-2 follows: 
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Table B-2 

COMPARISON OF ECONOMIC DATA FOR ALTERNATIVE METHODS OF ANALYZING SAMPLE PROJECT 

Millions 

Method c R 
Rate ot 

i\h Au At 
Return 

l\m s 
(1) (2) ( 3 ) (4) (5) (6 ) (7) (8) (9) 

l Urlp;lnRJ version $:w . o $ -- $>a>. 2 25 . ~ 52. 7 $- 0 . 24 :.L 64 i2.6~ 

2 Shift zero ycnr to 1965 20.0 -- 35 . 5 34.3 77. 2 -0 . 45 4.86 17.8 

3 Use 6% inte reflt encl 25-yen 1· 

study period 2 0.0 -- 22.2 21. 5 40.8 -0.10 3. 04 18.6 

4 Include road mnlntennnce 

CO At~ 20.0 0.61 22.2 21. 5 4 0 . 2 -0.07 3.01 18.4 

5 Revise user cost fectorH 

enrl edd co gt~ for stopfi 

end "Peed chanp;e cycle::;; 2 0 . 0 0.6 1 65.8 21.6 83. 9 -2.10 5.20 28 . 9 

0 Include bene f1tH tn 
trnf fl c o n exiAting l'lll'A ] 

roac.Js 20 . 0 0.61 68.4 23 .6 9 0 . 2 - 2 .02 5.5 1 30 .2 

No t e: th :::: initial cost inc reme nt 

fu, /\u, and /\t ::: inc r e mo ntal prese nt worths of mainte n a nc e cos t s; user savinge in operat-

ing, truc k time , und accident costs; and time snvings 
S trnnsportntion coHt snvi11gA 

C cost of time 

R benefit/coBt ratio 

Co lumn (1) , Method. Six methods of economic interpre tation of the 

data supplied in Tabl e 1 are pre sented. The first of these is a 
composite of typical features from engineering e c onomy methods used 

by many s tates. Methods 2-6 illustrate the step-by-step modifica

tion of Method 1 to the basic me thod used throughout this study. 

In each of Methods 1-6, Alternative 1 of the s a mple project is 

being compared with Alternative 0, the existing route. Interpre
tation of the six methods is given under Discussion of Results. 

Columns (2) through (5): 6h, 6m, 6u, 6t. These are the incremen

tal present worths defined at the end of Appendix A: initial highway 

cost, incremental maintena nce costs; user savings in operating, 

truck time, and accident costs; and passenger car time savings (in 
hours). 

Columns (6) thr o ug h (9): Tran s portation Cost Saving s (S) , Cost of 

Time (C) , Benefit/Cost Ratio (R), and Rate of Return. These are 

the economic indexes for the sample project, computed from the 

value s of 6h, 6m, 6u, and 6t in columns (2) through (5), together 
with the value of time (V) taken as equal to $1.80 per hour. 
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Discussion of Results 

Method 1. This method is based on a 20-year study period with a 

zero year of 1960, a 0 percent interest rate, the exclusion of road 

maintenance costs, and other features that will become evident in the 

comparisons with Methods 2 through 6. Based on the given assumptions, 

Alternative 1 would result in transportation cost savings of $52.7 mil

lion; a cost of time of -$.24; a benefit/cost ratio of 3.64; and a rate 

of return of 12.6 percent. The negative cost of time indicates that 

total highway costs (6h + 6m) are more than offset by the present worth 

of user savings (6u) exclusive of the value of passenger car time savings. 

Method 2. By shifting year zero of the study period five years for

ward to 1965, sizable increases in user benefits and changes in economic 

indexes are obtained: $24.5 million increase in transportation cost 

savings; $.21 decrease in the cost of time; 1.2 increase in the benefit/ 

cost ratio; and 5.2 percentage points increase in the rate of return. 

This shift of the zero year is realistic, since the project was origi

nally studied over the period 1960-80 but actually was not included in 

the state's highway construction budget until fiscal years 1963-64 and 

1965-66. 

Method 3. Use of a 6 percent interest rate to reflect the oppor

tunity cost of capital and a 25-year study period results in decreases 

of S and R to below the values of Method 1, and an increase in C above 
the value of Method 1. A small increase (0.8 percentage points) is 

caused in the sample project's rate of return by the use of a 25-year 

instead of a 20-year study period. The rate of return is not, of course, 

affected by the interest rate used for obtaining the present worths in 

columns (2) through (5). 

Method 4. The maintenance costs of the new freeway are estimated 

at $1,000 per lane mile, as explained in Appendix A. It is evident from 

the slight relative changes in S, C, R, and the rate of return that 

sizable errors in the maintenance estimate would still not appreciably 

affect the results of the analysis. The reason for this low sensitivity 

of the sample project to maintenance costs is that 6m (the present worth 

of maintenance costs, or $610,000) is only 3 percent of 6h (initial 

costs of the project, or $20,000,000), and the inclusion of 6m therefore 

causes a decrease of only .03 in the benefit/cost ratio. Maintenance 

costs were nevertheless estimated for all projects included in this 

study in spite of the low sensitivity of the sample project analysis to 
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maintenance costs, bec;1use for some projects or incremental investments 
Om could constitute a larger and perhaps significant percentage of Oh. 

Method 5. In contrast to Methods 1 through 4 (which employ the 

road user cost factors prescribed in the highway economy study manual of 

the state where the sample project is located), Method 5 employs the 

cost factors described inAppendix A of this paper. Briefly, the operating 

costs are from a new series developed and published by Winfrey; truck 

time costs are set at $3.20 per hour, following a recent study by the 

Texas A & M Transportation Institute; and accident costs are adapted 

from a series developed by the Chicago Area Transportation Study. Ta-

ble D--3 compares the two sets of cost factors at the speeds estimated 

for the sample project. The increase in savings per mile caused by use 

The relatively large increases between Methods 4 and 5 in operating 

cost savings are due to the high operating costs of the stops and speed 

change cycles included in Method 5. For the two signals and 3.4 speed 

change cycles per mile estimated for Alternative 1, these costs were 

computed as follows: 

Passenger cars 

Trucks 

Cost Factors per Mile 

For Two For 3.4 Speed 

Signals 

1. 39 
7.0 

Change Cycles 

1. 79 
10.3 

One significant result of the increased operating cost savings sum

marized in Table B-3 is a considerable decrease (from 64 percent in 
Method 4 to 37 percent in Method 5) in the percentage of total user sav

ings that are due to the savings in cost of passenger car time. 

Method 6. Method 6 differs from Method 5 only by the inclusion of 

benefits to the traffic expected to be left on the existing 2-lane rural 

road after route 1 is constructed. (As noted in Table B-1, it is antici-

pated that average daily speeds on the existing road will be increased 

by 10 miles per hour , and that one less stop signal and 1.4 fewer speed 

change cycles per mile will be necessary.) This seeming~y small change 

adds $6.3 million or about 7.5 percent to the transportation cost sav

ings of Alternative 1, resulting in a change of +.31 in the benefit/ 

cost ratio. The change in the benefit/cost ratio between Methods 5 
<incl (-) can therefore be interpreted as an increase in the present worth 
of IJencfits, which is equivalent to about one-third of the initial in

vestment. We mention this for reference in the sensitivity checks which 



Operating costs 
Passenger cars 
Trucks 

Table B-3 

COMPARISON OF SAVINGS ACHIEVED BY USING OLD AND NEW 
ROAD USER COST FACTORS 

Speeds, on 
Alternative: 

0 1 
Passenger cars 27 mph 57 mph 
Trucks 24 °mph 51 mph 

Cost F,actors per Cost Factors per 
Mile for Methods 1-4 Mile for Method 5 

0 1 Saving 0 1 Saving 

(1) (2) (3) (4) (5) (6) 

4.79 4.69 +0.19 6.49 3.89 +2.69 
18.0 16.0 +2.0 25.7 10.1 +15.6 

T;ruck time costs* 20.0 9.4 +10.6 13.3 6.3 +7.0 

Accident costs 
Passenger cars 1.0 0.5 +0 . 5 1.0 0.2 +0.8 
Trucks -- -- -- 0 .6 0.1 +0.5 

Totals** 
Passenger cars 5 .7 5.1 +0 . 6 7.4 4.0 +3 .4 
Trucks 38 . 0 25.4 +12 . 6 39.6 16.5 +23 .1 

* Truck time = $4. 80/hr for methods 1-4, .$3. 20/hr for method 5. 
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Increased 
Savings by 
Use of New 

Cost Factors 
(6) - (3) 

(7) 

+2.59 
+13.6 

-3 . 6 

+0 . 3 
+0 . 5 

+2 . 8 
+10 . 5 

** Excluding the value of passenger car time, which is assumed to be $1.80/hr 
for all six methods. 

follow, because one method of interpreting the sensitivity of an economic 

analysis to various changes is by the relative change in the benefit/ 
cost ratio. 

Table 13-4 illustrates the basic worksheet computations involved in 

obtaining 1966 user savings for Method 6. There are four sections to 

the form, numbered I-IV, and the basic data flow is: vehicle miles 

(Section I, column 4) X cost factors (Section II) =total user costs 

(Section III). Section IV gives the user savings obtained on each al

ternative compared with all other alternatives. The format illustrated 

in Table B-4 would also, if necessary, handle two alternative routes in 
addition to 1, designated as "2" and "3." 

As Table B-4 is now set up, the sum of columns (5), (6), and (7) in 
Section IV gives 1966 user savings in operating, truck time, and accident 

costs, and column (8) gives the value of 1966 passenger car time savings 
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in thousands of dollars. To find 1966 passenger car time savings in 

hours, divide the amount in column (8) of Section IV by the value of 

time. (Note that it is possible to identify in Section IV the proportion 

of total user savings due to each of the four user cost factors. If this 

refinement is not desired, the computations involved in obtaining total 

user savings could be reduced slightly by combining columns (5), (6), 

and (7) in Sections II, III, and IV.) 

Sect io11 I Project 
Alter- Speed Vehicle 
native (mph) Ty Ee 

(1) (2) (3) 

Traffic left on existing: 
0 27 P. cars 

24 Trucks 

1 35 P. cars 
32 Trucks 

2 P. cars 
Trucks 

3 P. cars 
Trucks 

+ Traffic shifted to new 
1 57 P. cars 

51 Trucks 

2 P. cars 
Trucks 

3 P. cars 
Trucks 

Section III Total 1966 

($ x 103 ) 

Table B-4 
EXAMPLE OF USER SAVINGS 

COMPUTATION SHEET 

Data 
1966 Yeh. 
Mi. (106) 

(4) 

roads 
56.9 

6.3 

10.5 
1.2 

facilities 
46.5 
5.2 

User Costs 
0 

1 

2 

3 

Section 
Operating 

Costs 

(5) 

6.41 
25.68 

6.04 
23.75 

3.83 
10.14 

5,265 

3,227 

II Cost 
Truck 
Time 

(6) 

13.33 

10.00 

6.27 

840 

446 

Section IV 1966 User Savings 

0-1 2,038 394 

0-2 

0-3 

1-2 

1-3 

2-3 

Factors 
Accident 

Costs 

(7) 

1.01 
0.64 

0.55 
0.35 

0.21 
0.14 

615 

167 

448 

(~/mile) 

Passenger 
Car Time 

(8) 

6.67 

5.14 

3.16 

3,795 

2,009 

1966 
Total 

(9) 

1,796 4,666 
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Table B-5 

SUMMARY OF SENSITIVITY CHECKS 

Millions Rate of 
Method c R 

Return 
ilh ilm ilu lit s 

(1) (2) (3) (4) (5) (6) (7) (8) (9) 

Baeil!I of C.Omperieo11 

Method 6 from Table B-2 $20.0 $0 . 61 $68.4 23.6 $ 90 .2 s-2.02 5.51 30 . 23 

Senaltivity Checks 

1 Use 30-year study period 
instead of 25 20.0 o. 61 78 ' 3 27. 0 106.4 -2.14 6.32 30.2 

2 Uee ~3 interest re te 
1nsteod of 63 20.0 0.68 77.1 26.6 104. 3 -2.12 6.21 30.2 

3 Assume 53 mileage saving 

on alternative 1 20.0 0, 61 71. 8 24. 6 95.4 -2.08 5.77 31. 3 

4 Assume exponential traffic 

increase • 20.0 0.61 69. 4 23.7 91. 4 -2. 00 5.57 25.2 

5 Include maintenance ond 
reeurfecing savings from uee 

of rural road for freeway 
route•• 20.0 0, 21 68.4 23' 6 90.6 -2.04 5. 53 30.4 

e Same ee No. 5 but RSSUme 

reeurfecing of old road in 

year 10 rather then yeRr 1 20.0 0.28 68.4 23. 6 90,5 -2.04 5. 52 30.3 

7 Aesume 53 added mileege 

requirement on elternnti ve I 20.0 0,61 65.3 22.5 85. 2 -1.98 5 . 26 29.0 

8 Use 73 interest rote 

iTil'Jteed of 63 20,0 o. 56 60.9 21. 0 78. 2 -1. 92 4.91 30. 2 

9 Use 5 mph higher spc>ert 

estimate on alternntive 0 20.0 0.61 60.3 15.8 68, I -2.52 4.40 25.2 

10 Use V = $0.90 instend of $1. 80 20.0 0.61 68.4 23.6 69.0 -2 , 02 4 . 45 25.4 

Note: l'h = initi11l cost 1 ncn:~mcnt 

tm, t....&.1, and ~i == incremcnlal pre.sent worths of maintenance co.cits; user savings in operating, truck 

lime, arid 1Lccidc11t costs ; and time aavings 
S tranaportatlo11 cost s 1tvings 
C cost of timo 

fi bencfit/coRt r;\tlo. 

The tro.ffic increase i s ho re eslimatccl o.t 8. 7% annually both within and beyond the peri od of the 

stRte 's original traffic csLimnte (1960-1980), All other methods and sensitivity checks ass ume a 

line a r trnffic growth of +l,5'10 l\IYI' annually on the /\DT for alternative 0 (aee Table B-1). 

•• ARewned effect is to cfocrease incrementa l maintenance cos1s from $48,000 to $29,000 annu a lly, and 

to adrl $170,000 saving~ in year 1 for avoldn11ce of res11rfnci11R costs on o ld route (21.2 l a ne miles 

X $8,000 per lnne mil e fo1· a 2-111ch roRUl'fnrln~). 

Sensitivity Checks 

A series of ten sensitivity c hecks has been devised (Table B-5), 

chosen as the most interesting amo ng many conceivable modifications to 

the procedures and data of Method 6 in Tabl e B-2. These variations on 

Method 6 illustrate the sensitivity of the economy study results to some 
of the conc lusions reached in Appendix A with regard to choice of interest 

rate, study period, resurfacing costs, and other variables. Checks 1 
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through 9 are arranged for convenience in the order of decreasing trans

portation cost savings; they are self-explanatory and need not be 

elaborated. 

Sensitivity check 10 illustrates the changes in economic indexes 

(compared with Method 6 of Table B-2) that result from the use of $.90/hr 

instead of $1.80/hr as the value of passenger car time. Note the sizable 

change in the transportation cost savings (-$21.2 million) and the 

benefit/cost ratio (-1.06) caused by using a lower value of time. It is 

also of interest, though not shown on Table B-5, that the percentage of 

user savings due to passenger car time savings drops from 38 percent in 

Method 6 to 24 percent in sensitivity check 10, through using a value of 

time equal to $.90/hr rather than $1.80/hr. The advantages of decreas

ing the reliance on the value of time as a component of user savings are 

noted in the introduction to the bext; this is me rely a numerical illus

tration of such advantages. 



Utilization of Econon1ic Analysis by 
State Highway Departinents 
DAVID M. GLANCY 

District of Columbia Department of Highways and Traffic 

•DURING calendar year 1962 the highway departments for the fifty states plus the 
District of Columbia and Puerto Rico were surveyed by mailed questionnaire on their 
use of engineering economic analysis. Replies were received from all but two. This 
report is an analysis of the questionnaires returned. It has been prepared in an effort 
to portray the general use and the "State of the art. " In this report no state is identified, 
but each state should be able to compare its economic analysis practices with the gen
eral practices of the other states reporting. The questions asked in the questionnaire 
are listed in the Appendix. 

Figure 1 shows the frequency of use of economic analysis by state highway depart
ment organizational units by Federal-aid systems. In an effort to indicate the average 
use, the frequency categories of the questionnaire, which are shown in Figure 1, were 
weighted. The weight given each frequency category was as follows: 

Frequency Category 

Always 
Generally 
Occasionally 
Seldom 
Never 

Weight 

1. 00 
0.75 
0.50 
0.25 
0.00 

The resulting weighted average use by systems and organizational unit is shown in 
Figure 2. 

As detailed an analysis of use by projects was not possible. This was due to an 
apparent misunderstanding of the questionnaire instructions. Over half the returns 
indicated some use of economic analysis but failed to indicate a frequency of use as 
requested. The percentage of states which use economic analysis upon some occasion 
for various types of projects is given in Table 1. 

A comparison of the data in Figure 1 with that in Table 1 indicates inconsistencies 
in completing the questionnaires. To illustrate these inconsistencies the projects 
given in Table 1 were grouped by the organizational units whose responsibility they 
would normally be. The percentage that economic analysis was reported used by or
ganizational units was averaged for all Federal- a.id systems. This percentage was 
compared with the reported use by projects. This comparison is given in Table 2. 
Reported use by projects specifically listed in the questionnaire was considerably 
higher than the reported use by organizational units except for advance planning and 
preliminary design projects. Conversely, it appears that little effort was made to 
indicate use by projects not specifically listed in the questionnaire. 

The benefit-cost ratio method of analysis was reported used by the vast majority of 
states. In fact, only one state reported not using that method and one other state failed 
to indicate the method used. Several organizational units reported using several other 
methods concomitant with the benefit- cost ratio method. This raises a question on the 

Paper sponsored by Committee on Highway Engineering Economy . 
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Figure 1. Pec·c01·tace use of economy analysis by Federal-aid system, organizational unit 
and frequency category. 
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Figure 2. Weighted average use of economy analysis by Federal-aid system and organiza
tional unit. 
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TABLE 1 

PERCENTAGE OF STATES USING ECONOMIC 
ANALYSIS UPON SOME OCCASION 

Type of Project Percent Usage 

Priority for construction programming 
Alternate route location studies 
Alternate network stuC:..es 
Alternate studies varying design speed 
Alternate stage construction studies 
Alternate limited access point studies 
Frontage road vs direct purchase of limited access 

right-of-way studies 
Alternate pavement materials studies 
A ltP.rnate cross section studies 
Alternate drainage studies 
Alternate traffic control signal types and/ or signs 

for intersections 
Alternate geometric controls for intersection traffic 
Alternate navigation clearance studies 
Others: Alternate bridge designs 

Alternate interchange analysis 
Maintenance betterment projects 
Not indicated 

TABLE 2 

82 
98 
78 
76 
80 
78 
74 

70 
80 
88 
82 

86 
70 

2 
2 
2 
2 

COMPARISON OF REPORTED USE BY ORGANIZATIONAL 
UNITS AND BY PROJECTS 

Organizational Unit Use Project Use 

Advance planning 71 Alternate network studies 78 
Programming 41 Priority for construction pro- 82 

gramming 
Location studies 64 Alternate route location studies 98 
Preliminary design 71 Alternate studies varying design 76 

speed 
Alternate stage construction 80 

studies 
Alternate limited access point 78 

studies 
Frontage road vs direct purchase 74 

of limited access right-of-way 
Alternate cross section studies 80 
Alternate navigation clearance 70 

studies 
Others: Alternate interchange 2 

analysis 
Final design 50 Alternate pavement materials stud- 70 

ies 
Alternate drainage studies 88 
Alternate geometric controls for 86 

intersection traffic 
Bridge design 61 Others: Alternate bridge designs 2 
Traffic engineering 52 Alternate traffic control signal 82 

types and/ or signs for inter sec-
tions 

Maintenance 18 Others: Maintenance betterment 2 
projects 

Diff. 

7 
41 

34 
5 

9 

7 

3 

9 
-1 

-69 

20 

38 
36 

-59 
30 

-16 
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Figure 3. Service lives used. 
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TABLE 3 

PERCENTAGE USING VARIOUS 
INTEREST RATES IN 
ECONOMIC ANALYSIS 

Organizational Unit 0% 2 to 3 % % 4 to 7 % 

Advance planning 
Programming 
Location studies 
Preliminary design 
Final design 
Bridge design 
Traffic engineering 
Maintenance 
Avg. 

31. 6 
39.1 
30.3 
40.0 
66.7 
50.0 
56.0 
88.9 
45.2 

28.9 
26.1 
18. 2 
20.0 
25.0 
20.0 
16.0 
11.1 
21. 7 

39,5 
34. 8 
51. 5 
40.0 

8.3 
30.0 
28.0 
0.0 

33. 1 

use of economic analysis. Are several 
methods which yield different results used 
to aid the decision maker or to enable him 
to justify any decision made? 

From the reported methods of analysis 
and from the reported user unit costs used 
it is apparent that most states follow the 
AASHO "Red Book" when they make eco
nomic analyses. Several states, however, 
reported use of fixed user unit costs. 

Maj or determinants in an economic 
analysis, in addition to user costs, are 
the assumed service life of various high
way elements and the rate of interest use . 
In this survey six reporting states failed 
to indicate the service life or study period 
used. The values used by the other 44 are 

shown-in -F-igu-re-3 , ---As-indic-ated-by-the-g-F-aphs ,- ther-e -iS-considerable differ_ence of __ __ _ 
opinion on the values to use. The survey indicated that only four states make any effort 
to deal with salvage value. The other 40 which reported service life values either did 
not use a study period or used service life values equal to the study period. 

Table 3 gives the reported use of interest rates by organizational units. As Table 3 
indicates, there are differences of opinion on the rate of interest to use not only among 
states but also among organizational units within the states. The survey showed 22 
incidents of different rates of interest being used by units within departments. Several 
states added comments on their returns in regard to interest; e.g., "bond issues not 
J.Jermilled by state law," "on pay as you go basis," etc. 

In conclusion, it appears to the Committee that due to some inconsistencies in the 
reported data and to the inherent weakneioio uf mailed que8tiu1111aires, specific findings 
are not possible. General conclusions, however, can be drawn. In the opinion of the 
Committee the following general conclusions of this survey can be made: 

1. The fullest possible use of economic analysis is not made by state highway depart
ments. 

2. There appears to be some incidence of misuse and/or misunderstanding of economic 
analysis theory. 

3. A greater unanimity of opinion on economic analysis techniques not only among 
states but also within individual states would be desirable. 

4. Additional research on the practices and procedures would be useful. 

Appendix 
The following nine questions were contained in the Committee's questionnaire. Each 

state department was asked to answer for each of the eight organizational units shown 
in the report. 

1. To what extent do you analyze projects and components for economic feasibility? 
2. What general method do you use? 
3. What life (in years) do you assign for analysis to right of way, grading drainage, 

minor structures, major structures, and pavement? 3A. If you do not use individual 
service lives noted above, indicate composite service life or study period (not service 
life). 

4. What rate of interest do you use customarily and in special cases (indicate nature)? 
Minimum acceptable rate of return? 

5. For the vehicle population, do you use passenger cars only, passenger cars and 
individual classes of commercial vehicles, passenger cars and composite of commercial 
vehicles, equivalent vehicles or others? 
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6. Do you assign values (indicate amount if pertinent) to running cost of vehicle (s), 
accidents, travel time of passenger cars and commercial vehicles, comfort and con
venience, and non-user consequences? 

7. Type computer on which you have programmed analysis? 
8. Following is a check list of specific areas of highway engineering. Please desi

gnate amount of your usage of economy analysis by letter code as follows: Always-A, 
Generally-G, Occasionally-0, Seldom-S, Never-N. Leave blank those items not 
pertinent to your unit. A. Highway Systems. Interstate, F. A. Primary, F. A. Urban, 
F. A. Secondary, State Primary, State Secondary, others. B. Projects (see Table 1). 

9. Have you an unusual economic study or theory you could present in the form of 
a paper? 

Discussion 
EUGENE L. GRANT, Professor of Economics of En ineerin Emeritus Stanford 
University (and Chairman, Committee on Highway Engineering Economy, 19 60- 64 . -
This interesting and impor tant paper is the result of the work of an ad · hoc subcommi ttee 
of the Committee on Highway Engineering Economy. The questionnaire project was 
carried out with the approval and sponsorship of the Highway Research Board. Par
ticular credit should go to Subcommittee Chairman Evan Gardner for directing and 
carrying out this project, and to Mr. Glancy for analyzing the information from the 
completed questionnaires. A complete detailed tabulation prepared by Mr. Glancy 
has been made available to the cooperating agencies through the Highway Research 
Board. The present paper is a brief summary of some of the high spots of the informa
tion given in his detailed tabulation. 

This survey differs from many surveys by questionnaire in having a negligible 
sampling error in its conclusions. Q.iestionnaires were sent to all of the appropriate 
agencies and 50 out of 52 responded. 

Nevertheless, there is a fair amount of informal evidence that a bias may have been 
present in some of the answers to the first question: "To what extent do you analyze 
projects and components for economic feasibility?" In answering such a question that 
calls for an opinion, some respondents may want to make what seems to them as good 
a showing as possible for their organizations and may answer, say, "generally" in 
cases where "seldom" or "occasionally" may be a more accurate description of actual 
practice. Conversations with highway engineers who are familiar with the practices 
in a number of the states have convinced me that a bias of this type did exist and that 
this bias should be recognized in interpreting Mr. Glancy' s Figure 1. 

However, the "never" answers to the first question presumably involve no such 
bias. The unshaded portion of Figure 1, which represents the "never" answers, appears 
to be, on the average, something more than 40 percent of the entire graph. In view of 
the large public expenditures for highways in the United States, this high percentage 
should be quite distressing to anyone who believes in the reasonable proposition that 
better decisions on highway programming, location, and design can be made with eco
nomic analysis than without it. 

When a condition is unsatisfactory, a relevant question is whether matters are 
getting better or worse. On this topic, the writer has the impression, which cannot be 
supported by any statistical evidence, that the use of the techniques of engineering 
economy by state highway agencies has been increasing; if the questionnaire had been 
five years earlier, the "never" answers would have been even more numerous. The 
writer also has the impression that the quality of the economic analysis is improving 
where such analysis is being made. Observations also indicate that a considerable 
fraction of the economic analysis made by state agencies in recent years has been made 
only because of requirements of the U. S. Bureau of Public Roads; if the state agencies 
had been free to do as they pleased, no economic analysis at all would have been made. 
There are, however, some notable exceptions; certain state agencies have done ex
cellent work in this area on their own initiative. 
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The remaining comments deal with Table 3, which records the use of various interest 
rates in economic analysis for highways. These comments were inspired by two other 
papers presented at the HRB 43rd (1964) Annual Meeting. There are many good reasons 
why the 33 percent of agencies and organizational units reported as using interest rates 
of 4 to 7 percent are using a much sounder basis for highway decisions than the 45 per
cent reported as using no interest or the 22 percent using 2 to 3 % percent. Two of 
the reasons were brought to mind by the two papers. 

The interest rate selected for such studies is, in effect, the minimum attractive 
rate of return. The use of a 0 percent interest rate has the result of making all 
proposed increments of investment appear to be attractive if they yield more than 
0 percent. Because of the many opportunities for productive investment in the American 
economic system, each increment of investment in highway improvements that yields, 
say, only 3 percent, has the effect of preventing some other investment-possibly one 
in highways or possibly one elsewhere in the economic system-that will be much more 
productive. A noteworthy illustratinn nf thi::i point was given in the paper entitled 
"Sufficiency Rating by Investment Opportunity," by E. H. Gardner and J. B. Chiles, 
which describes a computerized method for determining the order of priority over a 
period of ye111•s fo~· p1·oposed highwaytmprovements-over ntire state hig-hway system. 
In this method, a minimum attractive rate of return (interest rate) of 20 percent was 
used. This high rate, in effect, reflected the opportunity cost of capital within the 
state highway system, considering the limitation of highway funds and the many produc
tive projects competing for these limited funds. 

Another session at the 43rd Annual Meeting was a conference session on the socio
logical effect of highways. Although no one at this session mentioned interest rates in 
highway economy studies, some of the types of matters presented seemed to be quite 
relevant in relation to the issue of the best interest rate to use in specific kinds of 
studies. 

In principle, an economic analysis made to influence a decision on a public works 
investment should consider the prospective consequences of the investment "to whom
soever they may accrue." Wherever practicable, these consequences should be eval
uated in monetary terms-the only terms in which diverse consequences can be made 
commensurable. For many types of public works, including some types of highway 
improvements, it may be evident that there will be a mixture of favorable consequences 
to a portion of the public and unfavorable consequences to another portion. 

A good example of unfavorable consequences was given by Miss Barbara Kemp, of 
the District of Columbia Health and Welfare Council, who described the results obtained 
from interviews with a sample of persons who would be dislocated by a proposed freeway 
project in the District of Columbia. She reported much resentment from a number of 
persons in low-income groups who felt that they would be badly hurt and receive no 
benefits from a project that they viewed as intended chiefly to help well-to-do dwellers 
in the suburbs. Some persons interviewed had lived for many years in the areas 
affected. They felt that condemnation for freeway purposes of the areas where they 
were living would force them into less congenial surroundings and also would increase 
their living costs. 

The foregoing bears on one facet of Mr. Glancy' s Table 3, which shows that different 
organizational units within a given highway agency often employ different interest rates 
in their economic analyses. On first impression, an observer might conclude that it 
is undesirable to have this type of difference in decision- making criteria within a single 
highway agency. Doubtless, many of the differences shown in Table 3 are entirely 
capricious and have no rational basis. 

Nevertheless, there are sound reasons why one might defend the use of different 
minimum attractive rates of return for different types of highway investment projects 
that are competing for the same limited funds. A proposed investment that has a 
mixture of favorable and unfavorable consequences to the citizenry, such as the proposed 
freeway project in the District of Columbia mentionEd by Miss Kemp, might well be 
subject to more severe decision- making criteria than a proposed investment where all 
of the prospective consequences are favorable. 
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CLARKSON H. OGLESBY, Professor of Civil Engineering, Stanford University. -
Messrs. Gardner and Glancy have performed a valuable service in preparing and 
circulating the comprehensive questionnaire on engineering-economy practices of state 
highway departments and in analyzing its results. Thanks are also due to officials of 
the state highway departments for their cooperation in filling out yet another detailed 
questionnaire. As a result of these efforts there is now a far better picture of the 
level of attention given to economic analysis at the state level. 

Designers of the questionnaire worked on the basic premise that economic decisions 
are made in all phases of highway planning, design, and operations and at all levels of 
authority. Too often highway engineers have assumed that economic decisions concern 
only such sticky subjects as programming, budgeting, and controversial route locations, 
which are the province of the "top brass. " In reality, however, the design engineer 
who selects a culvert or a pavement section, the traffic engineer who recommends on 
signs or signals, and the maintenance supervisor who decides how often to mow the 
roadside makes a decision that has economic consequences. In all these cases the 
decisions may alter costs to the highway agency, the traveling public, and the non-user. 
Yet the results make clear that in these areas in particular, formal appraisals of the 
dollar consequences of decisions seldom are made. 

Taken as a whole, the questionnaire findings are disappointing to those who feel that 
economic analysis can provide one of the important guides for highway decision makers. 
If such measures carried much weight, a high proportion of the reporting agencies 
would have indicated that they used them "always" or "generally." Stated differently, 
if dollar measures (other than the total money involved) were important to decision 
makers, a means for securing them would have been incorporated into the "routines" 
of highway agencies. The results indicate, however that most states apply economic 
measures only to "exceptions." 

Even though the survey results indicate that little attention is given to economic 
analysis, it may be that they still paint too favorable a picture. Being "for economic 
analysis" is parallel to being "against sin." Therefore it would be a natural tendency 
(to which college professors are not immune) to report "always" rather than "generally," 
"generally" rather than "occasionally," and so on. 

There is strong evidence elsewhere to support the questionnaire findings that highway 
decision makers give relatively little weight to the matter of long-run economy. Only 
two examples are cited here, but the list easily could be expanded. 

Example 1. The "Manual of Uniform Traffic Control Devices" (1) is a monumental 
work, and rightly has worldwide acceptance. However, in almost no instance do the 
recommended warrants for justifying traffic control devices evaluate the cost in the 
long run to highway agencies and road users, although these costs are substantial. For 
example, a recent study (2) indicated that, on converting a normal intersection carrying 
10, 000 vehicles per day from two-way to four-way stop sign control, motor vehicle 
operating costs (over and above driving straight through) rose from $6, 000 to $14, 000 
per year, an increase of $8, 000 annually. A second instance (2) dealt with installing 
a traffic signal at a "T" intersection on a busy thoroughfare to accommodate a small 
volume of entering traffic. Here the costs associated with signal installation and 
vehicle operation, including those for an increase in accidents, rose more than $20, 000 
per year over those when entry was controlled by a stop sign. It would seem that con
sideration of economic facts such as these would bring better traffic engineering decisions 
and also provide aid to engineers trying to resist pressures for unwise or unnecessary 
installations. 

Example 2. The "Manual on Advance Road Programs" (3) is an excellent document, 
and is one of several indications that county road management is becoming professional 
rather than political. It states (p. 5): 

Advance road programming should be a continuous activity of 
efficient road management-whose aim is to serve the public 
through provision of adequate, safe, yet economic road travel. 
The formulation of plans for advance road planning is the joint 
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responsibility of the county engineer m1d the county board, re
presenting the team fo1· road management. 

In the detailed procedures for evaluating the county road system, the manual makes no 
reference to formal economic analysis. Rather, on the basis of a physical inventory, 
a service rating and a condition rating are combined to produce a priority rating. This 
rating, combined with a financial analysis, leads to an improvement program and a 
schedule of priorities. Nowhere is provision made to answer the three basic economic 
questions of "Why do this project at all?" "Why do it now?" and "Why do it this way?" 
With the counties so desperately in need of funds for road improvement, it would seem 
that answers to these questions are basic to reaching sound decisions. 

Results of the questionnaire and other evidence, including the examples cited here, have 
convinced the writer that economic analysis is seldom employed in highway decision 
making. Even so, a second important question is this: "Are the economic analyses 
that now are being made correct in technique and based on realistic data and assump
tions?" 

An earlier critique on 85 alternate route location studies has indicated a number of 
_common err_ors_( 4). _ Mor_e_recently:, __ ho_w_ever_,_ Charles_Dale,_ Research Engineer of _ __ _ 
the U. S. Bureau- of Public Roads, analyzed 130 economy studies prepared either by 
state highway departments or by their consultants. These were submitted to the Bureau 
in 1962 by 34 states, the District of Columbia, and Puerto Rico. Projects analyzed 
included (a) alternate highway locations, (b) alternate river crossing schemes, (c) 
grade-separation studies, and (d) surface type determinations 

Mr. Dale has graciously supplied a summary of his findings. A list of eight items 
drawn from his analysis is pertinent to this discussion, as follows: 

1. Of the 130 reports, 95 had road-user benefit analyses of the proposed alternates. 
The remaining 35 did not, although in 27 of them different alternatives would develop 
different road-user consequences. For the other 8 reports, which dealt with alternative 
pavement types, road-user consequences were not considered to be a factor. 

2. Of the 95 reports which included a road-user analysis, the benefit-cost ratio 
method of solution was used in 68 instances. The remaining 27 employed the total 
annual transportation cost method. A few of the benefit-cost ratio studies also com
pared the projects by either the rate of return or total annual transportation cost 
methods. 

3. Sixty of the 95 reports based on road-user benefit analysis established annual 
capital highway costs. Of these, 41 employed different service lives for the various 
components of the highway (e.g., right-of-way, structures, surfaces). For the other 
19, a single analysis period was chosen (usually 30 to 40 years). 

4. Accident costs were included as part of the total road-user costs in only five 
reports (representing two states). 

5. Highway maintenance costs were included in 52 of the 95 reports having a road
user benefit analysis. 

6. Generally, road-user benefits were calculated for design-year or terminal-year 
traffic, and were assumed to be uniform for the entire analysis period. The terminal 
year in most cases was 1975. 

7. Only 64 of the 9 5 reports that included road-user benefit analysis stated the 
specific rate of interest used in the analysis. The percentage distribution of the stated 
interest rates was as follows: 

Interest Rate (%) 

0.0 
0. 1-3. 9 
4.0-5.9 
6.0-7.0 
over 7. 0 percent 

Reports Using (%) 

= 20 
= 22 
= 45 
= 13 
= 0 



131 

8. Of the 68 analyses that used the benefit-cost ratio method, a "second benefit 
ratio," also called an incremental benefit-cost ratio, appeared in only 7 reports; yet 
all but 5 studies considered multiple alternatives. 

The first three items are primarily reports on techniques for analysis or a statement 
of assumptions. Although analysts may argue the merits of some over others, all, if 
properly done, will give correct results. This has been demonstrated, among other 
places, by Grant and Oglesby ( 5). 

Item 4 indicates that only 5 reports considered accident costs; item 5 shows that 
numerous others neglected maintenance costs. Here the basic problem is lack of 
suitable data. In these and in many other areas, much research is needed before 
dependable values are forthcoming; certainly it would be improper to make these 
omissions a basis for criticism under present circumstances. 

Item 6 indicates that in many reports traffic for the design year was employed in 
computing annual benefits without discounting. If, as is usually the case, substantial 
traffic growth is assumed for the design year, an error results which greatly over
states the benefits. For example, if it is assumed that traffic doubles in a 20-year 
design period and 7 percent is an appropriate interest rate, then benefits are over
stated more than 40 percent. 

Item 7 gives the spread of interest rates employed in the studies. There are strong 
arguments to the effect that these rates are too low and may result in wrong decisions. 
These arguments are presented by Grant ( 6) and Winfrey ( 7) and are repeated here. 

It is disturbing also to find that almost one-third of the reports failed to state the 
interest rate employed. This knowledge is of vital importance to decision makers and 
others who might review the reports or the decisions based on them. Stated bluntly, 
such omissions show poor report writing and are a reflection on the engineers who did 
the work. 

Item 8 indicates that a preponderance of the analysts blundered by failing to consider 
the second or incremental benefit-cost ratio. The effect, in those instances where a 
higher-cost alternative was recommended, may have been to propose spending money 
for works that would not show the stipulated minimum attractive rate of return. Grant 
and Oglesby ( 5) treat this subject in detail. 

Where reports stated the sources of the procedure for analysis, almost all referred 
to the "Red Book" (8). This work suggests, in Appendix B, pp. 151-152, that incre
mental analyses be made and gives an example of the procedure to follow. It may be 
that the trouble lies in the wording of the "Red Book, " which may seem to make incre
mental analysis permissible rather than mandatory. In any event, analysts must rec
ognize that they are in error if they make comparisons among several separate and 
distinct solutions to the same problem without including an incremental analysis. 

This discussion has attempted to summarize the "state of the art" of highway engi
neering economy as shown by the results of the questionnaire and the analysis of 130 
recently completed studies. It should be clear to all concerned that much is yet to be 
done to fill the gaps in knowledge of the economic consequences of highway improvement. 
In addition, there is a great need to adapt the already developed principles and tech
niques of engineering economy to highway situations. Also, much work lies ahead if 
existing procedures are to be corrected and refined and new ones developed in areas 
not now covered. This effort cannot be left to a handful of engineers and educators or 
to the Highway Research Board Committee on Engineering Economy. It requires the 
interest and support of highway engineers at all levels of authority and in all agencies. 

In conclusion, one word of caution: in enthusiasm to promote serious attention to 
engineering economy as a working tool for highway engineers and administrators, 
there must be recognition that it is not an end in itself, nor can it stand alone. Rather, 
economic analysis provides dollar answers where dollars represent an appropriate 
measure of the consequences of highway improvement. As such, it helps the decision 
maker narrow the area of uncertainty surrounding the choices he must make, and 
thereby can aid him as he tries to make better use of the money that the public is 
devoting to highways. 
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A Study of Annual Costs of Flexible and 
Rigid Pavements for State Highways 
In California 
RALPH A. MOYER and JOSEF E. LAMPE 

Respectively, Professor of Transportation Engineering and Research Engineer, and 
Research Assistant, Institute of Transportation and Traffic Engineering, 
University of California, Berkeley 

This study provides the results for more than 600 solutions of annual costs of 
pavements in which the effect on the annual cost of eight major variables is clearly 
set forth. The variables included in the study consisted of: (1) subgrade quality 
for six subgrade resistance values; (2) traffic indexes for light, medium, and 
heavy traffic; (3) contract bid prices for all state highway pavement construction 
in California in 1958 and 1960 in the low range (10 percentile value), in the high 
range (90 percentile value), and for the arithmetic mean of all bid prices; ( 4) in
terest rates of 3 percent and 6 percent; (5) a service life of initial pavement of 
13 years and 18 years was used for flexiblepavements and 18 years and 26 years 
for rigid pavements and a service life of 13 years for the first and second asphalt 
concrete resurfacing was used for both flexible and rigid pavements; ( 6) the 
annual costs were computed for analysis periods of 26 years and 35 years; (7) 
average maintenance costs for California flexible and rigid pavements were used 
in the primary study and the effect of doubling and tripling the maintenance cost 
of flexible pavements versus no change in these costs for rigid pavements was 
determined on a sampling basis; and (8) a total shoulder width of 22 ft and a 
2-lane pavement width of 24 ft was used in the primary study and an analysis of 
the effect of reduced shoulder width for 6- lane and 8- lane freeways was made on 
a sampling basis. 

The results of the study indicated that for subgrades with resistance values 
(R-values) in the medium range of 25 to 60, the annual costs of flexible versus 
rigid pavements vary considerably, depending on the design values for the traffic 
index, the costs of the initial construction, and the resurfacing and maintenance 
costs of the particular pavement. For subgrades with R-values in the high range 
(above 60) the annual costs of the flexible pavements were always lower than the 
corresponding costs for rigid pavements. The annual cost of light-duty pave
ments in the majority of the solutions tended to favor the selection of flexible 
pavements, whereas for heavy-duty highways the majority of the solutions tended 
to favor the selection of rigid pavements. Resurfacing costs can have an im
portant effect on the selection of pavement type. If a high frequency of resur
facing is expected for either the flexible or rigid type under conditions where a 
low frequency of resurfacing is required for the alternate type, the pavement 
with the longer service life will be favored on an annual cost basis. Varying the 
interest rates and the analysis periods influences the annual costs considerably 
for the two pavement types, but this effect is not as important as the effect of 
variations in subgrade quality, the traffic index, and the change in initial con
struction and resurfacing costs. The effect of varying the annual maintenance 
costs of the two pavement types resulted in a minor change in annual costs. Thus, 
the average annual maintenance costs for the two types of pavement amounted to 
only about 3 to 5 percent of the total annual pavement cost, and even using a 
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maintenance cost for flexible pavements 3 times greater than the annual average 
maintenance costs resulted in no significant change in terms of the total annual 
costs of flexible versus rigid pavements. 

This study indicates the importance of making a complete cost analysis in the 
selection of pavement types. The relative importance of the eight major variables 
in an analysis of annual costs is clearly shown in table and chart form. Although 
other factors, such as traffic safety, skid resistance, light-reflecting properties, 
esthetics, noise levels, and political decisions, should be considered in the 
selection of pavement types, there is evident need for adoption of a standard 
method for the determination of the annual costs of pavements and of giving 
adequate weight to annual costs in the selection of pavement types. 

•A MAJOR DECISION confronting the highway engineer and administrator responsible 
for the planning and design of pavements for modern freeways and expressways is the 
selection of the pavement type, rigid or flexible, which will provide the highway user 
with the best possible service at the lowest cost. This selection is complicated by 
many factors and considerations which make it most difficult to reach a decision which 

----is--fuHy-doettmented-attd acceptable-to-all-interest-ed-par.ties .--
In 1960 a report (1) prepared by the AASHO Special Committee on Project Procedures 

was published in which five principal factors and ten secondary factors governing the 
selection of pavement type were listed and discussed. The five principal factors and 
the ten secondary factors considered by the committee to have a major or an occasional 
influence in the selection of pavement type are as follows: principal factor s -(1) traffic, 
(2) soils characteristics, (3) weather, ( 4) performance of similar pavements in the 
area, and (5) economics or cost comparison· secondary factors-(1) adjacent existing 
pavement, (2) st age construction, (3) depressed, sur face or elevated design, (4) high
way system, ( 5) cun1::1 e.l·va liou of aggregates, ( G) stimulate competition, {7 ) construction 
and maintenance considerations, (8) local preference, (9) traffic safety-skid resistance, 
etc. , and ( 10) availab111ty and adaptation of loca l watedals. 

The AASHO committee did not propose a formula or a standard procedure for the 
selection of paving type. In the report the committee stated that "To avoid criticism, 
if that is possible, any decision as to paving type to be used should be firmly based. 
Judicious and prudent consideration and evaluation of the governing factors will result 
in a firm base for a decision on paving type. " 

The California Division of Highways and many other highway departments require 
an economic analysis or cost comparison as a major factor in the justification of pave
ment type. In 1963 the California Division of Highways adopted a new method and new 
cost items in making pavement cost comparisons. These new cost items have been in-
corporated in the study covered by this paper. . 

It is the contention of the authors that the principal factors proposed by the AASHO 
committee can be evaluated on a reasonably sound, rational and factual basis, using 
California pavement design formulas, and a basic formula for making pavement cost 
comparisons. This paper consists primarily of a broadly based investigation of the 
effect on pavement costs of the many factors and variables involved in the structural 
design of rigid and flexible pavements; the effect of the wide variations in the unit prices 
of various items for 155 paving projects in California for which contracts were awarded 
in 1960; and the effect of variations in the service life of flexible and rigid pavements, 
the interest rate and in the analysis period. The investigation is of the type referred 
to by economists as a sensitivity study. 

For this study 144 pavement and shoulder design sections were devel p d ha ed on 
the Californi,a Divis ion of Highways rigid and fl exible pavement design procedures (2 ) . 
The str uctural design was based primarily (a ) upon the r esistance (R- value) of the -
subgrade soil, and {b) upon the Traffic Index (TI) for a 20-yr period. Six different 
subgrade soils r~ging from R 5, very poor, to R 80, excellent, and three traffic design 
loads , TI= 8. 5 (light- duty), TI= 10. 0 (medium- duty) and TI= 11. 5 (heavy-duty) were 
used for the study. For the portland cement concrete pavements, the standard 4-in. 
thickness of cement-treated base was used in this study. For the asphalt concrete 
pavements, the structural design was determined for three different bases: crushed 
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stone, standard cement treated and heavy cement treated. Shoulder designs were 
developed for each pavement type and for each soil type and for the three traffic design 
loads. 

It was assumed that the same subgrade construction and preparation would be required 
for both rigid and flexible pavement construction. In locations where subsurface water 
and unusual soil conditions require a special subsurface drainage design, such as the 
use of a permeable blanket, 1 ft in depth over the full width of the roadway, it was as
sumed that the same construction would be required for both rigid and flexible pave
ments. It is recognized, however, that unusual foundation conditions might require 
different subgrade treatment for the two pavement types and that this factor, which is 
not covered by this study, may sometimes be a controlling one in the selection of pave
ment type. 

METHOD FOR DETERMINING ANNUAL HIGHWAY COSTS 

The determination of annual highway costs has been the subject of special study and 
of reports by Highway Research Board committees and by individual investigators since 
1920, the year the Board was established. It is significant that the Committee on Eco
nomic Theory of Highway Improvements with Dean T. R. Agg as Chairman was listed 
as the No. 1 committee of the Board for many years and that the Committee on Struc
tural Design of Roads with A. T. Goldbeck as chairman was listed as the No. 2 com
mittee. The senior author of this paper was privileged to be closely associated with 
Dean Agg for 25 years in making various types of economic studies. The basic prin
ciples established in those early studies played an important role in the selection of 
the method of analysis adopted for this study. 

Dean Agg and his Committee developed procedures for determining the justification 
of highway improvements in terms of basic engineering economy theory. In the Com
mittee report (3) in 1929, a method for determining the annual costs of highways was 
presented by Dean Aggas follows: 

The annual cost of a road ... may b e expressed as the total 
yearly expenditure that will construct, replace, and maintain in 
perpetuity in standard serviceable condition any existing road 
under existing traffic and climatic conditions. 

R. H. Baldock (4) has reviewed the methods of determining annual highway costs as 
reported by Agg in 1929, by C. B Breed in 1934 (5) and by the Stanford Research In
stitute (SRI) in 1961 ( 6) . After presenting a detailed discussion and evaluation of each 
method, Baldock proposed a method, patterned after the one developed by SRI, which 
provides for the payment of the initial construction cost and of future resurfacings on 
a uniform annual cost basis at a given interest rate in a definite time interval of 40 
years. To this is added the average annual maintenance cost. 

In June 1963, the California Division of Highways adopted a new method (7) for 
making economic comparisons of pavement types. The costs for each pavement type 
using the new method are computed in accordance with the following instructions: 

1. All future pavement structural designs shall be based on 20-yr equivalent wheel 
load ( EWL) totals. 

2. An appropriate economic analysis period shall be chosen for each project based 
on the average life to first resurfacing of concrete pavements in the area that served 
under comparable conditions. In general, this will range from 20 years upward based 
on present experience. 

3. Compound interest at the rate of 5 percent shall be used as necessary to convert 
all costs to present worth. 

4. Initial costs shall be computed for the entire structural section including shoulders 
for one direction of travel and a length of one mile. 

5. Estimated costs of future resurfacing shall be increased by the application of a 
price trend factor. Based on the California Highway Construction Cost Index, 2 percent 
compound interest should be used at present. 
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6. Engineering charges on initial construction shall be omitted, but preliminary 
and construction engineering charges in connection with resurfacing shall be included. 
This shall be expressed as a percent of the future resurfacing cost. 

7. Estimates of resurfacing cost must include all supplemental work made neces
sary by the resurfacing. Traffic handling, temporary traffic stripes, replacing per
manent traffic stripes, protection or temporary removal of guardrails, adjustments 
of drainage facilities, and other supplemental work should be carefully estimated. 

8. The costs of traffic delay shall be estimated and added to the cost of re
surfacing. 

9. Maintenance costs shall be included where District records can be used to 
demonstrate a difference in cost between the two surface types. 

10. Salvage values shall be used only as necessary to bring both estimates to the 
same analysis period, and should be applied to the last resurfacing only. 

Tt Rhnulrl hP. noted that item 3 provides for a compound interest rate of 5 percent. 
This rate is used to convert all costs to present worth costs which are then added to 
the initial construction costs to obtain the total cost for the given type of pavement. 
Thus ;--instead of computing a uniform annual cost for-each pavement- type-, the California.
Di vision of Highways computes in effect a total equivalent initial cost for each pavement 
type. In general, the method adopted by the California Division of Highways follows 
that proposed by Baldock, except that the total costs are expressed as present worth 
instead of a uniform annual cost. 

After a careful review of all of the methods referred to above for computing the costs 
of pavements, the authors decided that to establish the effect of many cost variables, 
the annual cost method recommended by Baldock would best serve our purpose for this 
study. It was further decided that the three new cost items adopted by the California 
Division of Highways for computing resurfacing costs should be iucu1·purated. 

ANNUAL C.::US'I' FORMULA 

The formula recommended by Baldock for determining the annual costs to compare 
pavement types adopted for this study takes the following form: 

C = CRFn [A+ E1(PWFn1) + Ez(PWFn
2

) - (1 - i) (E1 or E2) PWFn2 J + M (1) 

in which 

c 
CRFn 

annual cost of a 2-lane mile of pavement and shoulders; 
capital recovery factor for an analysis period of n years and for a given 
interest rate; 

A = initial construction cost of pavement and shoulders, per mile; 
E1 first resurfacing cost, per mile; 
n1 = service life of initial pavement surface, years; 

PWF = present worth factor for n1 or n2 years for a given interest rate; 
E 2 = second resurfacing cusl, per mile; 
n 2 = number of years after construction to year when second resurfacing is 

placed; 
y = number of years from time of last resurfacing to end of analysis period; 
x = estimated life of last resurfacing, years; and 

M = average annual maintenance cost per mile. 

BASIC COMPONENTS OF FORMULA 

The basic components of Eq. 1 are (a) initial construction cost, (b) resurfacing 
costs, (c) maintenance costs, (d) interest rate, (e) analysis period, (f) service life of 
initial pavement surface, and (g) service life of resurfacings. 

Since a major purpose for making this study was to determine the effect and relative 
importance of each component in Eq. 1 for computing the annual cost of each pavement 
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type, two or more values were used for each component. The method of assigning 
values to the components is described in the following discussion of each of the seven 
components. 

Initial Construction Costs-Design Sections 

The initial construction cost of each pavement type was computed on the basis of the 
thickness and composition of the structural design sections and the unit prices for each 
item in the pavement cross-section which consisted of the pavement surfacing, the 
base, subbase and the corresponding items for the shoulders. 

For this study 144 pavement and shoulder design sections were developed based on 
the California Division of Highways' rigid and flexible pavement design procedures 
published in the Division of Highways Planning Manual. The California pavement design 
procedures are well adapted for making cost comparisions of the type used in this study. 
The major factors covered by these procedures in developing the structural cross
section for each pavement type are (a) the structural quality of the basement (subgrade) 
soil which is· measured by means of stabilometer and expansion pressure tests and is 
expressed as the resistance, R-value, of the soil; (b) the traffic over a 20-yr period 
in terms of an equivalent number of 5, 000-lb wheel loads, EWL, expressed as the 
Traffic Index, TI; and ( c) the slab value of the pavement and supporting layer, which in 
the design of flexible pavements is expressed in terms of the cohesiometer, C, value. 

The California pavement structural design method is based on test road data and on 
observed performance of pavement structures. Hveem and Sherman (8) show that the 
thickness of flexible pavement required for a wide variety of traffic loads and materials 
as determined by the California design formula correlated very well (a correlation 
coefficient of 0. 87) with the thickness requirements for the corresponding traffic loads 
and materials on the 2-yr AASHO Road Test in Illinois. 

The structural design sections of rigid pavements investigated in the AASHO Road 
Test in Illinois are not directly comparable to the structural design sections of rigid 
pavements in California since the cement-treated base (CTB) used in California was 
not included in the structural design section of rigid pavements in the AASHO Road 
Test. However, the performance of the rigid pavements in the AASHO Road Test when 
compared with the California rigid pavement design for corresponding traffic loads 
indicatE)d that the California rigid pavement sections are entirely adequate to carry the 
traffic for which the California pavements are designed. 

Probably the best evidence in regard to the reliability of the California structural 
design procedures in assuring satisfactory performance of the pavements designed 
according to these procedures is the observed performance of pavements in all parts 
of California. For the past 12 years, tests have been conducted by the Institute of 
Transportation and Traffic Engineering under the direction of the senior author to 
measure the road roughness of both rigid and flexible pavements on state highways in 
all parts of California. The AASHO Road Test studies showed that road roughness 
measurements provided the best single indicator of pavement performance and for 
computing the serviceability index of a given section of pavement. The results of the 
road roughness measurements in California when compared with the results of similar 
measurements in other states and on the WASHO and AASHO road tests indicated the 
excellent structural quality of both the rigid and flexible pavements in California. In 
the judgment of the authors, the low road roughness readings and the excellent riding 
quality observed on California pavements provide the best evidence now available of 
the reliability of the California pavement design procedures to assure satisfactory 
pavement performance. 

The structural design of rigid and flexible pavements for 4-lane freeways in California 
is shown in Figure 1 for typical pavement and shoulder design sections in cut and in fill. 
It should be noted that the design of the subbase and base requires a greater with of 
roadway in the fill section than in the cut section. To simplify the computations for 
the quantities required for various depths of pavement for cut and fill, the comparisons 
in this study were made on the basis of a uniform width of pavement for the traveled 
way of 24 ft and a uniform width for the two shoulders of 14 ft. Since the shoulder 
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HA\.f tl«'llOH HA\.f I COTIOH 
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tfAL,r 91'.CTIO,. 

FILL SECTION 

Figure l. California Division of' Highways t ypical pavement and shoulder desie;n 
cross - section . 

design for both flexible and rigid pavements in California is prar.tir.::i lly iclP.nt.ir.::i.I for 
correi:>pumling- Lraffic aud soil conditions, the adoption of a uniform width of shoulder 
did not introduce a significant error in the quantities used or in the cost of the corre-

TABLE 1 

RIGID PAVEMENT STRUCTURAL DESIGN SECTIONS FOR 
VARIOUS SUBGRADE SOIL CONDITIONS AND FOR LIGHT-, 

MEDIUM-. AND HEAVY-DUTY TRAFFIC 

R-Value 
of 

Subgrade 
Soil 

R 5 

R 20 

R 35 

R 50 

R 65 

R 80 

Calif . 
Traffic 
Index 

8. 5 
10 ,0 
11. 5 

8. 5 
10.0 
11.5 

8. 5 
10.0 
11. 5 

8. 5 
10.0 

8. 5 
10.0 
11.5 

8. 5 
10.0 
11.5 

Rigid Pavement Design Depth (in.) 

Porlland 
Cement 

Concrete 
Surface 

8 
9 
9 

8 
9 
0 

8 
0 
9 

8 
9 
9 

8 
9 
9 

6 
9 
9 

Cement
Treated 
Bas ea 

4-B 
4-A 
4-A 

4-B 
4-A 
4-A 

4-B 
4-A 
4-A 

4-B 
4-A 
1- A 

4-B 
4- A 
4-A 

4-B 
4-A 
4-A 

Subbase 

8 
10 
12 

6 
8 

10 

6 
6 
8 

Total 
Depth 

20 
23 
25 

18 
21 
23 

18 
19 
21 

18 
19 
19 

12 
13 
13 

12 
13 
13 

a'l'lu:. lwo t~·1:ies of cement trl1\tod b:1Be usod 111 this stud.y consiSL 
of: ( I) 'l'ype A wiU1 3'/. to '1iortlnnd cemenl l)y IY •Chi or Ch 
dry ai;iµ•e~te , and (2) Type B wllh 2y, to 4Y•' JKll'LIR1KI em nl 
by weight of the dry aggregate, 

sponding designs for rigid and flexible 
pavements. 

The rigid pavement structural design 
secliuns for six subgrade soil types 
ranging from a very poor R 5 soil to an 
excellent R 80 soil and for three traffic 
design loads, TI= 8. 5 (light-duty), Tl= 
10. 0 (medium-duty) and TI= 11. 5 (heavy
duty) are given in Table 1. For light
duty traffic, a uniform portland cement 
concrete pavement slab thickness of 8 in. 
is used in California. For medium-duty 
and heavy-duty traffic, this thickness is 
increased to 9 in. It should be noted that 
a 4-in. cement-treated base (CTB) is 
used in all of the rigid pavement design 
sections and that a varying depth of sub
base is used, based upon the R-value of 
the subgrade soil and the Traffic Index. 

The flexible pavement structural design 
sections given in Table 2 were developed 
for the same R- values for the subgrade 
soil and the same Tl values for traffic 
used in the design of the rigid pavement 
sections, except that three types of base 
courses, crushed stone, standard CTB 
and heavy CTB, were used in developing 
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TABLE 2 

FLEXIBLE PAVEMENT STRUCTURAL DESIGN SECTIONS FOR VARIOUS SUGGRADE SOIL CONDITIONS AND FOR 
LIGHT- , MEDIUM-. AND HEAVY- DUTY TRAFFIC 

Flexible Pavement Design Depth, ln Inches 

R-Valuc Calif. With Crushed Stone Base With Slancta1"cl CTB Base With Heavy CTB Base of T1•afiic 
Si.1bgr•1dc Index As(Jhalt Crushed Asphall Asphall Soil Total CTB Total CTD Total Concrete Stone Sul>baSC! 

Depth 
Conc1•elc 

Dasc3 Subbase 
Depth 

Concrete 
Base3 Subbase 

Depth Surface Dase Sul'face Surface 

R 5 8 . 5 3~, 8 15 26~, 8-A 10 21 10-A 7 20 
10 . 0 4 10 18 32 •I 10-A 11 25 10-A 10 24 
11 . 5 6 10 20 36 6 10-A 13 29 10-A 12 28 

R 20 8 . 5 3~, 8 11 22'/2 8- A 16 8- A 16 
10.0 4 10 12 26 lO-A 19 10-A 19 
fl . 5 6 10 13 29 10-A 22 10-A 22 

R35 8.5 3'/2 8 17 '/, 8-A 11 8-A 11 
10 , 0 4 10 20 10-A 14 5-A 14 
11 , 5 6 10 23 10-A 16 5-A 16 

R 50 8.5 3~, 9 121/2 8-B 11 ~ 8-8 11 
10 , 0 4 10 14 10- A 14 • 10-A 14 
11 , 5 6 10 16 10-A !G G 10-A 16 

R 65 8 , 5 3'./2 8 11'/, 8 Cr. St , 11 B Cr, St. 11 
10 ,0 4 10 14 10 Cr. SL. 14 10 Cr , St , 14 
11.5 G 10 1G 10 Ci·. St, 16 10 Cr , St , 16 

R 80 8 . 5 3V~ 8 11/'3 8 Cr, st , II 8 Cr, St , 11 
10 , 0 4 10 14 10 Cr. St. 14 10 C1', Sl , 14 
11 . 5 6 10 16 10 Cr, st , 16 10 Cr . Sl , IG 

a.The lwo lypes of cement/l1·ealcd base used in lhis study consist of: (1) Type A with 31/i to 6 pe1·cent portlaml cc menl by we ig ht of the dry ai;g:t'Cbralc. (2) Type J3 
with 2 1/~ to 41/2 pcrconl portlancl cement by weight of Lhc c.lry ag-~reg:ate , For subg:l"aclc soils with R-valul?S of 65 and BO, a crushed stone base is used instead of a 
ccmonl- treatecl base , 

TABLE 3 

SHOULDERS STRUCTURAL DESIGN SECTIONS FOR RlGID AND FLEXIBLE PAVEMENTS DESIGNED FOi! VARIOUS SOIL CONDITIONS AND 
FOR LIGHT-, MEDIUM-, AND HEAVY- DUTY TRAFFIC 

Shoulder Des ign Depth, inlnchcsa 

R- Vri.lue Calif. Minimum Depths Based on Depths Ariopted for Rii;id Pavements with Depths Adopted for Flexible Pavement s 
of Traffic Design Formula Cement-Treated Base with Standard CTI3 Base 

Sub[1·adc Index 
Soil Asphalt Base Asphalt Base- Asphalt Base-

Concrete au ct 
Total Conc1·ete Crushed Sublmse Total Concrele Crushecl Subbase Total 

Surface Subbase Depth Surface Stone Dept h Surface Slone 
Dcplh 

R 5 8.5 2 15 17 3- 2 13 20 3- 2 14 21 
10.0 3 18 20 4-2 15 23 4-2 17 25 
11. 5 ~ 20 23 4-2 17 25 4-2 21 29 

R 20 8 , 5 2 12 14 3-2 11 18 3-2 9 16 
10,0 3 13 16 4- 2 13 21 4-2 11 19 
11. 5 3 16 19 4-2 15 23 4-2 14 22 

R 35 8,5 2 9 11 3-2 11 18 3-2 11 
10.0 i 10 13 4-2 11 19 4-2 H 
11. 5 ! 12 15 4-2 13 21 4-2 16 

R 50 8. 5 2 8 3-2 11 18 3-2 4 11 
10 . 0 3 10 4-2 11 19 4-2 a 14 
11 . 5 3 11 4-2 11 19 4-2 8 16 

I! 65 8.5 3-2 12 3-2 11 
10,0 4-2 13 4- 2 14 
11. 5 4- 2 13 4-2 16 

R 80 8. 5 3-2 12 3-2 11 
10.0 4-2 13 4-2 14 
11 , 5 4-2 13 4-2 16 

aTllc shoulder design adopted Ior botll lhe rigid and flexible pavement types provides fol' a uniform depth oC pavement and shoulder cross-section, 

the flexible pavement sections instead of only one type of base used for the rigid pave
ment sections. It should be noted that for light-duty traffic a 3 %-in. asphalt concrete 
pavement thickness was used and for heavy-duty traffic a 6-in. thickness was used. 
The maximum total depth for the flexible pavement design was 36 in. as compared 
with a 25-in. depth for the corresponding rigid pavement design section. The minimum 
total depth for the flexible pavement design was 11 in. as compared with a minimum 
depth of 12 in. for the rigid pavement design. The above minimum depths of pavement 
apply only to well-drained soils with high R-values where a subbase is not required for 
either flexible or rigid pavements. 

The shoulder design sections for both the rigid and flexible pavement cross- sections 
are given in Table 3. The shoulder design in California is based on a traffic design 
load of 1 percent of the EWL but with a TI of not less than 4. 5 or more than 7. 5. In 
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TABLE 4 

UNIT CONTRACT PRICES FOR THE CONSTRUCTION OF 
PORTLAND CEMENT CONCRETE PAVEMENTS ON 37 

CALIFORNIA STATE HIGHWAY PROJECTS IN 1958 AND 
ON 44 PROJECTS IN I960 

Contract 
Pavement Item Price 

Ratinga 

Concrete paving, including lie bolts: 
Low 

8-in. thickness High 
Average 

Low 
9-in. thickness High 

Avei age 

Base course, including curing seal: 
Low 

Cement-treated (Type A), 4-in. thick. High 
Average 

Luw 
Cement- treated (Type B), 4-in. thi ck. High 

Average 

Subbase : 
Low 

Imported borrow, per inch of thickness High 
Average 

Unit Price 
($per sq yd) 

1958 1960 

3. 00 2. 80 
4. 70 3. 70 
3. 52 3. 20 

3. 40 3. 30 
4. 80 4. 50 
3. 97 3. 83 

0. 50 o. 65 
1. 00 o. 90 
0. 77 o. 79 

0. 45 
0. 75 
0. 60 

0 .03 0.03 
0.12 0. 12 
0. 07 0. 06 

~he conh·act price rating adopted for this study was established on 
the following basis: 
Low-represents the 10 percentile value. 
High-represents the 90 percentile value. 
Average-represents the arithmetical mean. 

Table 3, the minimum depths of shoulder 
based on Lhe al.love tle1:Jig11 criteri a are 
given. The shoulder design adopted for 
both the rigid and flexible pavemenl 
types, however, provided for a uniform 
depth of pavement and shoulder which in 
all cases was greater than the minimum 
depth based on the traffic requirements. 
The use of a uniform depth of pavement 
and shoulder instead of a trench section 
is a design procedure widely us ed today 
in California and in many other states. 
For poor subgrade soil types, it increased 
the required depth of shoulders for flexibl e 

TABLE 5 

UNIT CONTRACT PRICES FOR THE CONSTRUCTION OF 
ASPHALT CONCRETE PAVEMENTS ON 63 

STATE HIGHWAY PROJECTS IN 
CALIFORNIA IN 1958 AND 
ON 111 PROJECTS IN 1960 

Pavement Item 

Asphalt concrete surface: 

1-in. thickness 

2-in. thickness 

3-in. thickness 

4-in. thickness 

6-ln. thickness 

Prime coat 

Base course: 

Cement-treated-Type A per inch 
of thickness 

Cement-treated-Type B per inch 
of thickness 

Ct u&lit:d bluln~ be.st: p~r in..:h of 
thirknPfH~ 

Subbase: 

Imported borrow, per inch of 
thickness 

Contract 
Price 

Rating• 

Low 
High 
Average 

Low 
High 
Average 

Low 
High 
Average 

Low 
High 
Average --

Low 
High 
Average 

Low 
High 
Average 

Low 
High 
Average 

Low 
High 
Average 

Low 
High 
Average 

Low 
High 
Average 

Unit Price 
($per sq yd) 

1958 

0. 60 
o. 96 
0. 72 

o. 75 
1.12 
0. 92 

1.10 
1. 55 
1. 25 

0. 03 
o. 05 
0. 04 

0. 16 
0. 23 
o. 20 

0.13 
u. ~~ 
0. 17 

0. 06 
o. 1~ 
o. 09 

0 . 03 
0 . 11 
0. 06 

1960 

0. 33 
0 . 49 
0. 40 

0. 61 
0 . 89 
0. 73 

0. 78 
1. 23 
1. 05 

1. 15 
1. 69 
1. 34 

1. 71 
2. 49 
1. 98 

o. 03 
0. 09 
0 . 0 6 

0. 16 
o. 24 
0. 19 

o. 12 
u. ~u 
0 . 17 

0.07 
0 .14 
0. 10 

0. 03 
0.12 
o. 06 

aThe contract price i·ali11g arJuvlt!rJ Iur llli.s ~luLly was estab
lished on the following basis: low-represents the 10 per
centile value, high-represents the 90 percentile value, and 
average-represents the arithmetical mean. 

pavements by a greater amount than the depth of shoulders required for rigid pave
ments. For subgrade soils with R-values of 35 and 50, the required depths of shoulder 
for flexible pavements in this study were slightly lower than for rigid pavements. For 
R-values of 65 and 80, the shoulder depths for flexible pavements were the same or 
slightly higher than for rigid pavements. 

The initial construction costs for the pavements and shoulders were computed using 
cost data obtained from the 1958 and 1960 annual reports of the "Construction Costs of 
Portland Cement Concrete Pavements and of Asphalt Concrete Pavements on Highways 
in California" prepared by the Pacific Coast Division of The Asphalt Institute (9). The 
accuracy of the unit cost data in these r eports was verified by the authors and by the 
design engineers of the California Division of Hi ghways by comparing the unit costs in 
these reports with the original records of contract bid prices and with the cost data in 
the California Division of Highways Contract Item Data Report for 1960 (10). 

The unit contract prices for the construction of portland cement concrete pavements 
on 37 California state highway projects in 1958 and on 44 projects in 1960 are given in 
Table 4 and the corresponding costs for asphalt concrete pavements on 63 projects in 
1958 and for 111 projects in 1960 are given in Table 5. For this study the unit costs 
for 155 paving projects for which contracts were awarded in California in 1960 were 
used as given in Tables 4 and 5, The unit prices for each pavement item for which 
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Initial construction costs per mile for (a ) 2-lane concrete and asphalt 
and (b) pavements and shoulders, designed for six subgrade soil types, for 
light-duty traffic (TI = 8. 5) and heavy-duty traffic (TI = ll. 5). 

TA8LE Ci TABLE 7 

11\'lTlAL CONSTRUCT[QN COSTS PER rvllLE FOR 2- LANE PORTLAND CEMENT 
CONCRETE PAVEMENT AND SHOULDERS!! 

lNITfAL CONSTRUCTION COSTS PER MILE FOR 2-LANE ASPHALT 
CONCRETE PAVEMENT AND SHOULDERS 

n • 8.S 

10. 0 

R 35 8.S 

10 . 0 

11 .s 

10 n 50 8.S 

II 10. 0 

12 11.5 

13 ... a.s 

10. 0 

15 11.5 

20 

2J 

2S 

lB 

19 

21 

18 

19 

19 

12 

13 

13 

Low 
High 
Avernge 

Low 
High 
Average 

Low 
High 
Average 

Low 
High 
Avernge 

Low 
High 
Average 

Low 
Hii;h 
Averrige 

l~w 

High 
Average 

Low 
High 
Average 

Low 
High 
Average 

Low 
High 
Average 

Low 
High 
Ave1rige 

Low 
Hli;h 
AWP"rJ!gtJ 

lnillal Const11.1ct!on Costs per Mile 

Cam' of 
P.t"f?-
111~l , ... 

J.IU~(5) 

49,140 
76, 170 
60, 260 

59,840 
92,930 
73,500 

00,GBO 
96,310 
75,HlO 

4.B,290 
72,800 
5B,570 

58,150 
86,170 
70,120 

S!J,000 
89,550 
71,810 

48,290 
72, 000 
58, 570 

58, 150 
86, 170 
70, 120 

58, 150 
8G, 170 
70, 120 

45,760 
62, 660 
53,500 

55,620 
76,0JO 
65,050 

55,620 
76,0JO 
65,050 

11,250 
26,120 
17,000 

12,400 
29,490 
19,300 

12,890 
JI, .;GO 
20,290 

10,760 
24,150 
16,020 

11,420 
25, 540 
17,330 

ll,910 
27,510 
18,320 

10, 760 
24, 150 
16,020 

ll ,420 
25,540 
17,330 

11 , 420 
25,!)40 
17,330 

9,280 
IB,230 
13,060 

9,940 
19,630 
14,370 

9,940 
l9,630 
14,370 

... 
2.9 
3.5 ... 
3.2 
3.9 

•.9 
3.1 
3.7 

'-' 
3.0 
3.7 

5.1 
3.5 
4.0 

5.0 
3.3 
3.0 

4.5 
3.0 
3.7 

5.1 
3.4 
3.5 

5.1 
3.4 
4.0 

4.9 
3.4 
4.1 

5.6 
3.0 
4.5 

5.6 
3.9 .., 

60,390 
102,290 
77, 260 

72, 240 
122, ~20 
92, 800 

73,570 
127,770 
95,480 

59,050 
96,950 
74,590 

69,570 
111,710 
87,450 

70,910 
117,060 

90,130 

59,050 
96,950 
74,590 

69,570 
Ill, 710 
87,450 

69, 570 
111,710 

87,450 

55,040 
90,890 
G6,560 

65,560 
95,GGO 
79,420 

65,560 
95,660 
79,420 

aBascd 011 the conll'3d pi"ices (or 44 stale higliw;iy pn1'i11b 111njccl s 111 1960. 

WJ'fH CRUSHED STONE BASEa 

Deslgn Scclion (11ili:il Construction Cosls per Mlle 

R• Vs l lJt! 

No. Su~:·adc 
Soil 

n ' 

"" 

10 

II 

12 

13 n 65 

15 

Tolal 
T1·arr1c Pvmt. 
Index Dc11th 

(111.) 

Curd Rd 
Prlt''i 
Rsll.nb 

a. 5 

10. 0 

11 . s 

a, 5 

10 , 0 

11 .5 

8. 5 

10. 0 

115 

8. 5 

10.0 

11. s 

2G% Lo1v 

" 
" 

Hi~h 
Avc1·age 

Low 
High 
Avcr:l.gC 

Low 
High 
Avenge 

17 '.12 Low 

20 

23 

msh 
Avernge 

Low 
High 
Avcr~ge 

Low 
High 
Average 

12 i'r Lotv 

14 

High 
A\•en1i;:e 

Low 
High 
Aver:isc 

16 Low 
High 
Ave1·nge 

11 '.12 Low 

14 

16 

H1 g: h 
.Av erage 

Low 
msh 
Average 

Low 
Hi sh 
Aven1ge 

Cot.I DC 
P1n·eo-

"""' ... 
MilefS) 

21,880 
61,670 
40,HJO 

33, 650 
73,920 
48, LSO 

42,380 
88,560 
58,850 

24,060 
46,460 
33,230 

28,580 
53,640 
36,020 

36,890 
6G, GOO 
47,870 

22, 530 
38,300 
29,570 

26,050 
43,510 
32,950 

l3,930 
54, 770 
41,960 

21,540 
36,330 
28,ISO 

26,050 
43,510 
32,950 

3J,9JO 
54,770 
41,960 

12,890 
32,520 
20,200 

14, 620 
38,JGO 
23,HO 

15,610 
42,300 
25, 710 

10,660 
23,650 
15, 770 

11,660 
26,530 
17,820 

11,580 
29,490 
l!J,300 

9,450 
18, 730 
13,310 

10, 180 
20,620 
14,870 

10,680 
22,590 
15, 850 

9,200 
17, 740 
12, 810 

llJ,180 
20,620 
14,870 

10, G80 
22,590 
15,850 

2.2 
1.9 
2,0 

2. 3 
1.9 
2, 0 

2. 7 
2.1 
2. 3 

2.3 
2. 0 
2. 1 

2 5 
2.0 
2. 1 

3.2 
2.3 
2.5 

2 . 4 
2. 0 
2,2 

2. 6 
2.1 
2.2 

32 
2.4 
2. 6 

2.3 
2. 1 
2. 2 

2. 6 
2. 1 
2, 2 

3. 2 
2,4 
2.6 

rrDased on lhc co11lr'ncl prices ror· I LI slate higilwny pn\•ing projects i11 \960. 

Tfllal Cost, 
P11Vf'menl .. , 
Shoulders 

per Mile($) 

40, 770 
~4.190 
GI,030 

48,270 
112,280 
71,890 

57,990 
130,BGO 
84,560 

34,760 
70,110 
49, 000 

40,240 
80,170 
55,840 

46,470 
96,090 
67,170 

31, 980 
57,030 
42,880 

36,230 
64, 130 
47, 620 

44,610 
77,360 
57, 810 

30, 740 
54, 070 
40,970 

36,230 
64,130 
47,820 

44,610 
77,300 
57,BIO 
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TAhJ.E: ' TAULE !) 

11"1 flAL CONSTRUCTIOJ\ COSTS PER MILE FOii 2-LANE 1\SPllALT CO/\Cm:n: INITIAL COf\Sl"RUCTION COSTS PER MILE f'OR 2-LAN£ ASPllALl' CONCRETE 
PA':c::.1c;r ;.~;I) s1:ou1.01.;ns \'.1TH ST,\~;D,\RI) C:E~JE:-:·r Tf!l:/\TED lli\SEa p;.\·1·::-01£l\:T ;..~:f) $110t.:LDERS ~\1TH llE.\VY CEME'.':T-Tll£ATEO OASE:t ---------

f)f· 11;11<iSt«l•61. lni ll;il Con,;11·orlion Cosls 11cf ~Hie Dnic:11SW•lt• Initial ConslrnctionCosls pc1 Mile 

fl· \'~toJ· Tobi Cunlrarl C«~t or C11111 or tt.111> T..UI C..tt, 
rl-\11lur Y\11:1. I (uitD(t Com• of o ...... ll•ll1.1 ft•" I 

,,, Tm/Ile Po;"", Pri 1 f'J'' .<...i.d!!rS Pm'IL "• Pa..,.m•d .. Tr~mc ~'lttl, 
Pf"lo• f"JllT- .-,.,,,Jd• t• P,-e:rt,T• 1"<1Tt1rtnll 

1\:u, R~l~ ...... Shokfh ... 1a1I No, Klllllll' ""'" ~11111, ... 
Snlli;nid" r;;rr ... .ut\:(s1 c~. s11~~1lo. ni 

S..1l11Cr~clc Cidex 0.1111111 
l~"r "" """" 1Mhtrn 

s~o \Uh1tS) Pf• "l!i pt1.u11 .. ts• ... I fl.JI,) :U1hiiSl ilillle (St 11111r M1k1 ~r '-111•1tl 

• • 8.5 21 33,230 ll,500 2.8 4 4' 730 n 5 0.5 20 Low JG,410 ll,2~ 3,2 47,120 
61,250 26,280 2.3 67,530 High 62,940 2G,l20 2.4 69,060 
qq,6JO ll,490 2.6 62,120 Aver~ge fl, 450 17,000 2.B 64,450 

10. 0 25 Low u,:no 12,890 3.4 56,260 10 , 0 " Low '12,940 12,650 3,4 55,590 
High 76,170 32,610 2.3 106,780 High H,480 JO, ~10 2.4 \04 I 9 50 
A\·crngc 54,910 20,660 2.6 75,110 A1·eragc 54,010 19,1()0 2.7 73,660 

ll 5 20 Luw 52,100 lJ,860 3.8 65,9BO 11,5 " Low 51,670 13,640 3.8 65,JlO 
Thgh 90,620 J:l,400 2.6 12G,220 Hl(iil 60,130 31,410 2,6 123,540 

Ave1·~~e 65,610 22,2GO 3.0 87,670 Average 64,770 2L,770 3.0 86,540 

n 35 B,5 Low 29,000 9,030 3.2 38,030 R 3' 9,5 Low 29,000 0,030 3.2 36,030 
High 44,350 17,250 2.6 Bl,600 High .J.J,350 17,250 2,6 Gl,COO 

1\\-C'rage 36,190 12,520 2.9 ~B. 7GO A1·er:age 36,190 12,570 2.9 40,760 

IO,O Low 36,120 JO,lllO 3.8 48,900 10,0 .. Low 35,900 J0,180 3,5 4G,060 
H1g11 a·t,:J!.10 l0,620 2.8 78,210 lll(ih 54, 770 20,620 2.7 75,390 
A1·erage 45,620 14,870 3.1 G0,490 A1<>ragt> H,210 14,870 3,0 'l9,060 

11.s 16 Low 4G,COO to,680 '·' !17.280 II 5 16 Low 43,790 10,GBO 4,1 54,410 
H11;ih 68,650 22,590 :I.I 91,440 lhgh 66.040 22,590 2.9 66,G30 
A1er:1gt> 5.J,630 15,650 3.5 i0,480 A•·crace SJ,220 15,650 3,4 69,030 

10 .... 0,s Low 24,500 9,030 2.7 33,530 10 R 50 " Low 24, ~00 9,o:m 2.7 33,SJO 
lhr;h JO,l!i'iO 11 1ll>O '" 57,100 H!(lh l'l,fl'iO 17,?!'>ll ;> ~ fi1,inn 
A1•er;igc 33,930 12,520 2.7 ~G. 500 Avera~e 33,()30 12,570 2.7 46,500 

10,0 38,720 10,lllO 3.8 48,900 II 10 .0 14 Low JB,120 10,LSO 3,9 40, 900 
High 57,590 20,G20 2.a 76,2l0 High 57,S9J 20,620 2.a 16,210 
A''er~ge ~5, 620 l~. !!70 3.1 C0,490 A\·er~ge 45,620 14,670 3.l 60,490 

l2 ll.5 Lo\\· . ~6, 600 10,G60 '*·-" 57,260 l2 u .. 5 H Lll.W._ 4§,6QO 19,660 4.4 §7,280 
lligh 68,850 22,S!:JO 3.0 91,440 High 68,850 22,5()0 J.O ()I, 4~0 

AvPragc 5q,s30 15,S50 3.4 70,,;SC Averagl' 54,630 L5,850 J.4 70, ~80 

13 )(65b ~. 5 LOii' J8,fl70b 9,030 2.l 21,ooob " R 55\.J 8.5 II Low 18,870b 9,030 2.1 27' 900b 
High 33,090 17,250 1.9 50,340 ll1gh 33,090 17,250 l.9 50,340 
i\\'crngC' 2G,050 L2,S70 2.l 36,620 Al'eUgC' 26,050 12,570 2.l 38,620 

10.0 14 Lo11 26,0501> L0,180 2.G Jc.230° " JO.O H Low 26,U50b 10,180 2.G 36,230b 

llich 43,510 20,620 2.1 G~. 130 High ~J, 510 20,620 2.1 G4,l30 
A\·ci·3gr 32,950 H,670 2.2 H,820 A1·erar:-e 32,950 [4,870 2.2 47,820 

" 11 ~ 5 " Low JJ,9Job lO,Ci80 3.2 44.GI011 II 5 16 Low 33,930[) 10,680 3.2 H,6l0b 

11'.gh 5•1, 770 22,590 ,,. 77, 360 lli&h 54,770 22,590 2.4 17,360 
A1·c1·ag-<> 41,960 15,RSO 2.G Si,1110 A1•erai::e ~1. 900 15,650 2,6 57,610 

~~~~c~~~~~r~~:7c ":.1.~11~~~1111:r~~:a:~~s1 !: ;~~t~ ~:~~~;~~ ~~::;'t~.~~j~~~:i>~~~ ~~~~--:id .. r « 
;(~11-11 on1N· «w11.r•rt 11rl~o IOr' I I I state h~F-U• "•ok4'n llll 1960 
bf'iof' _.>p·.-dr •O•., lh J l ••J\Jt., ol 65, a cl'llt-t.ed tli'lollll \D)l' la 111Ui1 inslHll ol a 

cC'mC'ot-l1C'alC'd 1~1~e. Ht'nrc, lhe ro.<:t of lhc lla\'C'lllC'UI 110•lhm vi II•\' •o;odu;oy rm •he tf'flM'Ylf-tr.,jWI llilW' u....-.. , it- ('OSI of th~"'"•_.,. j.MtUI0'.9 uj 1.l,f n.>;uJiu11• for lhe 
R GS sul ls \l:IS ('om1mll-dus111i:; 111 ... uml 11r u:.-s for r1ush<>d stc.11~· 1.t.t::.C' L1t::.1,·ad ol \C'ml·nt- If 65 _.;mis \!::IS ..:omputed usmg 1he unit prkt':. fu o c1u»l1t<d slunE: \,,u.:- lr.;;;,;:;ul v: ~4'me1\(· 
l •C'3l<'d ll3 l>>'COllSl lUClicm. lrt>alcd b:ls~ ('nnst1"\Jction. 

bids were submitted, such as for the portland cement concrete and asphalt concrete 
surfaces, for the various types of base courses, and for the subbases were reduced to 
a common unit adopted for this study: the unit price in dollars per sq yd per inch of 
thickness or for a given design thickness (i.e., for an 8-in. portland cement concrete 
slab or a 4-in. CTB). To indicate the wide range in the contract prices for projects 
in all parts of California, a price rating method was adopted in which low represents 
the 10 percentile value and high the 90 percentile value for all contract prices of sim
ilar items for the 155 paving projects. Average represents the arithmetical mean for 
all prices of similar items. 

The unit cost data given in Tables 4 and 5 indicate a surprising uniformity in the 
contract prices for the same pavement items in 1958 and 1960. It is significant that 
certain recent improvements in the construction of portland cement concrete pavements, 
such as the use of slip-form pavers and of paving over 2-lane widths instead of 1-lane 
widths, appear to have brought about the decrease in unit prices for 1960 given in 
Table 4. The data in Table 5 indicate a slight increase in the unit prices for asphalt 
concrete pavements over the 2-yr period from 1958 to 1960. 

The initial construction coRts of the rigid and flexible pavements, of the shoulders, 
and of the total roadway section were computed in terms of a 2-lane roadway one mile 
in length for one direction of travel. The computed costs are shown in Figure 2 and in 
Tables 6, 7, 8, and 9. The costs for the six subgrade soils shown in Figure 2, starting 
with the very high costs for pavements designed for the very poor R 5 soil to the low 
costs for pavements designed for the excellent R 80 soils; show a uniform pattern and 
trend in costs which may be attributed to the type of subgrade soil. Since the trend in 
costs is clearly indicated in Figure 2, the values for the initial construction costs are 
shown only for the R 5, R 35 and R 65 soils in Tables 6 to 9, thereby eliminating the 
duplication of costs for certain soil types and reducing the size and complexity of the 
tables. 

It should be noted in Figure 2 and in Tables 6 to 9 that by including the cost of 
shoulders in the comparison of initial construction costs of rigid and flexible pavements, 
a variable cost factor is introduced which reduces the cost differential between rigid 
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and flexible pavements for many of the design sections, especially for the sections 
with the greater pavement depth. For rigid pavements, the ratio of pavement to 
shoulder costs varies from 3. 0 to 5. 6, whereas for flexible pavements this ratio 
varies from 2. 0 to 4. 4. A major reason for the higher costs of shoulders for 
flexible pavements, where this occurs, is the greater depth of pavement required 
for these sections which in turn require a greater shoulder depth in accordance 
with the uniform pavement and shoulder depth design procedure adopted for this 
study. 

Table 6 gives the initial costs for the portland cement concrete pavement sections, 
the shoulder sections, and the combined concrete pavement and shoulder sections. 
In California only one type of base, the 4-in. CTB, is normally used in the construction 
of concrete pavements, and therefore all of the initial costs for the portland cement 
concrete pavement sections used in this study are given in one table. However, in 
computing the construction costs of asphalt concrete pavements, three types of bases
crushed stone, standard CTB, and heavy CTB-were used, and accordingly the initial 
costs for the asphalt concrete pavement and shoulder sections with each of these three 
bases are given in Tables 7, 8 and 9. 

A significant feature of the initial costs given in Tables 6 to 9 is the wide range in 
the initial costs for both the rigid and flexible pavement construction required to satisfy 
the structural design requirements for the various soil types and traffic loads. For 
many of the sections, especially for the sections with the greatest pavement depths 
designed for poor subgrade soil conditions, the spread in the initial costs from high 
to low based on the contract bid prices in 1960 was greater than the spread in costs 
due to the variations in pavement design sections. The wide range in the construction 
costs per 2-lane mile for pavement and shoulders based on 1960 prices is indicated in 
the following comparison of the costs for the maximum depth of pavement required for 
heavy-duty traffic and a very poor R 5 subgrade soil and the minimum depth of pave
ment required for light- duty traffic and an excellent R 80 subgrade soil: 

Pavement Items and Depth Soil 

Portland cement concrete 
(9 in.) with cement-
treated base ( CTB) ( 4 in. ) R 5 

Asphalt concrete ( 6 in. ) with 
crushed stone base 
(10 in.), standard CTB R 5 
(10 in.), heavy CTB R 5 
(10 in.) R 5 

Portland cement concrete 
(8 in.) with CTB (4 in.) R 80 

Asphalt concrete ( 3 in. ) 
with crushed stone base R 80 
(8 in.) 

Traffic 

TI= 11. 5 

TI= 11. 5 
TI= 11. 5 
TI= 11. 5 

TI= 8.5 

TI= 8.5 

Pavement 
Depth (in.) 

25 

36 
29 
28 

12 

11 

Cost per Mile ( $ ) 

High Low 

$127,800 $73,600 

130,900 58,000 
126,200 66,000 
123,500 65,300 

$ 88, 900 $ 55,000 

50,300 27,900 

These data show that the construction costs of rigid and flexible pavements designed 
for heavy-duty traffic and for poor soil conditions are all within the same price bracket 
but that the costs of the rigid pavement designed for light-duty traffic and for excellent 
soil conditions are almost double the costs of flexible pavements designed for these 
same conditions. 

It is interesting to note in the foregoing comparision of initial costs for asphalt con
crete pavements with three types of base construction and in the complete listing of 
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these costs given in Tables 7, 8, and 9, that there is a marked difference in the initial 
cost of flexible pavements depending on the type of base course used. When only the 
pavement sections are considered, the pavements with the crushed stone base were 
generally found to have the lowest initial costs, but when the costs were computed for 
the full width of roadway including the shoulders, the standard CTB yielded the lowest 
cost, except for the sections designed for very poor soils and for heavy-duty traffic 
where the heavy CTB construction was lowest. These data clearly indicate that cost 
comparisions should be made for each type of base construction since the data show 
that under certain specific traffic and soil conditions each type of base may provide a 
definite cost advantage which can and should be evaluated. 

It is readily apparent from an examination of the initial construction cost data given 
in Figure 2 and in Tables 6 to 9, that with pavement depths ranging from 11 to 36 in., 
there should be a corresponding spread in the initial construction costs. The reason 
for the wide spread in actual construction costs for the same pavement design section, 
however, is not so apparent and is rather difficult to explain. Indeed, there are many 
factors which influence the contract price for the various items in the construction of 
pavements in a state as large as California with such a wide range in climate, availa
tiility ,- and-qualityof paving matefials-;-and-in .many otlierfactor-i3-wliich-mfhrence- pave--
ment costs. The unit prices for various paving items given in Tables 4 and 5 indicate 
a much wider spread in the cost of aggregates used in base and subbase construction 
than in the cost of asphalt concrete or portland cement concrete pavement surfacing. 
The size and location of the paving projects, the access to paving plants and/ or the 
cost of moving paving plants from one job to another, the competition in bidding on 
various paving projects, the supply of labor and materials, unbalanced bidding, traffic 
conflicts, controls and detour requirements, and the climatic or weather conditions 
during construction are factors which contributed to the wide variations in the unit bid 
prices submitted by various contractors for the various items on paving projects for 
which contracts were awarded in California in 1960. 

It should be evident on the basis of the foregoing discussion that pavement cost com
parisons should be made on a project-by-project basis using the structural design, 
traffic, and cost data which apply to the particular area and project under consideration 
instead of using statewide cost data of the type used in this study. The use of statewide 
cost data in this study resulted in the wide spread in the initial costs for both rigid and 
flexible pavements shown in Figure 2. 

Resurfacing Costs 

The resurfacing thickness requirements and costs for both the rigid and flexible 
pavement types were assumed to be independent of the structural design sections for 
each pavement type. Although a greater thickness was used for the first resurfacing 
of the portland cement concrete pavements than for the asphalt concrete pavements, 
the same resurfacing thickness was used for each pavement type for each of the 18 
design sections. 

The California Division of Highways has been engaged in extensive resurfacing pro
grams for many years. Asphalt concrete overlays of various thicknesses have been 
used to resurface both rigid and flexible pavements. In 1960 about 70 percent of the 
total mileage or resurfacing of flexible pavements consisted of an asphalt concrete 
overlay with a uniform thickness of 1 in. For the remaining mileage the thiclrness 
was increased to 1 7'2 in. and 2 in. For rigid pavements an asphalt concrete overlay 
with an average thickness of 3 in. was used. The 3-in. thickness of asphalt concrete 
overlay has been widely used in many states for resurfacing portland cement concrete 
pavements and was adopted as the thickness for resurfacing the rigid pavements in 
this study. For flexible pavements an average thickness of 1 % in. was used for 
resurfacing the traveled way portion of the roadway. 

For resurfacing the shoulders a tapered section was adopted for both the rigid and 
flexible pavement sections. For the rigid pavements, a thickness of 3 in. at the edge 
of the traveled way was tapered to 1 in. at the outer edge of the shoulder for the first 
resurfacing. Where a second resurfacing was used on rigid pavements, the thickness 



TABLE 10 

RESURFACING COSTS PER MILE FOR 2-LANE WIDTH OF RIGID PAVEMENT AND FOR SHOULDERSa 

19 60 Contracts Costs at End Costs for Traffic Total Present Worth 
of 18th Yr Engg. (10%) Delay Resur. Resur. Costs Traffic 

Costs (2 % price- and and Costs at Index Price 
Rating 

per trend factor Suppl. Accident End of Int. Int. 
Mile($) = 1.4282) ($) Work (6 %) ($) Costs($) 18th Yr($) at 3 % ( $) at 6% ($) 

(a) Pavement Resurfacing Costs per Mile 

8.5 Low 10, 980 15,680 2,510 20 18,210 10,700 6,380 
High 17,320 24, 740 8, 960 20 28,720 16, 870 10,060 
Avg. 14,780 21, 110 3, 380 20 24,510 14, 400 8,590 

10.0 Low 10, 980 15, 680 2,510 100 18, 290 10, 740 6,410 
High 17,320 24, 740 8, 960 100 28,800 16,910 10,090 
Avg. 14,780 21, 110 3, 380 100 24,590 14, 440 8,610 

11. 5 Low 10, 980 15, 680 2,510 300 18,490 10,860 6,480 
High 17,320 24,740 8, 960 300 29,000 17,030 10,160 
Avg. 14, 780 21, 110 3,380 300 24,790 14, 670 8,680 

(b) Shoulder Resurfacing Costs per Mile 

8. 5 Low 5,010 7, 160 1, 150 20 8,330 4, 890 2,920 
High 7,310 10, 440 1,670 20 12,130 7, 130 4,250 
Avg. 6,000 8, 570 1,370 20 9, 960 5,850 3, 490 

10.0 Low 5,010 7, 160 1, 150 80 8,390 4, 930 2,940 
High 7,310 10, 440 1,670 80 12,190 7,160 4,270 
Avg. 6,000 8, 570 1,370 80 10,020 5,890 3, 510 

11. 5 Low 5,010 7,160 1,150 240 8, 550 5,020 3,000 
High 7,310 10, 440 1,670 240 12,350 7,250 4, 330 
Avg. 6,000 8, 570 1,370 240 10, 180 5, 980 3,570 

aService life of pavement, 18 yr; life of asphalt concrete resurfacing} 13 yr; analysis period, 26 yr; thickness 
of asphalt concrete resurfacing for pavement, 3 in., and for shoulders, 2 in. 

TABLE 11 

RESURFACING COSTS PER MILE FOR 2- LANE WIDTH OF RIGID PAVEMENT AND FOR SHOULDERSa 

19 60 Contracts Costs at End Costs for Traffic Total Present Worth 
of 26th Yr Engg. (10%) Delay Resur. Resur. Costs 

Traffic Costs (2 % price- and and Costs at 
Index Price 

Rating 
per trend factor Suppl. Accident End of Int. Int . 

Mile($) = 1. 6734) ($) Work (6 %) ($) Costs($) 26th Yr($) at3 %($) at 6 % ( $) 

(a) Pavement Resurfacing Costs per Mile 

8. 5 Low 10,980 17,970 2, 880 20 20,870 9,680 4,590 
High 17,320 28, 350 4,540 20 32,910 15, 260 7,230 
Avg. 14, 780 24,190 3, 870 20 28,080 13,020 6,170 

10.0 Low 10,980 17,970 2, 880 100 20,950 9, 710 4,600 
High 17,320 28, 350 4,540 100 32,990 15,300 7, 250 
Avg . 14,780 24,190 3,870 100 28,160 13,060 6,190 

11. 5 Low 10, 980 17,970 2,880 300 21,150 9,810 4, 650 
High 17,320 28, 350 4,540 300 33,190 15,390 7,300 
Avg. 14, 780 24, 190 3,870 300 28,360 13,150 6, 230 

(b) Shoulder Resurfacing Costs per Mile 

8. 5 Low 5,010 8,380 1, 340 20 9, 740 4,520 2, 140 
High 7,310 12,230 1,940 20 14,190 6, 580 3,120 
Avg. 6,000 10,040 t,610 20 11, 670 5, 410 2,570 

10.0 Low 5,010 8,380 1, 340 80 9,800 4, 540 2,150 
High 7,310 12,230 1, 940 80 14,250 6,610 3,130 
Avg . 6,000 10,040 1,610 80 11, 730 5,440 2,580 

11. 5 Low 5,010 8,380 1, 340 240 9,960 4, 620 2,190 
High 7,310 12,230 1, 940 240 14,410 6,680 3,170 
Avg. 6,000 10 , 040 1, 610 240 11, 890 5,510 2,610 

aService life of pavement, 26 yr; life of asphalt concrete resurfacing, 13 yr; analysis period, 39 yr; thickness 
of asphalt concrete resurfacing for pavements, 3 in., and for shoulders} 2 in. 
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TABLE 12 

RESURfACING COSTS PER MILE FOR 2- LANE WIDTH OF 
FLEXIBLE PAVEMENT AND FOR SfIOULDERSa 

19 60 Contracts Costs at End Costs for Traffi c Total Present Worth 
of 13th Yr Engg. (10 % ) Delay Resur. Resur. Costs 

Traffic Price Costs (2 % price- and and Costs at 
Index Rating per trend factor Suppl. Accident End of Int. Int. 

Mile($) = 1. 2936) ($) Work (6%) ( $) Costs($) 13th Yr($) at 3% ($ ) at 6% ($) 

(a) Pavement Resurfacing Costs per Mile 

8. 5 Low 6, 760 8,750 1,400 10 10,160 6, 920 4, 760 
High 9, 720 12,570 2,010 10 14,590 9, 940 6, 840 
Avg. 8, 030 10,390 1, 660 10 12,060 8,210 5,650 

10. 0 Low 6,760 8, 750 1, 400 70 10,220 6, YoU 4, '19U 

High 9, 720 12,570 2,010 70 14,650 9, 980 6, 870 
Avg. 8,030 10,390 1, 660 70 12,120 8, 250 5,680 

11. 5 Low 6, 760 8, 750 1, 400 200 10,350 7;050 4, 850 
High 9, 720 12, 570 2,010 200 14,780 10,070 6, 930 
Avg. 8,030 10,390 1,660 200 12,250 8,340 5,740 

(b ) Shoulder Resurfacing Costs per Mile 

8. 5 Low 3, 290 4,260 680 10 4, 950 3,370 2,320 
High 4,850 6,270 1,000 10 7,280 4, 960 3,410 
Avg. 3, 940 5,100 820 10 5,930 4, 040 2, 780 

10.0 Low 3, 290 4,260 680 50 4,990 3,400 2, 340 
High 4,850 6,270 1,000 50 7,320 4, 980 3,430 
Avg-. ~ , Y4U 5,100 820 50 5,070 4,070 2,800 

11. 5 Low 3, 290 4, 260 680 150 5, 090 3, 470 2, 390 
High 4,8bU 6,270 1,000 150 7,420 5,0GO 3, 480 
Avg. 3, 940 5, 100 820 1GO O,OGO 4, 120 2, 040 

aScrvicc life of pavement, 13 yrj life of rcsti.rfacingJ 13 yrj analysis pedod, 26 yr; thiclmess of asphalt 
concrete resurfacing for pavement, l~ in., and for shouJ.d.ers, it in. 

TABLE 13 

RESURFACING COSTS PER :MILE FOR 2-LANE WIDTH (24 Ft) OF FLEXIBLE PAVEMENTa 

Present Worlh ( $) 
1960 Contracts Costs at End Costs at End Costs ror Traffic Total Total 

of 18th Yr of 31st Yr E"gg. (10~) Delay Resur. Resur , First Resnr. Second Resur . Traffic 
Index J.1 rJt1~ 

Coals (2 ~price- {2 % price- :'l.nd and Costs al Costs at Costs Costs 

n;;\un.i; 
par t I' end iaclor trend factor Suppl. Accident End of End of 

Mllc(S) = l , 4202 )($) = 1, 0476) ($) Work (6~) ($) Costs ($) 10th Yr( $) 31st Yr($) Int. Int. Int . Int. 
at 3% al 6~ at 3>'- at G:i 

(a) First Pavemcl\l Resurfacing Cost ricr Mile 

8. 5 Low 6, 760 9, 650 l , 510 10 11, 200 6, 580 3, 920 
High 0, 720 13, 880 2 , 220 10 16, llO 9, 460 5, 640 
Avg. 8, 030 II, 470 1, 840 10 13, 320 7, 820 4, 670 

10. 0 Low 6, 760 9, 650 1 , 540 70 ll, 260 6, 610 3, 040 
High 9, 720 13, 880 2, 220 70 16, 170 9, 500 5, 660 
Avg. 8,030 11 , 470 l,840 70 13, 380 7,860 4, 690 

l l. 5 Low 6, 760 9, 650 I, 540 200 ll, 390 6, 690 3, 990 
High 9, 720 13, 880 2, 220 200 18, 300 9, 570 5, 710 
Avg. 8, 030 II, 470 I, 840 200 U,510 ·1, ~MU 4, 't::IU 

(b) Second Pavement Resurfacing Cosl per Mile 

a.'5 Low 6, i60 12, 490 2, DOG 10 14, 500 5, eoo 2, 380 
High 9, 720 17, 960 2, 870 10 20, 840 8, 340 3, 420 
Avg. 8,030 14, 840 2,370 lO 17, 220 6,890 2, 830 

10. 0 Low 6, 760 12, 490 2,000 70 14, 560 5, 820 2,390 
High 9, 720 17, 960 2, 870 70 20, 900 8, 360 3, 430 
Avg. 8, 030 14, 840 2, 370 70 17, 280 6, 910 2, 840 

11 . 5 Low 6, 760 12, 490 2,000 200 14, 690 5, 880 2, 410 
High 9, 720 17, 960 2, 870 200 21, 030 8, 410 3, 460 
Avg. 8, 030 14, 840 2, 370 200 17, 410 6, 960 2, 860 

aServlce lHe o[ pavement, 18 yr; Jife of resur!acings, 13 yr; analysis pel'lod, 39 yr; thickn ess of asphalt concrete resurfacings, l 'l2in . 



TABLE 14 

RESURFACING COSTS PER MILE FOR SHOULDERS FOR 2-LANE FLEXIBLE PAVEMENTa 

Present Worth ( $ ) 
1960 Contracts Costs at End Costs at End Costs for Traffic Total Total 

Traffic 
of 18th Yr of 31st Yr Engg. (10 %) Delay Resur. Resur. First Resur. Second Resur. 

Index Price 
Costs (2 % price- (2 % price- and and Costs at Costs at Costs Costs 
per trend factor trend factor Suppl. Accident End of End of 

Rating Mile($) = 1. 4282) ( $) = 1. 8476) ($) Work(6 %) ($) Costs($) 18th Yr($) 31st Yr($) Int. Int. Int. Int. 
at 3 % at 6% at 3 % at 6% 

(a) First Shoulder Resurfacing Costs per Mile 

8. 5 Low 3,290 4,700 530 10 5, 240 3,080 1, 840 
High 4,850 6,930 780 10 7, 720 4, 530 2,700 
Avg. 3, 940 5, 630 630 10 6,270 3,680 2,200 

10.0 Low 3,290 4,700 530 50 5,280 3,100 1, 850 
High 4,850 6,930 780 50 7,760 4,560 2, 720 
Avg. 3, 940 5, 630 630 50 6,310 3, 710 2,210 

11. 5 Low 3,290 4,700 530 159 5,380 3,160 1, 880 
High 4,850 6,930 780 150 7,860 4,620 2,750 
Avg. 3,940 5, 630 630 150 6,410 3,770 2, 250 

(b) Second Shoulder Resurfacing Costs per Mile 

8.5 Low 3,290 6,080 970 10 7,060 7,060 2, 820 1, 160 
High 4, 850 8, 960 1, 430 10 10,400 10,400 4,160 1, 710 
Avg. 3, 940 7,280 1,160 10 8,450 3,380 1,390 

10.0 Low 3,290 6,080 970 50 7,100 2,840 1,170 
High 4,850 8,960 1, 430 50 10, 440 4, 180 1, 720 
Avg. 3, 940 7,280 1, 160 50 8, 490 3, 400 1,390 

11. 5 Low 3,290 6,080 970 150 7,200 2, 880 1, 180 
High 4,850 8,960 1,430 150 10,540 4,220 1,730 
Avg. 3,940 7,280 1,160 150 8, 590 3, 440 1,410 

aService life of pavement, l8 yr; life of asphalt concrete resurfacings, 13 yr; analysis period, 39 yr; average thickness of asphalt concrete resurfacings, 
J.& in. 

...... ..,. 
-.:J 
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for both the traveled way portion and the shoulder portion was the same as the thickness 
adopted for the second resurfacing of flexible pavements and shoulders. 

For resurfacing the shoulders of flexible pavements, a thickness of 1 ?'2 in. was used 
at the edge of the traveled way which was tapered to a 1-in. thickness at the outer edge 
of the shoulder for the first resurfacing. Where a second resurfacing of flexible pave
ments was required, the thickness of both the traveled way portion and the shoulder 
portion was the same as the thickness adopted for the first resurfacing of flexible pave
ments. 

The construction costs for resurfacing both pavement types were computed in terms 
of the same 1960 unit contract prices which were used to compute the initial asphalt 
concrete paving costs. However, to determine the total cost of resurfacing, the three 
new resurfacing cost items adopted by the California Division of Highways in 1963 
mentioned earlier in this paper were incorporated in this study. Thus, as is indicated 
in Tables 10 to 14, the total resurfacing costs for this study were computed on the basis 
of (u) the cost per mile for the given thickness of r e1mrfadng using the 1960 unit prices 
for asphalt concrete pavement construction, (b) the increased cost for future resurfacing 
resulting from the application of a 2 percent compound interest price trend factor, ( c) 
tile increased cost for -future resurfacing resulting -from a 10 percent charge-for -pre-
liminary and construction engineering work and from a 6 percent charge for supple
mental work made necessary by the resurfacing, and ( d) the cost of traffic delay and 
traffic accidents resulting from resurfacing operations. The increased costs for pre
liminary and construction engineering and for supplemental work were expressed as a 
percent of the future resurfacing cost. It should be noted in Tables 10 to 14 that all 
future resurfacing costs were converted to present worth costs by the use of 3 percent 
and 6 percent compound interest rates. 

All of the values used in computing the resurfacing costs were based on California 
data which for certain items have only recently been made the subject of special oludy. 
The resurfacing cost item which is most likely to be questioned, especially by econo
mists, is the increased cost resulting from the application of a 2 percent compound 
interest price-trend factor. Thus, for resurfacing at the end of the 18th year, the 
1960 costs were increased 42. 8 percent; at the end of the 26th year, the increase was 
67. 3 percent; and for resurfacing at the end of the 31st year, the 1960 costs were 
increased by 84. 8 percent. It is evident that the 2 percent price-trend factor will 
result in a substantial increase in resurfacing costs and that special consideration 
should be given to the advisability of using such a factor in other studies, and its 
amount if used. In the following discussion some of the arguments for and against 
the adoption of a price- trend factor are presented. 

In the Federal Interag ency rep ort (11) on Proposed Practices for Economic Analysis 
of River Basin Projects, a committee composed of some of the nation's leading econo
mists recommended that in making benefit-cost analyses for the evaluation of Federal 
public works projects, "prices should be used which may reasonably be expected to 
prevail at the time costs are incurred and at the time benefits are realized, in terms 
of a constant general price level." The Committee also recommended that projected 
prices should be used for evaluating project benefits as well as costs of maintenance, 
replacements and deferred construction. However, representatives of several Federal 
agencies recommended that current prices should be used in estimating all benefits 
and costs until improved procedures are developed for estimating long- range price 
projections. 

Highway construction costs as indicated by the California Highway Cost Index in
creased at an average rate of 4 % percent compoun ded annually for the period from 
1940 to 1962. A large part of this increase was brought about as the result of inflation 
or the depreciation in value of the dollar. During the past 10 years the California 
Highway Cost Index and the average cost of pavement construction increased at an 
average rate of 2 percent compounded annually. During this period the general price 
level was fairly stable and it was partly for this reason that a 2 percent price-trend 
factor for resurfacing costs was adopted for this study. Another reason for applying 
a 2 percent price-trend factor was to make allowance for the increased future resurfacing 
costs which are likely to result from the depletion of the best and most accessible 
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sources of paving materials in California. At the present accelerated rate of highway 
construction, many of the best sources of paving materials are being exhausted. To 
develop new sources of paving materials will, in many areas, increase the cost of 
these materials. The costs of processing the materials to meet specifications and of 
shipping them over greater distances may also increase their cost. 

Estimating future resurfacing costs is complicated by the possibility that technologi
cal improvements in plant operations and in the construction of pavements may offset 
in part the increased cost of future resurfacing referred to above. The authors adopted 
the 2 percent price-trend factor currently being used by the California Division of 
Highways, recognizing that it represents a value judgment which is open to question. 
In a critical evaluation of pavement costs, the adoption of a price-trend factor should 
be given special consideration for projects where unit costs might rise substantially 
for such reasons as the decreasing accessibility and availability of suitable paving 
materials. 

The 10 percent charge for preliminary and construction engineering work required 
in connection with resurfacing and the 6 percent charge for supplemental work represent 
average or typical charges for this type of work on state highways in California. The 
preparation of plans and specifications, the letting of contracts, the testing of materials, 
providing inspection and engineering supervision on the project, are cost items which 
can be estimated fairly accurately for a given project. The supplemental work which 
includes traffic handling, placing temporary traffic stripes and traffic signs or signals, 
replacing permanent traffic stripes, the protection or temporary removal of guardrail 
and guide posts, and the adjustment or reconstruction of various drainage structures 
or facilities will vary for each project and instead of using a 6 percent charge, an 
itemized estimate of the cost of supplemental work should preferably be made for each 
project. 

The traffic delay and accident costs resulting from resurfacing operations adopted 
for this study were based on California's limited experience in collecting this type of 
cost data. Traffic delays caused by maintenance and resurfacing operations are now 
under investigation by the Division of Highways Traffic Department and it is expected 
that more accurate and reliable data will be available within a year or two. It should 
be noted in Tables 10 to 14 that the estimated traffic delay and accident costs were 
assigned the low value of $20 per mile of rigid pavement for light -duty roads and were 
incr eased to $300 per mile of rigid pavement for heavy-duty roads. Due to the reduc
tion in resurfacing thickness of the asphalt concrete pavements and the reduction in 
time required for resurfacing these pavements, the traffic delay costs for the flexible 
pavements were reduced approximately in proportion to the change in the thickness of 
the resurfacing of the two pavement types. For the same reason, the traffic delay 
and accident costs for resurfacing shoulders were lower than the same costs for re
surfacing the traveled way portion of the roadway. 

In comparing the various charges for resurfacing given in Tables 10 to 14, it is 
evident that the charges for traffic delay and accident costs used in this study are so 
small that for all practical purposes they could have been omitted. An important con
sideration, however, in this connection is that in the selection of pavement type for 
urban freeways with traffic volumes ranging from 50, 000 to 200, 000 vehicles per day, 
portland cement concrete has generally been selected as the preferred pavement type 
in California because the traffic delays and accident hazards created by pavement 
repairs and resurfacing have been assumed to be much greater on asphalt concrete 
pavements than on portland cement concrete pavements. This study indicated that the 
magnitude and importance of the traffic delay and accident costs in the selection of 
pavement type for urban freeways have been greatly exaggerated. There is evident 
need for conducting factual studies to determine the true nature of these costs. 

As in many other highway cost studies involving traffic accidents, it will be very 
difficult to establish the traffic accident costs caused by resurfacing. Nevertheless, 
it is important that studies to determine the accident experience in connection with 
pavement repairs and resurfacing operations be conducted to ascertain the nature and 
extent of these accidents. Maintenance departments have in recent years developed 
traffic control safeguards which are reducing traffic delays and the accident hazards 
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on freeways caused by pavement repairs and resurfacing operations. While the use of 
extensive specially developed traffic control measures will increase the cost of resur
facing, they should contribute to a reduction in the accident hazards and the accident 
costs and make it possible to obtain a more accurate estimate of the accident costs to 
be charged against the resurfacing operations. 

Maintenance Costs 

The maintenance costs for this study were assumed to cover all routine and periodic 
maintenance of the traveled way and shoulder portion of the roadway, expressed in 
terms of the average annual maintenance cost per mile of 2-lane roadway. The main
tenance costs for each pavement type are given in Tables 15, 16, 17, and 18. For the 
portland cement concrete pavements with service lives of 18 and 26 years and an anal
ysis period of 26 years, an average annual maintenance cost of $320 per mile was 
used. For a 39-yr analysis period, the average annual cost was increased to $370 

TABLE 15 

ANNUAL COSTS OF A 2-LANE MILE OF PORTLAND CEMENT CONCRETE PAVEMENT 
AND SHOULDERS FOR NINE TYPICAL DESIGN SECTIONS 

FOR A 26- YR ANALYSIS PERIODa 

Design Section Annual Costs of Pavement and Shoulders for 
26- Yr Analysis Period 

Contract R-Value Traffic Price Initial Construction Total Annual No. of Index Costs($) 
Mainte-

Costs per Mile ( $ ) Soil Rating nance 

3% 6% 
Costs($) 

3% 6% 

1 R 5 8.5 Low 3,380 4, 650 320 3,700 4,970 
High 5, 720 7,870 320 6,040 8,190 
Avg. 4,320 5, 940 320 4,640 6, 260 

2 10.0 Low 4,040 5, 550 320 4,360 5,870 
High 6,840 9,420 320 7,160 9,740 
Avg. 5,190 7,130 320 5, 510 7, 450 

3 11. 5 Low 4, 110 5,660 320 4,430 5,980 
High 7, 140 9, 830 320 7, 460 10,150 
Avg. 5,330 7, 340 320 5, 650 7,660 

7 R 35 8. 5 Low 3,300 4,540 320 3,620 4,860 
High 5,420 7,460 320 5, 740 7,780 
Avg. 4, 170 5, 730 320 4,490 6,050 

8 10.0 Low 3,890 5,350 320 4,210 5,670 
High 6,250 8, 590 320 6,570 8,910 
Avg. 4,890 6, 720 320 5, 210 7,040 

9 11. 5 Low 3,970 5,460 320 4,290 5,780 
High 6,550 9,010 320 6,870 9,330 
Avg. 5,030 6,930 320 5,350 7,250 

13 R 65 8. 5 Low 3,080 4,230 320 3, 400 4,550 
High 4,520 6, 220 320 4,840 6,540 
P,._vg. 3,720 5;110 320 4,040 5, 430 

14 10.0 Low 3,670 5,040 320 3,990 5,360 
High 5,350 7, 360 320 5, 670 7,680 
Avg. 4,440 6, 110 320 4,760 6,430 

15 11. 5 Low 3,670 5, 040 320 3,990 5, 360 
High 5,350 7,360 320 5,670 7,680 
Avg. 4, 440 6, 110 320 4, 760 6,430 

ainterest at 3 and 6%; service life of portla..11d cement concrete pavement ~ 26 yr . 
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6. In view of the wide range in the unit prices for paving projects in all parts of 
California, this investigation clearly demonstrates that it is most important to make 
pavement cost comparisons on a project-by-project basis using the structural design, 
traffic and cost data which apply to the particular area and project under consideration 
instead of using statewide cost data. 

7. Estimates for future resurfacing costs should be made with due consideration 
for all resurfacing cost factors recommended by the California Division of Highways 
in their 1963 instructions for making pavement cost comparisons. Items to be evaluated 
are a price-trend factor, preliminary and construction engineering costs, and traffic 
delay and accident costs resulting from resurfacing operations. The use of a price
trend factor to compute future resurfacing costs is not recommended if the factor re
presents an increase in future costs resulting from inflation. 

8. This study indicated that the importance of traffic delay and accident costs during 
maintenance and resurfacing operations as a major factor in the selection of the pave
ment type for urban freeways appears to have been grossly exaggerated. Factual 
studies are needed to determine the true nature and importance of these costs. 

9. Changing the interest rate from 3 to 6 percent had no significant effect in a 
comparison of annual costs for heavy- duty pavements where the initial construction 
costs for both pavement types were within the same price range. The greatest effect 
resulting from a change in the interest rate was obtained for pavement sections where 
the construction costs of the portland cement concrete pavements were 50 percent or 
more higher than the construction costs for asphalt concrete pavements. However, 
under these conditions, it was the high initial construction cost and not the high interest 
charges which was the controlling factor in the selection of pavement type on a cost 
comparison basis. 

10. With annual maintenance costs ranging from $320 to $520 per mile as compared 
to total annual costs which gcncrn.lly ranged from $4, 000 to $8, 000 per mile, it is 
evident that maintenance costs will generally have no significant influence in the selec
tion of pavement type on a cost comparison basis. 

11. Reducing the service life of both pavement types resulted in an increase in the 
number of resurfacings required and in an increase in resurfacing costs. The effect 
of these changes was greatest for asphalt concrete pavements with the shortest service 
lives. For certain pavement sections the additional resurfacing costs increased the 
annual costs of the asphalt concrete pavements to about the same annual cost level as 
the annual costs for portland cement concrete pavements. 

12. Extending the analysis period from 26 years to 39 years increased the number 
of resurfacings required for both pavement types and also increased the cost of re
surfacings. In view of the difficulties in establishing accurate estimates of the cost of 
resurfacings for a 26-yr analysis period and the compounding of these difficulties and 
inaccuracies when the analysis period is extended to 39 years, an analysis period in 
the range of 20 to 30 years, or not greater than the average service life of portland 
cement concrete pavements in the area, is recommended for use in making pavement 
c0st comparisons on a project-by-project basis. 
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lishing accurate estimates of resurfacing costs. The above analysis also gives added 
support to the method adopted by the California Division of Highways in 1963 for 
selecting the analysis period. For making pavement cost comparisons their instruc
tions state that an economic analysis period shall be chosen for each project based on 
the average service life of concrete pavements in the area that have served under com
parable conditions. According to these instructions no resurfacing costs would have 
to be computed for the portland cement concrete pavements and generally only the cost 
for one resurfacing would be required for asphalt concrete pavements. 

In the foregoing analysis of the effects and significance of the various pavement cost 
items in relation to the annual costs of pavements, it is evident that the two major 
items are the initial construction costs and the resurfacing costs. By reducing the 
analysis period to 26 years or to the average service life of portland cement concrete 
pavements in the area where the pavement cost comparisions are being made, the 
variable percentages or estimates for the resurfacing costs can be minimized and the 
accuracy and reliability of the pavement cost comparisons can be greatly improved. 
While the above analysis indicates that the average maintenance costs for asphalt con
crete pavements will account for 6 to 16 percent of the total annual costs and for port
land cement concrete pavements the corresponding costs will amount to only 4 to 8 
percent of the total annual costs, these values are so small when compared to the 70 
to 95 percentage values for the initial construction costs, that only in rare cases will 
the maintenance costs have a significant influence in the selection of pavement types 
on a cost comparison basis. 

SUMMARY AND CONCLUSIONS 

A basic requirement for the economic design and construction of high-type pave
ments for our nation's interstate and state highways costing many billions of dollars 
each year is the selection of pavement type, rigid or flexible, based upon a well
documented economic analysis and design procedure. It is the contention of the authors 
that the principal factors governing the selection of pavement type can be evaluated on 
a reasonably sound, rational, and factual basis, using approved formulas for the struc
tural design of both rigid and flexible pavements and a basic formula for making pave
ment cost comparisons. 

A major objective of this study was to establish the effect and significance of each 
of six variables in the basic formula for making pavement cost comparisons. The 
most significant results and conclusions reached as the result of this investigation are 
the following: 

1. The initial construction cost was found to be the most decisive factor in a com
parison of the annual costs of pavements. It overshadowed the variable effects of such 
factors as maintenance and resurfacing costs, rate of interest, pavement service life 
and the analysis period. 

2. For the majority of pavement sections covered by this study, the initial construc
tion costs constituted 85 to 95 percent of the total annual costs while the maintenance 
costs amounted to less than 10 percent of the total annual costs. 

3. In general, the annual costs of rigid and flexible pavements designed for poor 
soil conditions were mostly within the same price bracket, but the costs of the rigid 
pavements designed for excellent soil conditions were 25 to 40 percent higher than 
those of flexible pavements designed for these same conditions. 

4. An analysis of the costs of flexible pavements with three different types of base 
construction indicated that under certain specific traffic and soil conditions each type 
of base provided a definite cost advantage which could and should be evaluated. 

5. In the construction cost analysis, the contract prices for each cost item for 155 
paving projects for which contracts were awarded in California in 1960 were rated in 
terms of high, low and average bid prices. For the same heavy-duty pavement design 
section, the construction costs for asphalt concrete pavements ranged from $65, 000 to 
$130, 000 as compared with $74, 000 to $128, 000 per two-lane mile for portland cement 
concrete pavements. For the same light-duty pavement design sections, the construc
tion costs for asphalt concrete pavements ranged from $28, 000 to $ 50, 000 as compared 
with $55, 000 to $89, 000 per two-lane mile for portland cement concrete pavements. 

I 
( 

I 
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in Figures 9 and 10 except that the analysis period was increased from 26 years to 39 
years. The most important new feature in the cost comparisons for the 39-yr analysis 
period was the need for two resurfacings for the asphalt concrete pavements and of one 
resurfacing for portland cement concrete pavements where for the 26-yr analysis period 
only one resurfacing was required for the asphalt concrete pavement and no resurfacing 
was required for the portland cement concrete pavements. 

As a result of the additional resurfacing costs, the distribution of annual costs on a 
percentage basis was altered considerably, especially for the asphalt concrete pave
ments where two resurfacings were required. Thus, the data in Figure 11 show that the 
greatest change was the reduction in the percentage for the initial construction costs 
of the asphalt concrete for which the percentages of total annual costs were as low as 
50 to 60 percent. Under these same conditions, there was a corresponding increase 
in the combined percentages for resurfacing and maintenance costs and in the salvage 
value. The percentages for resurfacing costs were increased to 20 and 25 percent, for 
maintenance costs to 10 and 15 percent and the salvage value to 4 and 5 percent (nega
tive). 

For the 39-yr analysis period the lowest resurfacing costs on a percentage basis are 
shown in Figure 12 for portland cement concrete pavements with average values of 8 to 
11 percent. For the same conditions the percentages for maintenance costs ranged 
from 4 to 6 percent. The resurfacing costs for the portland cement concrete pavements 
are lower than for the asphalt concrete pavements because only one resurfacing was 
required for the portland cement concrete pavements and two resurfacings were re
quired for the asphalt concrete pavements. 

In Tables 21 to 24, numerical values are given for the itemized annual costs on a 
percentage basis for the same pavement sections for which the itemized costs are given 
in Figures 9 to 12 except that for the annual costs in Tables 21 to 24 the service life of 
the asphait concrete pavements was reduced to 13 years and for the portland cement 
concrete to 18 years instead of 18-yr and 26-yr service lives used to compute 
the annual costs in Figures 9 to 12. A significant feature of the data in Table 23 
was brought about by the 18-yr service life of the portland cement concrete pave
ments which required two resurfacings for the portland cement concrete or the 
same number as for the asphalt concrete pavements for which the corresponding 
annual cost data are given in Table 24. The average resurfacing costs for the 
portland cement concrete pavements under these conditions ranged from 23 to 29 
percent of the total annual costs with interest at 3 percent as compared with 19 
to 28 percent for the asphalt concrete pavements. With interest at 6 percent the 
resurfacing costs for portland cement concrete were reduced to values of from 
14 to 17 percent and for asphalt concrete to values ranging from 12 to 23 percent. 
The percentage values for the average costs in Tables 23 and 24 ranged from 
5 to 6 percent of the total annual cost for portland cement concrete pavements 
and from 7 to 11 percent for the asphalt concrete pavements. 

The analysis of annual pavement costs on a percentage basis clearly shows the im
portance of the initial construction costs as the dominant factor in a comparison of 
annual costs of pavements where no resurfacing or where only one resurfacing is re
quired. In a cost analysis where two resurfacings are required, the annual costs for 
resurfacing may reach percentage values as high as 32 percent of the total annual cost 
and the initial construction costs may be as low as 52 percent of the total annual cost. 

In the discussion of the methods used to establish the resurfacing costs for both 
pavement types in this study, the authors indicated the difficulties encountered in estab
lishing accurate estimates for the costs of certain items and the questionable use of a 
price-trend factor in establishing the cost of future resurfacings. It is obvious that if 
it is difficult to establish an accurate estimate for the annual cost of one resurfacing 
for an analysis period of 26 years, these difficulties will be compounded when an 
attempt is made to estimate the annual cost of two resurfacings. 

On the basis of the above analysis of resurfacing costs for a 26-yr analysis period 
and a 39-yr analysis period, the evidence presented clearly supports the recommendation 
that a 26-yr period of analysis should be used in preference to a 39-yr period of analysis. 
The adoption of a 26-yr analysis period should greatly reduce the difficulties in estab-
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and of 4 to 6 percent for asphalt concrete pavements. Thus, expressing the annual 
costs on a percentage basis does not disclose the wide spread in the contract prices 
for the initial construction costs from high to low shown in Figures 3 to 8. 

The use of the terms high and low for the annual maintenance costs in Figures 9 and 
11 requires a special explanation. Actually, for the conditions in each chart, a constant 
maintenance cost was used and the maintenance costs on a percentage basis shown in 
these charts were computed in terms of the corresponding high and low initial construc
tion costs. Thus, for portland cement concrete pavements with a service life of 26 years 
and a TI of 8. 5, for a high initial construction annual cost amounting to 95 percent of 
the total annual cost, the corresponding maintenance cost on the chart shown as "high" 
is 5 percent; for a low initial construction annual cost of 92 percent, the corresponding 
maintenance cost on the chart shown as "low" is 8 percent. 

When resurfacing costs and salvage value are included in the annual cost computa
tions on a percentage basis, as was necessary in computing the annual costs for the 
asphalt concrete pavements shown in Figures 9 and 10, the percentages for initial con
struction annual costs are 10 to 20 percent lower for the asphalt concrete pavements 
than for the corresponding values for the portland cement concrete pavements. Thus, 
the combined effect of maintenance and resurfacing costs and of salvage value con
stitute a significant part of the total annual cost of asphalt concrete pavements which 
should be taken into account when making cost comparisons in the selection of pave
ment types. 

Another factor which contributed to the marked change in the percentage values for 
the itemized annual costs of asphalt concrete pavements versus the values for portland 
cement concrete pavements was the large reduction in the initial construction costs 
for a majority of the asphalt concrete pavement sections when compared with the corre
sponding costs for the portland cement concrete pavement sections. For the asphalt 
concrete pavement sections with low initial construction costs and with relatively high 
maintenance and resurfacing costs, the percentages for the average initial construction 
costs ranged from 70 to 90 percent of the total annual costs as compared with 92 to 95 
percent for portland cement concrete pavements. The percentages for maintenance 
costs were 4 to 5 percent higher for asphalt concrete pavements than for portland 
cement concrete pavements. In addition, the resurfacing costs and salvage value for 
asphalt concrete pavements introduced an additional 5 to 10 percent differential in 
annual costs for asphalt concrete versus portland cement concrete pavements. 

In Figures 9 and 10 the salvage values are referred to as negative annual cost values. 
In the annual cost formula recommended by Baldock and adopted for use in this study, 
the salvage value represents a residual value in the final resurfacing of a pavement 
where the estimated life of the resurfacing extends beyond the analysis period. There
fore, to obtain what might be considered as the net annual cost of resurfacing, the 
salvage values should be subtracted from the resurfacing costs. It is interesting to 
note that for the data shown in Figures 9 and 10, if the correction for salvage value on 
annual costs had been made as indicated above, the net annual cost of resurfacing would 
then have been approximately the same as the annual maintenance cost on a percentage 
basis. While there is some similarity in pavement maintenance and resurfacing opera
tions, the annual costs for these operations are established on an entirely different 
basis. Thus, while these costs were the same for the conditions for which the annual 
costs were computed for the pavement sections in Figures 9 and 10, it will be shown 
later that they are not the same for the conditions for which annual costs are given in 
Figures 11 and 12. 

The relative effect of using a 6 percent interest rate versus a 3 percent rate is also 
shown in Figures 9 and 10. The most significant effect of a change in interest rates 
was the 2 to 5 percent increase of the annual cost percentages for the initial construc
tion costs when a 6 percent rate was used instead of a 3 percent rate. Of course, for 
these same conditions there was a corresponding reduction in the combined percentages 
for the resurfacing and maintenance costs. The percentage change due to a change in 
interest rate was greater for flexible pavements than for rigid pavements. 

In Figures 11 and 12 the itemized costs on a percentage basis are shown for the 
same pavement sections and cost data as were used for developing the values shown 
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TABLE 23 

ANNUAL COSTS ON A PERCENTAGE BASIS OF A 2-LANE MILE OF PORTLAND CEMENT 
CONCRETE PAVEMENT AND SHOULDERS FOR NINE TYPICAL DESIGN SECTIONS 

FOR 39- YR ANALYSIS PE!UODa 

Annual Costs in Percent of Total Annual Costs 
for Pavement and Shoulders 

Design Section Contract 
Initial Total 

R-Value Traffic 
Price 

Construction Resurfacing Salvage Maintenance 
Annual No, 

of Soil Index Rating 
Costs 

Costs Value (-) Costs 
Cost 

3% 6% 3% 6% 3% 6% 3% 6% 3%and6% 

R 5 8. 5 Low 67 , 2 77. 3 26. 5 16. 7 -3 , I -1.1 9. 4 7.1 100. 0 
High 71. 5 Bl. 4 25. 3 15. 3 -2 , ? -1.1 5, 9 4.4 100. 0 
Avg. 6B. 4 7B. 9 26, 9 16. 5 -2. 8 -1.1 7. 5 5,7 100. 0 

10 . 0 Low 70. 7 BO. 3 23, 7 14. 5 -2, 7 -1, 0 B. 3 6. 2 100. 0 
High 75. 0 B3. 6 22. 2 13.5 -2. 4 -0. 9 5, 2 3, 8 100. 0 
Avg. 72 , 3 Bl. 7 23. 6 14. 3 -2. 6 -0. 9 6. 6 4. 9 100. 0 

11,5 Low 70. 8 80. 6 23. 7 14, 3 -2. 0 -1. 0 8. 1 6.1 100, 0 
High 75. 5 84. 2 21. 8 13. 0 -2 . 3 -0. 9 5, 0 3. 7 100 , 0 
Avg. 72, 6 82, 0 23. 4 14.1 -2. 4 -0 , 9 6, 4 4. 8 100, 0 

R 35 B. 5 Low 66. 8 77. 0 26 , 8 17. 0 -3. I - 1. 2 9,5 7. 2 100 . 0 
High 70. 3 00. J 20. 4 10. 0 - 2. 8 - 1. 1 6. 1 4. 6 100, 0 
Avg. 67. 7 78. 3 27 , 5 17. 0 -2.. 0 - 1.1 7. 7 5. 8 100, 0 

10. 0 Low 70, 0 79. 8 24, 3 14. 9 - 2. e - 1. 0 8, 5 6, 3 100, 0 
High 73. 2 82. 3 23. 8 14. 6 -2. 5 - 1. 0 5.5 4. 1 100, 0 
Avg. 71. 0 80. 8 24. 7 15. 1 - 2. e 1, 0 6. 9 5,1 100 . 0 

11. 5 Low 70. 1 80.1 24. 3 14. 7 - 2. 7 - 1. 0 8. 3 6. 2 100, 0 
High 73. 8 83.1 23 . 3 14. 0 - 2. •I - 1, 0 5, 3 3, 9 100 , 0 
Avg. 71. 4 81.1 24, 4 14. 8 - 2, G - 0. 9 6. 7 5. 0 100, 0 

13 R 65 B. 5 Low 65 , 2 75. 7 28. 0 17. 9 -3, 2 -1, 2 10, 0 7. 6 100.0 
High 66. 5 77. 5 29, 8 18. 5 - 3. 2 - 1. 3 6. 9 5. 3 100. 0 
Avg. 65.1 76. 3 29, 7 18. 5 - 3. I - 1. 2 B. 3 6. 4 100. 0 

14 10. 0 Low 68. 8 78. 8 25 . 3 15. 6 - 2, 5 - 1.1 8. B 6. 7 100. 0 
High 70. 0 80. 0 26 , 6 16. 5 - 2. ij - 1 , l 6. 2 4. 6 100 . 0 
Avg. 69.1 79. 2 26. 4 16. 3 - 2. e - 1. 0 7 . 3 5. 5 100, 0 

15 11. 5 Low 6B. 4 7B. 8 25. 6 15. 6 -2 , B - 1.1 8. B 6. 7 100. 0 
High 69 , 6 80. 0 27. 0 16. 5 -2. B - 1. 1 6, 2 4. 6 100. 0 
Avg. 68. B 79. 1 26. 7 16. 4 -2. 8 -1 , 0 7. 3 5. 5 100. 0 

aService life of portland cement concrete pavement= 18 yr; service life of resurfacing= 13 yr; interest at 
3 and 6%. 

TABLE 24 

ANNUAL COSTS ON A PERCENTAGE BASIS OF A 2-LANE MILE OF 
ASPHALT CONCRETE PAVEMENT AND SHOULDERS FOR 

NINE TYPICAL DESlGN SECTIONS FOR 
39- YR ANALYSIS PERiooa 

Annual Costs in Percent o( Total Annual Costs 

Design Section for Pavement and Shoulders 
Contract 

R-Value Trame 
(:trh:iu 111\II:ll Resurfacing Maintenance Total 

No , R•~llt1l' Const ruchon Annual oI Soil Index 
Cosl>l Costs Costs 

Costs 
----

3% 6% 3% 6% 3% 6% 3% and 6~ 

R 5 8. 5 Low 59. 4 70. 5 24. 8 17. 2 15. B 12. 3 100, 0 
High 68. 7 78. 3 22.0 14. a 9. 3 6. 9 100. 0 
Avg. 63. 9 74. 4 23.9 16. ~ 12. 2 9. 3 100, 0 

10. 0 Low 64 . 8 75. 0 21. s 14. G 13. 7 10, 4 100. 0 
High 73. 0 81. 7 19.0 12 . 5 8. 0 5. 8 100, 0 
Avg. 67. 9 78. 0 21.1 14.0 11. 0 8 . 0 100, 0 

11.5 Low 68.1 77. 7 19. G 13. 2 12. 3 9 , l 100. 0 
High 75. 9 83 . 8 17.0 11. 0 7. 1 5. 2 100, 0 
Avg. 71. 4 80, 4 19 , 0 12. ~ 9. 6 7. 1 100. 0 

H ~o B. o Low 55.5 67 . 0 27 . 2 19 . 3 17. 3 13, 7 100. 0 
High 60 , 7 71. 7 27 , 0 19 .~ 11 , 7 9. 0 100. 0 
Avg. 5B. 2 69. 5 27 . 7 19 . it 14.1 11.1 100. 0 

10. 0 Low 61, 6 72. 3 23. 5 16. 2 14. 9 11.5 100. 0 
High 66.1 76. 2 23 . 9 16. 2 10. 0 7. 6 100, 0 
Avg. 63, 2 73 , 9 24. 4 16, 6 12. 4 9. 5 100. 0 

11.5 Low 65. 0 75. 1 21. 5 14. 7 13. 5 10, 2 100, 0 
High 69, !1 79 0 ?,J, 5 14 . 3 g_ 0 6_ 7 100 . 0 
Avg. 66_ 6 76, 7 22, 2 14. 8 11. 2 B. 5 100. 0 

13 R 65 8. 5 Low 47. 9 59. 8 31. 9 23. 5 20 , 2 16. 7 100. 0 
High 55, 8 67. 4 31.1 22. 2 13, l 10. 4 100_ 0 
Avg. 52, 3 64. 3 31. 6 22. 7 16. 1 13. 0 100, 0 

14 10. 0 Low 54. 2 65, 9 28. 0 19. 9 17. 8 14, 2 100, 0 
High 61. 5 72. 4 27.1 18. 8 11. 4 8. B 100. 0 
Avg. 57. 6 69, 0 2B. l 19. 7 14. 3 11. 3 100. 0 

15 11. 5 Low 59. 2 70. l 25, l 17. 7 15. 7 12. 2 100, 0 
High 65. B 76. l 24.1 16. 3 10. 1 7. 6 100. 0 
Avg. 62.1 73 . 0 25. 2 17. 2 12. 7 9. 8 100. 0 

aService life of asphalt concrete pavement = 13 yr; service life of resurfacing = 13 yr; 
interest at 3 and 6~-
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TABLE 21 

ANNUAL COSTS ON A PERCENTAGE BASIS OF A 2-LANE MILE OF PORTLAND CEMENT 
CONCRETE PAVEMENT AND SHOULDERS FOR NINE TYPICAL DESIGN SECTIONS 

FOR 26-YR ANALYSIS PERJODa 

Annual Costs in Percent of Total Annual Cost 
!or Pavement and Shoulders 

Design Section Contract 
Prlce Initial 

Resurfacing Salvage Malntenance Total 
R-Value Traffic Construction Annual No. Rating Costs Value(-) Costs oI Soil Index Costs Cost 

3% 6% 3% 6% 3% 6% 3 % 6% 3% and 6% 

R 5 B. 5 Low 78. 4 84, 4 20, 2 12,9 -6, 0 -3 .1 7. 4 5. 8 100. 0 
High 82.1 87. 3 19. 2 12. 2 -5. 9 -3. 0 4. 6 3. 5 100. 0 
Avg. 79. 4 85. 3 20. 8 13 . 3 -6. 1 -3. 2 5, 9 4. 6 100. 0 

10, 0 Low 81. 1 86. 4 17. 7 11 , 2 -5. 2 -2 . 6 6. 4 5. 0 100, 0 
High 84. 5 89.1 16. 7 10. 5 -5. 1 -2. 6 3. 9 3. 0 100. 0 
Avg. 82. 4 87. 5 lB.1 11 .4 -5. 6 -2. 8 5. 1 3. 9 100. 0 

11. 5 Low 81. 2 8(1. 7 17. 6 11. 2 -5.1 -2. 8 6. 3 4, 9 JOO. O 
High 84. 9 89. 5 16. 2 10. l -4. 9 -2. 5 3. 8 2. 9 JOO. O 
Avg. 82. 6 87 . 7 17. 8 11. 2 -5. 4 -2. 7 5. 0 3. 8 100. 0 

R 35 8. 5 Low 77. 9 84. l 20. 6 13. 2 -6. l -3. 2 7 , 6 5. 9 100. 0 
High 81. 2 86. 6 20.1 12. 8 -6. l -3.1 4. B 3. 7 100, 0 
Avg. 7B. B B4. B 21. 4 13. B -6. 2 -3. 3 6. 0 4. 7 100, 0 

10. 0 Low 80. 6 86. 0 18. 2 11. 6 -5. 4 -2. 7 6. 6 5.1 100. 0 
High B3. 2 BB. I 18. 0 11. 4 -5. 5 -2. B 4. 3 3. 3 100. 0 
Avg. 81. 5 86. 9 19. 0 12. 0 -5. 8 -3. 0 5_ 3 4.1 100. 0 

11.5 Low 80. 7 86.2 18.1 11.5 -5. 3 -2. 8 6. 5 5. 1 100. 0 
Hlgh 83. 7 88. 6 17. 4 10. 9 -5. 2 -2. 7 4.1 3. 2 100. 0 
Avg. 81. 8 87. 1 lB. 7 11.B -5. 7 -2. 9 5. 2 4. 0 100. 0 

13 R 65 8. 5 Low 7B. 8 63.1 21. 7 13. 9 -6. 5 -3. 3 B. 0 6. 3 JOO. 0 
High 7B. 4 84. 5 23. 2 14. 9 -7.1 -3 . 7 5. 5 4. 3 100. 0 
Avg. 76. B B3. 2 23. 4 15. 2 -6. 8 -3. 6 6. 6 5. 2 100. 0 

14 10. 0 Low 79. 6 85. 3 19.1 12. 2 -5. 6 -2. 9 6. 9 5. 4 100, 0 
High Bl. 0 86. 4 20. 4 13. 0 -6. 2 -3. 2 4. B 3. 8 100. 0 
Avg. 80. 0 85. 7 20. 5 13.0 -6. 3 -3. 2 5. 8 4. 5 JOO. 0 

15 11. 5 Low 79. 4 85. 2 19. 3 12. 4 -5. 6 -3.0 6. 9 5. 4 100. 0 
High 80. 9 86. 4 20. 5 13. 0 -6. 2 -3. 2 4. B 3. B 100. 0 
Avg. 79. B B5. 5 20. 7 13. 2 -6. 3 -3. 2 5. 8 4. 5 JOO. 0 

aService life of portland cement conc rete pavement = 18 yr; service life of resurfacing = 13 yr; interest at 
3 and 6%. 

TABLE 22 

ANNUAL COSTS ON A PERCENTAGE BASIS OF A 2-LANE MILE OF 
ASPHALT CONCRETE PAVEMENT AND SHOULDERS FOR 

NINE TYl?ICAL DESIGN SECTIONS FOR 
2Q- Yll ANALYSIS PERJODa 

Annual Costs in Percent of Total Annual Costs 

Design Section 
Ior Pavement and Shoulde rs 

Cont ract 

T"1.lf1c 
flrlco Initial Resurfacing Maintenance Total 

No. 
Tt-VaJuo 

Rath'g Construction Annual 
oI&>ll Jud rue Costs 

Costs Costs Cost 

3 f 6% 3 % 6 % 3 % 6% 3 % and 6i 

R 5 B. 5 Low 70. 9 77. 5 16. 4 12. 4 12. 7 10.1 100. 0 
High 79. 1 84. 5 13. 6 9. 9 7. 3 5. 6 100. 0 
Avg. 75. 4 81. 4 14. 9 10. 9 9. 7 7. 7 100. 0 

10. 0 Low 75. 3 Bl. 3 13 , 9 10. 3 10. 8 8. 4 100. 0 
High 62 . 5 B7. 1 11 . 4 8. 2 6_1 4. 7 100. 0 
Avg. 78. B 84. 0 12, B 9, 5 B. 4 6. 5 100. 0 

11 . $ Low 78. 2 83. 5 12. 3 9.1 9. 5 7. 4 100. 0 
High 84. 5 88, 6 10. 1 7. 3 5. 4 4.1 100. 0 
Avg. 81.1 85. 9 11.5 B. 4 7. 4 5. 7 100. 0 

R 35 8. 5 Low 67. 3 74. 5 18. 4 14. 0 14. 3 11. 5 100. 0 
High 72. 7 79. 3 17. B 13. 2 9, 5 7. 5 100. 0 
Avg. 70. 4 77. 4 17. 9 13.3 11. 7 9. 3 100. 0 

10. 0 Low 72. 6 79. 0 15. 4 11.5 12. 0 9. 5 100. 0 
High 77. 2 82. 9 14. 8 10. 9 8. 0 6. 2 100. 0 
Avg~ 74. 7 80. 7 15. 3 11. 5 10.0 7. 8 100 , 0 

11. 5 Low 75. 6 Bl . 5 13. B 10. 2 10. 6 B. 3 100. 0 
High 79. 9 84.9 13. l 9. 7 7.0 5. 4 100.0 
Avg. 77. 4 83.0 13. B 10. l 8. 8 6. 9 100. 0 

13 R 65 8. 5 Low 60. 1 68. 2 22. 5 17. 5 17. 4 14. 3 100. 0 
High 68, 5 75. 7 20. 5 15. 5 11. 0 6. 8 100, 0 
Avg. 65, 5 73. I 20. 9 15. 8 13. 6 11.1 100. 0 

14 10. 0 Low 66. 3 73.' 19. 0 14. 6 14. 7 11 . 9 100. 0 
High 73 , 5 79. B 17. 3 12. 8 9. 2 7. 3 JOO. 0 
Avg. 70. 1 76. 8 18. l 13. 8 11. B 9. 4 100. 0 

15 11.5 Low 70. 8 77. 4 16. 4 12. 4 12. 8 10. 2 100. 0 
High 77 , 0 82. 6 15. 0 11.1 8. 0 6. 3 100. 0 
Avg. 73. 7 80. 0 16. 0 11. 9 10. 3 8. l 100. 0 

aService We of as phalt concr e te pave ment = 13 yr; service IHe of r esurfac ing = 13 yr; 
interest al 3 and 6%. 
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Figure 12. Itemized annual costs in percent of total annual costs for asphalt concrete 
and portland concrete pavements and shoulders designed for three subgrade soil types, 
for light- duty traffic (TI= 8 . 5) and for heavy-duty traffic (TI= 11 .5 ) . Service l ife 
of the concrete pavements, 26 years, of the asphalt pavements, 18 years, and of the 
asphalt concrete resurfacing, 13 years; interest, 6%; analysis period, 39 years. 
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Figure 11. Itemized annual costs in percent of total annual costs for asphalt concrete 
and portland concrete pavements and shoulders designed for three subgrade soil types, 
for light-duty traffic (TI= 8.5) and for heavy-duty traffic (TI= ll.5). Service life 
of the concrete pavements, 26 years, of the asphalt pavements, 18 years, and of the 
asphalt concrete resurfacing, 13 years; interest, 3%; analysis period, 39 years. 
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Figure 10. Itemized annual costs in percent of total annual costs for asphalt concrete 
and portland cement concrete pavements and shoulders designed for three subgrade soil 
types, for light-duty traffic (TI= 8 . 5) and for heavy-duty traffic (TI= ll.5). Serv
ice life of the concrete pavements, 26 years, and of the asphs.l t pavements, 18 years; 

interest rate, 6%; analysis period, 26 years . 
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Figure 9. Itemized annual costs in percent of total annual costs for asphalt concrete 
and portla.nd cement concrete pavements and shoulders designed for three subgrade soil 
types, for light-duty traffic (TI= 8.5) and for heavy-duty traffic (TI= 11.5). Serv
ice life of the concrete pavements, 26 years, and of the asphalt pavements, 18 years; 

interest rate, 3%; analysis period, 26 years. 
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ciation Report (13) on pavement economics, extensive maintenance cost data are 
presented which indicate the variable and unpredictable nature of the maintenance 
costs for both flexible and rigid pavements. An examination of the maintenance cost 
data in these reports indicates that only in rare cases will the average annual main
tenance cost of either pavement type exceed $1, 000 per mile. Where the maintenance 
costs are exceptionally high, such factors as unusual climatic conditions, soil types, 
aggregate types, traffic loads, and improper construction are most likely to have con
tributed to premature pavement failures and to excessive maintenance costs. 

For the freeways in the Central Valley area of California, where favorable climatic 
and soil conditions prevail, our study identified many sections on which the maintenance 
costs of both rigid and flexible pavements were well below the average values adopted 
for this study, even though the commercial traffic volume and weights are very high. 
The average annual maintenance costs adopted for this study were selected to represent 
statewide average annual maintenance costs. Thus, for pavements in some parts of 
California, the maintenance costs wiil be lower than the values used in this study, 
while in other parts of the state they will be higher. For these reasons, it is important 
to ml!.ke pavement cost comparis_ons on a project-by-project basis instead of making 
comparisons using statewide average costs. 

Maintenance costs can be seen in relation to other costs in Tables 15 through 18. 
All in all they account for only $320 to $520 of annual costs ranging from $4, 000 to 
$8, 000 per mile. Furthermore, the differences in the maintenance costs of the two 
pavement types are so small that they are not likely to have a significant influence in 
the selection of pavement type in any case. 

RELATIVE EFFECTS OF INITIAL COSTS, RESURFACING COSTS, SALVAGE 
VALUE AND MAINTENANCE COSTS ON TOTAL ANNUAL COSTS 

As a further aid in providing a more complete analysis and evaluation of the relative 
effects of the itemized annual costs on the total annual costs, all of the itemized annual 
costs developed in this study have been converted to annual costs on a percentage basis 
and are shown graphically in Figures 9 to 12 and numerically in Tables 21 to 24. 

The charts in Figures 9 and 10 illustrate very effectively all of the important rela
tionships on a percentage basis in a comparison of the itemized annual costs and the 
total annual costs for both pavement types. The cost data used in these figures repre
sent, in the opinion of the authors, the preferred values for the variables used in this 
study. Thus, they include percentage values for the itemized annual pavement costs 
for 3 subgrade soil types, for light- and heavy-duty traffic, for portland cement concrete 
pavements with a service life of 26 years, for asphalt concrete pavements with a service 
life of 18 years, for interest rates of 3 and 6 percent and for an analysis period of 26 
years. 

It should be noted in these charts that with the same analysis period and a service 
life of 26 years for the portland cement concrete pavements, the percentages of the 
total annual cost are computed for only two items, the initial construction costs and 
the maintenance costs. Under these conditions resurfacing of the portland cement 
concrete pavements is not required and therefore the annual costs for resurfacing 
and for salvage value are omitted. 

The importance of the initial construction costs in pavement cost comparisons is 
clearly shown in all four charts in Figures 9 and 10, which indicate that in all cases 
the initial construction costs of portland cement concrete pavements comprise 90 to 95 
percent of the total annual costs and that the maintenance costs account for- only 5 to 10 
percent of the annual costs. The highest percentage values for the initial construction 
costs were obtained for pavements designed for R 5 soils for either light- or heavy- duty 
traffic with interest at 6 percent. As the quality of the subgrade soils improved from 
poor to excellent, the initial construction costs decreased and the annual cost percentages 
decreased by about 2 percent from 95 percent to 93 percent of the total annual costs. 

It is interesting to note in Figures 9 and 10 that the range in initial construction costs 
in terms of the contract price ratings from high to low, when expressed on a percentage 
basis, is limited to a narrow band of 2 to 3 percent for the portland cement pavements 
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designed with the same total depth as the traveled way or pavement portion of the 
roadway. In general, this resulted in lower shoulder depths and costs for the rigid 
pavements than for the corresponding flexible pavement shoulder sections. Thus, it 
will be noted in Figures 3 to 6 that while the annual costs of the flexible pavement 
sections were lower under all conditions than the costs for the corresponding rigid 
pavement sections, this advantage in lower annual costs for flexible pavements was 
reduced substantially when the annual costs for the shoulders were combined with the 
pavement section costs. 

It is evident in examining the data shown in Figures 3 to 8 that the trends in annual 
costs for the pavement sections and for the combined pavement and shoulder sections 
for the six different soil types and for two different traffic conditions are consistent 
and that a definite pattern of annual costs is clearly indicated in these charts. To 
reduce duplications and the complexity of presenting all of the annual cost data for the 
144 pavement sections covered by this study in both chart and table form, the charts 
showing the annual costs for medium-duty traffic (TI = 10. 0) were omitted but the 
annual costs for these pavement sections are shown in table form. Also, the annual 
costs for pavement sections designed for R 20 and R 80 soils which are shown in 
Figures 3 to 8 are not listed in Tables 15 to 20. However, in Tables 19 and 20, the 
annual costs are summarized for a total of 576 pavement cost comparisons representing 
all combinations of variables of soil types, traffic, interest rates, service lives, 
analysis periods and contract price ratings for both pavement types. 

Effect of a Change in the Interest Rate on the Annual Costs. -The effect on the annual 
costs of the two pavement types resulting from changing the interest rate from a risk
free rate of three percent to a higher rate of six percent frequently used in engineering 
economy studies is shown graphically in Figures 3 to 6 and numerically in Tables 19 
and 20. The interest charges in this study were influenced by two major factors: (a) 
the lengths of time chosen for the analysis period and the service lives of the pavements, 
and (b) the initial construction and future resurfacing costs. 

Tables 19 and 20 show how annual costs increase with increased interest rate. When, 
however, comparison is made between the annual costs of the two pavement types for 
any given set of conditions, the effect of a higher interest rate is not as great as might 
be expected. The main reason, as may be noted in Tables 6 to 9, is that while the initial 
construction costs of the rigid pavements were in practically all cases higher than for 
flexible pavements, the service lives of the rigid pavements were assumed for this study 
to be about 50 percent greater than for the flexible pavements. Thus, the higher interest 
charge attributable to the initial pavement cost is partly offset by the lower annual 
charge resulting from the longer service life. 

Regardless of pavement type, expenses incurred in the latter half of an analysis 
period yield annual costs which are lower when the interest rate is higher. This is the 
case with resurfacing costs, as can be seen in Tables 10 to 14 and 16 to 18. These 
annual costs are sensitive to the analysis period chosen, as can be seen by comparing 
Tables 16 and 18, both of which are for asphalt concrete pavement and differ only as 
to analysis period. When comparisons are made for the same analysis period, the 
effect of interest rate on the difference between annual resurfacing costs for the two 
pavement types is almost insignificent. This can be seen in Tables 17 and 18, which 
give costs for the two pavement types for a 39-yr analysis period. 

Detailed resurfacing cost data are given in Tables 10 to 14. 
In general, the effect of interest rate on total annual costs is governed mainly by 

initial cost. But it should also be noted that even though changing interest rates from 
3 percent to 6 percent had a significant effect on the total annual costs for each pave
ment type, the difference in the annual costs of the two pavement types obtained for 
each interest rate was small. Therefore, the decision in the selection of pavement 
type on a cost comparison basis in this study was not influenced significantly by the 
interest rates adopted. 

Effect of Maintenance Costs on Annual Costs. -One of the significant findings revealed 
in the annual cost comparisons of flexible and rigid pavements in this study was the 
relatively minor influence on annual costs which could be attributed to the maintenance 
cost. In the Stanford Research Institute Report (~) and in the Portland Cement Asso-



Int. 
Rate 

6~ 

Anal. 
Per. 
(yr) 

20 

39 

26 

30 

TABLE 19 

ANNUAL COSTS OF A 2-LANE MILE OF PORTLAND CEMENT CONCRETE PAVEMENT AND SHOULDERS 
DESIGNED FOR FOUR SUDOFIAD<: SOIL TYPES AND FOR LIGHT-, MEDIUM-

AND ffEAVY-DUTY TRAFFICa 

Annual Cost of Portland Cement Concrete Pave ment and Shoulders per Mile($) 
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Service 
Life 
(yr) 

Price 
Rating 

R 5 Soil-Traffic Index R 35 Soil-Traffic Index R 50 Soi l-Traffic Index R 65 Soil-Traffic Index 

18 

26 

18 

2R 

18 

26 

16 

26 

Low 
High 
Avg. 

Low 
High 
Avg, 

Low 
High 
Avg. 

Low 
Hien 
Avg. 

Low 
High 
Avg. 

Low 
High 
Avg. 

Low 
High 
Avg. 

Low 
High 
Avg. 

8. 5 

4, 310 
6, 970 
5, 440 

3, 700 
6, 040 
4, 640 

3, 930 
6, 280 
4, 950 

3, 630 
fi, 820 
4, 560 

5, 510 
9, 020 
6, 970 

4, 970 
8, 190 
6, 260 

5, 220 
8, 420 
6, 550 

4, 860 
7, 910 
6, 120 

10. 0 

4, 980 
B, 100 
6, 300 

4, 360 
7' 160 
5, 510 

4, 470 
7' 150 
5, 630 

4, 160 
R, R90 
5, 250 

6, 420 
10, 580 

8, 150 

5, 870 
9, 740 
7' 450 

6, 010 
9, 790 
7,600 

5, 650 
9, 250 
7, 160 

11. 5 

5, 060 
B, 410 
6, 450 

4, 430 
7' 460 
5, 850 

4, 560 
7' 420 
5, 770 

4, 230 
fl, $l:rn 
5, 380 

6, S30 
10, 990 

8, 370 

5, 980 
10, 150 

7, 660 

6, 100 
10, 140 

7, 790 

5, 750 
9, 600 
7, 350 

B. 5 

4, 230 
6. 670 
5, 290 

3, 620 
5, 740 
4, 490 

3, 880 
6, 040 
4, 830 

3, 580 
fi,SRO 
4, 450 

5, 400 
8, 610 
6, 760 

4, 860 
7, 780 
6, 050 

5, 130 
8,060 
6, 370 

4, 770 
7, 550 
5, 940 

10. 0 

4, 830 
7' 510 
6,000 

4, 210 
6, 570 
5, 210 

4,360 
6, 690 
5, 390 

4,0 50 
fi, ?.:_iO 
5,010 

6, 220 
9, 750 
7, 740 

5, 670 
8, 910 
7, 040 

5, 830 
9, 070 
7, 240 

5, 470 
B, 530 
6, 800 

11. 5 

4, 920 
7, 820 
6, 150 

4, 290 
6, 870 
5, 350 

4, 440 
6, 960 
5, 530 

4, 110 
6, 470 
5, 140 

6, 330 
10, 170 

7, 960 

5, 780 
9, 330 
7, 250 

5, 930 
9, 430 
7, 430 

5, 580 
8, 900 
6, 990 

B. 5 

4, 230 
6, 670 
5, 290 

3, 620 
5, 740 
4, 490 

3, 880 
6, 040 
4, 830 

3, 580 
5, 580 
4, 450 

5, 400 
8, 610 
6, 760 

4, 860 
7, 780 
6, 050 

5, 130 
B, 060 
6, 370 

4, 770 
7, 550 
5, 940 

10. 0 

4, 830 
7, 510 
6,000 

4, 210 
6, 570 
5, 210 

4, 360 
6, 690 
5, 390 

4, 050 
6, 230 
5, 010 

6 , 220 
9, 750 
7, 740 

5, 670 
8, 910 
7, 040 

5, 830 
9, 070 
7' 240 

5, 470 
8, 530 
6, 800 

11. 5 

4, 840 
7, 520 
6,010 

4,210 
6, 570 
5, 210 

4, 380 
6, 720 
5, 410 

4, 050 
6, 230 
5, 020 

6, 220 
9, 750 
7, 740 

5, 670 
8, 910 
7, 040 

5, 830 
9, 070 
7, 240 

5, 470 
8, 540 
6, 810 

B. 5 

4, 010 
5, 770 
4, 640 

3, 400 
4, 840 
4, 040 

3, 710 
5, 340 
4, 470 

3, 410 
4, 880 
4, 100 

5. 090 
7, 370 
6, 140 

4, 550 
6, 540 
5, 430 

4, 860 
6, 980 
5, 830 

4, 500 
6, 470 
5, 400 

10. 0 

4, 610 
6, 610 
5, 550 

3,990 
5, 670 
4, 760 

4, 190 
5, 980 
5,040 

3, 860 
5, 520 
4, 660 

5,910 
8, 520 
7, 130 

5, 360 
7, 680 
6, 430 

5, 560 
8,000 
6, 700 

5, 200 
7' 460 
6, 260 

11. 5 

4, 620 
6, 620 
5,560 

3, 990 
5, 670 
4, 760 

4, 190 
6, 010 
5, 060 

3, 880 
5, 520 
4, 670 

5, 910 
8, 520 
7, 140 

5, 360 
7, 680 
6, 430 

5, 560 
6,000 
6, 710 

5, 210 
7, 470 
6, 270 

:llAnalysis period 26 and 39 y1·; servii.:t:! life of concrete pavementi 18 and 26 yr, and of resurfacing, 13 yr; interest at 3 and 6~. 

Int. 
Rate 

Anal. 
Per. 
(yr) 

26 

39 

26 

39 

TABLE 20 

ANNUAL COSTS OF A 2-LANE MILE OF ASPHALT CONCRETE PAVEMENT AND SHOULDERS DESIGNED 
FOR FOUH SUBGllADE SOIL TYPES AND FOR LIGHT-, MEDIUM-

AND HEAVY-DUTY TRAFFICa 

Annual Costs of Asphalt Cement Pavement and Shoulders per Mile($) 
Service 

Life 
(yr) 

Price 
Rating R 5 Soil-Traffic Index R 35 Soil-T1·affic Index R 50 Soil-Traffic Index R 65 Soil-Traffic Index 

13 

16 

13 

18 

i3 

18 

13 

18 

Low 
High 
Avg. 

Low 
High 
Avg. 

Low 
High 
Avg. 

T.nw 
High 
Avg. 

Low 
High 
Avg. 

Low 
High 
Avg. 

Low 
High 
Avg. 

Low 
High 
Avg. 

8. 5 

3, 530 
6, 180 
4, 620 

3, 330 
5, 890 
4, 390 

3, 300 
5, 590 
4, 270 

~, lflO 
5, 350 
4, 060 

4i 440 
·7 , 970 
5, 860 

4, 230 
7, 670 
5, 620 

4, 240 
7, 490 
5, 590 

4, 070 
7, 190 
5, 350 

10.0 

4, 170 
7, 370 
5, 380 

3, 970 
7, 080 
5, 150 

3, 810 
6, 530 
4, 830 

:ll mm 
6, 300 
4, 660 

5, :J3o 
9, 610 
6, 930 

5, 120 
9, 320 
6, 670 

5, 010 
6, 910 
6, 500 

4, 840 
6, 620 
6, 260 

11. 5 

4, 720 
8, 350 
6, 060 

4, 530 
B, 070 
5, 820 

4,240 
7' 290 
5, 410 

4j 110 
7, 060 
5, 220 

6,680 
10, 950 
7' 870 

5, 880 
10 , 640 

7, 610 

5, 690 
10,080 

7,310 

5, 520 
9, 790 
7' 080 

8. 5 

3, 150 
4, 730 
3, 860 

2, 950 
4, 440 
3, 630 

3,010 
4, 450 
3, 680 

?.i A70 
4, 210 
3, 470 

3, 920 
5, 980 
4, 830 

3, 710 
5, 680 
4, 590 

3, 790 
5, 750 
4, 690 

3, 620 
5, 450 
4, 450 

10.0 

3, 760 
5, 660 
4, 520 

3, 560 
5, 370 
4, 290 

3, 490 
5, 180 
4, 190 

3, no 
4, 950 
3, 980 

4, 760 
'I 260 s: 760 

4, 550 
6, 970 
5, 500 

4, 520 
6, 860 
5, 470 

4, 350 
6, 570 
5, 230 

11. 5 

4, 230 
6, 400 
5, 090 

4, 040 
6, 120 
4, 850 

3,660 
5, 770 
4, 630 

3, 730 
5, 540 
4, 440 

'5, 400 
1:1, 280 
6, 530 

5, 200 
7, 970 
6, 270 

5, 100 
7, 750 
6, 140 

4, 930 
7, 460 
5, 910 

8. 5 

2, 900 
4, 480 
3, 740 

2, 700 
4, 190 
3, 510 

2, 810 
4, 260 
3, 580 

2, 670 
4, 020 
3, 370 

3, 570 
5, 630 
4, 660 

3, 360 
5, 330 
4, 420 

3, 490 
5, 450 
4, 540 

3, 320 
5, 150 
4, 300 

10. 0 

3, 760 
5, 660 
4, 520 

3, 560 
5, 370 
4, 290 

3, 490 
5, 180 
4, 190 

3, 360 
4, 950 
3, 980 

4, 160 
7' 260 
5, 760 

4, 550 
6, 970 
5, 500 

4, 520 
6, 860 
5, 470 

4, 350 
6, 570 
5, 230 

11. 5 

4, 230 
6, 400 
5, 090 

4, 040 
6, 120 
4, 850 

3, 860 
5, 7'10 
4, 630 

31 730 
5, 540 
4, 440 

5, 400 
B, 280 
6, 530 

5, 200 
7, 970 
6, 270 

5, 100 
7, 750 
6, 140 

4, 930 
7, 460 
5, 910 

8. 5 

2, 560 
4, 100 
3, 300 

2, 380 
3, 810 
3, 070 

2, 570 
3,960 
3, 230 

2, 130 
3, 720 
3, 020 

3, l40 
5, 110 
4, 060 

2,930 
4, 810 
3, 810 

3, 110 
4, 990 
4, 010 

2, 940 
4, 690 
3, 770 

10.0 

3, 060 
4, 870 
3, 810 

2) 860 
4, 580 
3, 580 

2, 930 
4, 570 
3, 630 

2, 810 
4, 340 
3, 420 

1, 7Bo 
6, 180 
4, 780 

3, 570 
5, 890 
4, 520 

3, 670 
5, 920 
4, 620 

3, 500 
5, 630 
4, 380 

11. 5 

3, 530 
5, 610 
4, 390 

3, 340 
5, 330 
4, 150 

3,310 
5, 150 
4,080 

3, 180 
4, 920 
3, 890 

4, 430 
7' 200 
5, 560 

4, 230 
6, 890 
5, 300 

4, 250 
6, 800 
5, 300 

4, 080 
6, 510 
5, 070 

aAnalysis period 26 and 39 yi'; service life uf asphall concrete pavement 13 and 18 yr, and of resurfacing, 13 yr; interest at 3 and 6~. 
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Figure 8. Annual costs per ruile for 2-lane concrete and asphalt paveruentsandshoulders 
designed for six subgrade soil types and for heavy-duty traffic (TI= 8.5). Service 
life of the concrete pavements , 18 years, and of the asphalt pavements, 13 years; 

interest rates, 3 and 6%; analysis periods, 26 and 39 years. 

of contract prices for paving projects in all parts of California and that the wide spread 
in annual costs may be attributed primarily to this geographic variation. The authors 
strongly advise that pavement cost comparisons be made, not by using statewide cost 
data, but on a project-by-project basis using cost data which apply to that project. 

Effect of Soil Type and Traffic Loads on Annual Costs . - Another significant factor 
in a comparison of the annual costs of t he two pavem ent types r evealed by this study 
(Figs. 3 to 8) was the marked reduction in the annual costs of the flexible pavements 
with increased resistance (R-value) of the subgrade soil, the reduction in annual cost 
of rigid pavements being only one-third to one-half as much. 

The greatest spread in annual costs for both pavement types was obtained for pave
ment sections designed for poor soils (R-value = 5) and for heavy-duty traffic for a 
26-yr analysis period and a 6 percent interest rate. For these conditions the annual 
costs shown in Figure 4 for rigid pavements ranged from $6, 000 to $10, 100 per mile 
and for flexible pavements from $6, 000 to $10, 700. 

The smallest spread in annual costs for both pavement types appears in Figure 6. 
It was obtained for pavement sections designed for excellent soils (R-value = 80), for 
light-duty traffic, and for rumual costs computed for a 39-yr analysis period and a 
6 percent inter est rate. For the pavement section only, the rigid pavement annual 
costs ranged from $3, 600 to $4, 800 per mile, and the flexible pavement costs from 
$2, 000 to $3, 100 per mile. For the pavement and shoulder sections, the corresponding 
annual costs for rigid pavements ranged from $4, 700 to $6, 500 per mile and for flexible 
pavements from $3, 000 to $4, 800 per mile. Thus, for pavements designed for light
duty traffic and for excellent soil conditions , the annual costs of flexible pavements 
were 30 to 40 percent lower than the annual costs for rigid pavements. 

Effect on Annual Costs of Including Shoulder Costs. -In Figures 3 to 6 the annual 
costs are shown for pa.vement sections only ru1d for t he combined pavement and shoulder 
sections for both pavement types. It should be noted in Table 3 and in the discussion 
of the structural design of the pavement and shoulder sections that the shoulders were 
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and interest rates, is shown most effectively in chart form in Figures 3 to 8. In 
Figures 3 to 6 the annual costs for both rigid and flexible pavements are shown for six 
subgrade soil types and for light-duty and heavy-duty traffic for (a) only the pavement 
section, width 24 ft; and (b) the combined pavement and shoulder section, overall width 
38 ft. 

Figures 3 and 4 show the annual costs for an analysis period of 26 years, a service 
life of 26 years for the portland cement concrete pavements, a service life of 18 years 
for the asphalt concrete pavements, and interest rates of 3 and 6 percent. Figures 5 
and 6 show annual costs computed for an analysis period of 39 years instead of the 
26 years used in Figures 3 and 4. Figures 7 and 8 show the annual costs for service 
lives of 18 years for the asphalt concrete pavements instead of the 26- and 18-yr service 
lives used in Figures 5 and 6. 

Effect of the High to Low Spread in Construction Costs on Annual Costs . - Figures 3 
to 8 clearly show a suxprising spread in annual costs (resulting from the high to low 
contract prices) for both types of pavements designed for identical soil and traffic 
conditions. They also show that there is a wide range of conditions in which annual 
costs of the two types of pavements overlap. In assembling the unit contract prices 
for the 155 paving projects in California, it was noted that in certain areas, as for 
example in Los Angeles County, where the unit prices for portland cement concrete 
pavement construction were low, the unit prices for asphalt concrete pavement con
struction were also low. Likewise, in other parts of the state, where the unit prices 
for portland cement concrete pavements were high, the unit prices for asphalt concrete 
were also high. While there was no attempt in this study to make a detailed analysis 
of unit contract prices within certain areas of the state to determine the extent to which 
the unit prices were very much lower for one type of pavement construction than for 
the other, there was evidence in the analysis of contract prices that a unit cost differ
pnti al of this type existed which could influence the selection of pavement type. It is 
important to keep in mind that the unit prices used in this study were based on a study 
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Figure 7. Annual costs per mile for 2-lane concrete and asphalt pavements and shoulders 
designed for six subgrade soil types and for light-duty traffic (TI= 8 . 5) . Service 
life of the concrete pavements , l 8 years , and of t he asphalt pavements, 13 year s ; 

i nterest rate s, 3 and fr{o; analysis periods, 26 and 39 years. 
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Figure 5. Annual costs per mile for (A) 2-lane concrete and asphalt pavements and (B) 
pavements and shoulders, designed for six subgrade soil types, for light-duty traffic 
(TI = 8.5) and heavy-duty traffic (TI = ll.5). Service life of the concrete pavements, 
26 years, and of the asphalt pavements, l8 years; interest rate, 3 percent; analysis 

period, 39 years. 
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Figure 6. Annual costs per mile for (A) 2-lane concrete and asphalt pavements and (B) 
pavements and shoulders, designed for six subgrade soil types, for light-duty traffic 
(TI= 8.5) and heavy-duty traffic (TI= ll.5). Service life of the concrete pavements, 
26 years, and of the asphalt pavements, l8 years; interest rate, 6 percent; analysis 

period, 39 years. 
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Figure 3, Annual costs per mile for (A) 2-lane concrete and asphalt pavements and (B) 
pavements and shoulders, designed for six subgrade soil types, f or light-dut y traffic 
(TI= 8 .5) and heavy-duty traffic (TI= ll.5). Service life of the concrete pavement s , 
26 years, and of the asphalt pavements , l8 years; i nterest rat e , 3%; analysis period , 
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Figure 4. Annual costs per mile for (A) 2-lane concrete and asphalt pavements and (B) 
pavements and shoulders, designed for six subgrade soil types, for light-duty traffic 
(TI= 8.5) and heavy-duty traffic (TI= ll.5). Service life of the concrete pavements, 
26 years, and of the asphalt pavements, l8 years; interest rat e , 6%; analysis period, 

26 years. 
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of time be taken fully into account. He recommended an analysis period of 40 
years. 

The California Division of Highways in their latest instructions stated that: 

A"l appropriate economic analysis period shall be chosen for each 
project based on the average life to the first resurfacing of 
concrete pavements in the area that served under comparable con
ditions. In general, the analysis period will range from 20 years 
upward based on present experience. 

It is significant that for the evaluation of Federal public works projects analysis 
periods of 50 to 100 years are used and that for pavement cost comparisons the 
California Division of Highways uses analysis periods from 20 years upward. For 
this study, two periods of analysis were adopted: 26 years and 39 years. These fit 
the 26-yr service life of concrete pavements and the 13-yr service life of the asphalt 
concrete resurfacing adopted for this study. 

Service Life of Initial Pavement Surfaces and of Resurfacings 

As a part of the statewide highway planning surveys, California and many other 
states have cooperated with the U. S. Bureau of Public Roads in conducting road-life 
studies. In these studies, pavements as initially constructed are reported to have 
reached the end of their service life when they are resurfaced, reconstructed, abandoned 
or transferred from one system to another. A report (14) on the service life of high
way surfaces published by the U. S. Bureau of Public Roads in 1956, presented data 
which showed that 88 percent of the high-type flexible and rigid pavements reached the 
end of their service life by reason of resurfacing or reconstruction (12 percent being 
abandoned or transferred). It is expected that future studies will show that the service 
lives of the initial pavement surface on modern freeways will be determined practically 
100 percent on the basis of resurfacing requirements. 

It is, of course, difficult to forecast the resurfacing requirements of the pavements 
for modern freeways which are being built according to the present-day high standards 
of pavement design and construction. However, the steadily increasing volumes and 
weight of commercial vehicles will very likely continue to contribute to increased pave
ment roughness, cracking, and rutting which will necessitate resurfacing with almost 
the same frequency as has been indicated by recent road- life studies in California and 
in many other states. It should be recognized also that higher speeds of all traffic 
on freeways today and in the future will demand a higher standard of pavement smooth
ness and riding quality than in the past, in order to provide the desired driving safety 
and comfort. 

To meet future pavement smoothness requirements, the authors adopted two fre
quencies for resurfacing for each pavement type, one of which was slightly higher and 
the other lower than the frequency indicated by road- life studies in California and as 
reported in 1956 by the U. S. Bureau of Public Roads (14) for high-type pavements 
throughout the United States. -

Initial pavement surface lives adopted for this study were 18 years and 26 years for 
rigid pavements and 13 and 18 years for flexible pavements. For both pavement types, 
resurfacing cost computations are based on resurfacing with asphalt concrete with a 
service life of 13 years. 

ANNUAL COSTS OF RIGID AND FLEXIBLE PAVEMENTS 

The annual costs of 48 rigid and flexible pavement and shoulder sections computed 
for a two- lane width of roadway and a length of one mile, in terms of the variables 
previously discussed in this paper, are shown in Figures 3 to 8 and in Tables 15 to 20. 

The influence on the annual costs of such variables as the initial construction costs 
in terms of the various unit contract prices, resurfacing costs, maintenance costs, 
the service lives of the initial surfacing and of the resurfacing, the analysis periods 
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Extensive field observations by the senior author during the past 15 years indicate 
that the California Division of Highways has achieved an outstanding record of pave
ment performance with very few projects constructed during the past 10 years where 
the average annual maintenance costs have exceeded $1, 000 per mile. However, in 
the ITTE road roughness tests on pavements in all parts of California conducted by 
the senior author, several projects were encountered of both asphalt and portland 
cement concrete paving where extensive failures had developed requiring annual main
tenance costs exceeding $1, 000 per mile. Investigation of these failures by the 
Division of Highways, Materials and Research Department, indicated that they were 
caused by the use of faulty paving materials and by improper construction. The very 
high maintenance costs for these pavements were not considered to be representative 
of the maintenance costs of pavements built today or in the future and were therefore 
not used in this study. 

As with resurfacing costs, a 2 percent price-trend factor was included in main
tenance costs to take into account the expected 1011g- ra11ge lre11d uf increased costs for 
paving materials and for safeguards to prevent traffic delays and accidents. 

Interest Rates 

The annual costs of the two pavement types were computed on the basis of two 
interest and discount rates: 3 percent and 6 percent. The 3 percent rate was adopted 
as a typical minimum risk-free interest rate recommended by the committee in the 
Federal Inter-Agency report (_!!) on the basis of the following criteria: 

The minimum interest rate appropriate for use in project eval
uation is the risk-free return expected to be realized on capital 
invested in alternate uses (for Federal public works projects) 

This rate is the projected average rate of return on such 
relatively risk-free investments as long-term Government bonds. 

With limited amounts of resources available for capital in
vestment, the interest cost of investing these resources in 
water development (or similar Federal public works projects) 
is measured by the rate of return that would be realized if the 
capital were invested in other uses of comparable risk and 
duration. 

Representatives of the Department of Commerce, in commenting on the report, 
recommended that for Federal power projects an interest rate of 4 % percent, which 
included a risk component, should be used. For this study, a 6 percent rate was 
adopted as representative of an interest rate with a risk component. 

Analysis Periods 

One of the most important features in the development of freeways with full control 
of access today is their permanence. Modern freeways are built to high design 
standards both as to horizontal and vertical alignment and as to structural adequacy. 
Present indications are that they should continue to provide satisfactory service for 
many years to come. However, as Baldock stated (i): 

Future technological changes (in the next 40 years) may make 
present-day roads obsolete and render more attractive a different 
type of transportation investment. There is no present indica
tion that such changes will jeopardize the billions of dollars 
now being invested in roads. However, discretion requires that 
present and future beneficiaries carry the requisite costs to 
retire the investment within a reasonable period of time .... 
This period of time may be termed the analysis period. 

Baldock recommended that the analysis period should be long enough to extend well 
past the first resurfacing period in order that all annual costs over a fairly long period 
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TABLE 18 

ANNUAL COSTS OF A 2-LANE MILE OF ASPHALT CONCRETE PAVEMENT AND SHOULDERS 
FOR NINE TYPICAL DESIGN SECTIONS FOR 39-YR ANALYSIS PERIODa 

Design Section 
Annual Costs of Pavement and Shoulders for 39-Yr Analysis Period 

Contract 
Initial Construction Resurfacing Salvage Total Annual 

R-Value Price Mainte-
No. of 

Traffic 
Rating 

Costs($) Costs($) Value (-) ($) nance Costs per Mile ( $) 
Index 

Soil 
3% 6% 3% 6% 3% 6% 

Costs($) 
3% 6% 

R 5 8. 5 Low 1, 960 2,990 800 620 120 60 520 3, 160 4,070 
High 3,840 5,860 1,160 900 170 90 520 5, 350 7, 190 
Avg. 2,730 4, 160 950 740 140 70 520 4, 060 5, 350 

10. 0 Low 2, 470 3, 760 820 620 120 60 520 3, 690 4, 840 
High 4, 770 7,280 1, 180 910 170 90 520 6, 300 8,620 
Avg. 3, 330 5,070 950 740 140 70 520 4, 660 6, 260 

11. 5 Low 2,890 4,420 820 640 120 60 520 4, 110 5, 520 
High 5, 530 8, 450 1, 180 910 170 90 520 7, 060 9,790 
Avg. 3;860 5, 880 980 750 140 70 520 5, 220 7,080 

7 R 35 8.5 Low 1, 670 2, 540 800 620 120 60 520 2,870 3,620 
High 2,700 4, 120 1, 160 900 170 90 520 4, 210 5, 450 
Avg. 2,140 3,260 950 740 140 70 520 3, 470 4, 450 

10. 0 Low 2, 150 3, 270 820 620 120 60 520 3, 370 4, 350 
High 3,420 5, 230 1,180 910 170 90 520 4, 950 6,570 
Avg. 2,650 4,040 950 740 140 70 520 3,980 5, 230 

9 11. 5 Low 2, 510 3,830 820 640 120 60 520 3, 730 4, 930 
High 4,010 6, 120 1,180 910 170 90 520 5, 540 7,460 
Avg. 3,080 4, 710 980 750 140 70 520 4,440 5, 910 

13 R 65 8. 5 Low 1,230 1, 860 800 620 120 60 520 2,430 2,940 
High 2,210 3,360 1,160 900 170 90 520 3, 720 4, 690 
Avg. 1, 690 2,580 950 740 140 70 520 3, 020 3, 770 

14 10.0 Low 1, 590 2, 420 820 620 120 60 520 2, 810 3, 500 
High 2, 810 4, 290 1, 180 910 170 90 520 4,340 5, 630 
Avg. 2,090 3, 190 950 740 140 70 520 3,420 4, 380 

15 11. 5 Low 1, 960 2,980 820 640 120 60 520 3, 180 4,080 
High 3, 390 5, 170 1,180 910 170 90 520 4, 920 6, 510 
Avg. 2, 530 3,870 980 750 140 70 520 3,890 5,070 

ainterest at 3 and 6~j service life of asphalt cement pavement = 18 yr; ser'lice life of resurfacings = 13 yr. 

per mile. For the asphalt concrete pavements with service lives of 13 and 18 years 
and for analysis periods of 26 and 39 years, the average annual maintenance costs 
adopted for this study were $450 and $ 520 per mile, respectively. 

These maintenance costs were established in accordance with the California Division 
of Highways Maintenance Manual of Instructions (12) where maintenance is defined as 
the restoration and repair of both surface and base within the entire area that is im
proved for vehicular use. Pavement repair in California is regarded as maintenance 
if the blanket is not more than 1 in. thick and 500 ft long. Maintenance in excess of 
500 ft is financed from construction funds. Maintenance does not include reconstruction 
of the pavement or shoulders, which is also financed from construction funds. 

The maintenance costs for this study were established on the basis of statewide 
maintenance costs of primary state highways in California, adjusted for a 2 percent 
price-trend factor. As in the case of the resurfacing costs used in this study, no 
distinction was made in the maintenance costs for the variations in the volumes and 
weight of traffic and in the type of subgrade soil. It was assumed that the structural 
design of all the sections was entirely adequate to serve the traffic, and that available 
data do not warrant the introduction of variable maintenance costs. 

The annual maintenance costs for the two pavement types adopted for this study are 
higher than the average annual maintenance costs given in the report on pavement 
economics by the Stanford Research Institute ( 6). They are lower than the average 
annual maintenance costs for pavements in California given in the Portland Cement 
Association Report (13) in which extensive pavement maintenance cost data are pre
sented as a part of the comprehensive engineering analysis and evaluation of the SRI 
report on pavement economics. 
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ANNUAL COSTS OF A 2-LANE MILE OF ASPHALT CONCRETE PAVEMENT AND SHOULDERS 
FOR NINE TYPICAL DESIGN SECTIONS FOR A 26- YR ANALYSIS PERIODa 

Design Section Annual Costs of Pavement and Shoulders for 26- Yr Analysis Period 

Contract Initial Construction Resurfacing Salvage Total Annual R-Value 
Traffi c Price Costs($) Costs($) Value(-)($) 

Mainte-
Costs per Mile ( $ ) No. of Rating nance 

Soil Index 
Costs($) 

3% 6% 3 % 6% 3% 6% 3% 6% 

R 5 8. 5 Low 2, 500 3, 440 540 440 160 100 450 3, 330 4, 230 
High 4, 890 6, 730 780 640 230 150 450 5, 890 7' 670 
Avg. 3, 480 4, 770 650 530 190 130 450 4, 390 5, 620 

10. 0 Low 3, 140 4,330 540 440 160 100 450 3, 970 5 , 120 
High 6,080 8, 370 780 650 230 150 450 7,080 9, 320 
Avg. 4, 240 5, 820 650 530 190 130 450 5, 150 6, 670 

11. 5 Low 3, 690 5, 080 550 450 160 100 450 4, 530 5, 880 
High 7' 060 9, 700 790 650 230 160 450 8, 070 10, 640 
Avg. 4, 910 6, 760 650 530 190 130 450 5, 820 7' 610 

R 35 8. 5 Low 2, 120 2, 920 540 440 160 100 450 2, 950 3, 710 
High 3, 440 4, 740 780 640 230 150 450 4, 440 5, 680 
Avg. 2, 720 3, 740 650 530 190 130 450 3, 630 4, 590 

10.0 Low 2, 730 3, 760 540 440 160 100 450 3, 560 4, 550 
High 4, 370 6, 020 780 650 230 150 450 5, 370 6, 970 
Avg. 3, 380 4, 650 650 530 190 130 450 4, 290 5, 500 

11. 5 Low 3, 200 4, 400 550 450 160 100 450 4, 040 5, 200 
High 5, 110 7, 030 790 650 230 160 450 6, 120 7, 970 
Avg. 3, 940 5, 420 650 530 190 130 450 4, 850 6, 270 

13 R 65 8.5 Low l, 550 2, 140 540 440 160 100 450 2, 380 2, 930 
High 2, 810 3, 870 780 640 230 150 450 3,810 4, 810 
Avg. 2, 160 2, 960 650 530 190 130 450 3,070 3, 810 

14 10. 0 Low 2, 030 2, 780 540 440 160 100 450 2, 860 3, 570 
High 3, 580 4, 940 780 650 230 150 450 4, 580 5, 890 
Avg. 2, 670 3, 670 650 530 190 130 450 3, 580 4, 520 

15 11. 5 Low 2, 500 3, 430 550 450 160 100 450 3, 340 4, 230 
High 4, 320 5, 950 790 650 230 160 450 5, 330 6, 890 
Avg. 3. 210 1, 150 650 6~0 100 130 450 4, lGO G, 300 

arnt..el"est at 3 and &~; service lire of aspha l t. cement. paveme nt = 13 yr i service life of resurfacing = l 3 :,rr . 

TABLE 17 

ANNUAL COSTS OF A 2-LANE MILE OF PORTLAND CEMENT CONCRETE PAVEMENT 
AND SHOULDERS FOR NINE TYPICAL DESIGN SECTIONS 

FOR 39- YR ANALYSIS PERIODa 

Design Section 
Annual Costs of Pavement and Shoulders for 39- Yr Analysis Period 

Contract 
Initial Construction Resurfacing Total Annual 

R-Value Price Maint e-
No. of 

Traffic Rating 
Costs ( $) Costs ( $) 

nan ce 
Costs per Mile ( $) 

Soil 
Index Costs($) 

3% 6% 3% 6% 3% 6% 

R 5 8. 5 Low 2, 640 4, 040 620 450 370 3, 630 4, 860 
High 4, 490 6, 850 960 690 370 5, 820 7, 910 
Avg . 3, 380 5, 170 810 580 370 4, 560 6, 120 

10. 0 Low 3, 160 4, 830 630 450 370 4, 160 5, 650 
High 5, 360 8, 190 960 690 370 6, 690 9, 250 
Avg. 4, 070 6, 210 810 580 370 5, 250 7, 1 60 

3 11. 5 Low 3, 230 4, 920 630 460 370 4, 230 5, 750 
High 5, 600 8, 540 960 700 370 6, 930 9, 600 
Avg. 4, 190 6, 390 820 590 370 5, 380 7, 350 

R 35 8. 5 Low 2, 590 3, 950 620 450 370 3, 580 4, 770 
High 4, 250 6, 490 960 690 370 5, 580 7' 550 
Avg. 3, 270 4, 990 810 580 370 4, 450 5,940 

10. 0 Low 3, 050 4, 650 630 450 370 4, 050 5, 470 
High 4, 900 7, 470 960 690 370 6, 230 8, 530 
Avg. 3, 030 [i, 8[i0 810 [i80 370 5, 010 6, 800 

u 11. 5 Low 3, 110 4, 750 630 460 370 4, 110 5, 580 
High 5, 140 7, 830 960 700 370 6, 470 8, 900 
Avg. 3, 950 6, 030 820 590 370 5, 110 6, 990 

13 R 65 8. 5 Low 2, 420 3, 680 620 450 370 3, 410 4, 500 
High 3, 550 5, 410 960 690 370 4, 880 6, 470 
Avg. 2,920 4, 450 810 580 370 4, 100 5, 400 

14 10. 0 Low 2, 880 4, 380 630 450 370 3, 880 5, 200 
High 4, 190 6, 400 960 690 370 5, 520 7, 460 
Avg. 3, 480 5, 310 810 580 370 4, 660 6, 260 

15 11. 5 Low 2, 880 4, 380 630 460 370 3, 880 5, 210 
High 4, 190 6, 400 960 700 370 5, 520 7, 470 
Avg. 3, 480 5, 310 820 590 370 4, 670 6, 270 

a!!"!.~~!"est at 3 a.Y?.d G:h !'>e!"':iee l:!.fe of portl:?.r.d ::::c._"::cnt concrete pa.•;cr.:cm~ "' 26 ,,i:; scr·v· c:e: Efe: of 
resurfa.cing = 13 yr . 


